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Abstract

ClIaUon: Moss, J.P, (ed.) 1992. Bioleehnology and erop improvement in Asia, (In En, Summaries in Fr, Es.). Plllaneheru, A.I', 502 324, India:
International Crops Research Institule for the Semi-Arid Tropics. 396 pp. ISBN 92-9066-198-4. Order code: ODE 020.

This book results from a workshop held at ICRISAT 3-7 Dec 1990 sponsored by the Asian Development Bank (ADB). TIle participants were
representalives of Asian countries, and scientific leaders in the various fields of biotechnology.

The introductory chapter outlines the role of the ADB in strengthening biolechnology research in Asia; Ihls is followed by a presentation of
~le Indian biotechnology program and the problems that are being addre'~ed.

A chapler on Industry and Public Seclor Cooperation highlighL~ the udvan:ages and disadvantages of private companies becoming involved
in biotedmology research.

The counlry representatives presented papers on the stalUs of biotechnology in their country, and these chapters give 1m indication of the
wide range of achievement in the area. Participants also outlined those crops and areas of crop improvement 10 which biolechnology could be
applied.

TIle remaining chapters are reviews of the major disciplines in biotechnology, and reporL~ by Asian scientists and olhers on research relevant
to Asian agriculture. TIlese reviews cover cell and tissue culture, with emphn.~is on legwnes, cereals, and haploids. TIlere are four reviews on
transformation, covering Agrobaclerium-mediated transformation, physical methods of gene transfer, the use of viruses as vectors, and gene
action in transformed plants. The seclion on genome characterizntion and diagnostics covers the genomes of planL~-nuclear, mitochondrial, and
plastid-nnd of viruses, and the relevance of genome research to plant improvement, through the use of markers-restriction frJgment length
polymorphisms (RFLP), polymerase chain reaction (PCR), and random amplified polymorphic DNA (RAPD).

The recommendations of the workshop give a useful insight into how a representative cross section view the future development of
biolechnology. TIle book contains a glossary and Inde~.

Resume

La himcclmo/tlJlic ctl'amelioration JCSCU//IITCS CII A.fic. 0: livre est Ie r~sultat d'un atelier qui a ~l~ tenu ill'lCRISAT du 3 au 7 d~cembre 19'JO el
parrain~ par la Banque asiatique de d~veloppement (ADB). Lcs participants ~taient des repr~sel1tants des pays asiatiques ainsi que les s~cialistes

dans divers domaines de la biolechnologie.
Lc chapitre pr~liminaire esquisse Ie nile de I'ADD dans Ie renf"rcement des lravau~ de recherche biotechnologique en Asie, suivi d'une

pr~sentation du programme indien ~ur la biotechnologie el les problemes abord~s.

Un chapitre sur la coo¢ration entre I'industrie etle seCleur public souligne les avantages etles inconv~nients de la participation des socict~s

priv~s 11 la recherche biotechnologique.
L'importance des rc!nlisations dans ce domaine esl mise en ~vidence dans les chapitres comportal1t les communications pr~sel1t~es par les

repr~sel1tants des divers pays sur Ie slatul de la biotechnologie dans leur pays. Lcs participants onl ~galemel1t d~lini les cultures et les aspeeL~

d'anl~liorallon de cultures au~quels la biolechnologie peut eIre appliqu~e.

Lcs autres chapitres constituenl des revues des disciplines majeures de la biotechnologie, et des rJpports par les chercheurs asiatiques el
auIres sur la recherche pertinente il I'agriculture en Asic. Ces revues trailent de la cullure des ~ellules et des tissus, avec I'acccnt sur les
I~gumineuses, les c~r~ales el les haplo'ides. II e~iste qumre revues sur la transformation, comportanl la transformalion par I'Agrobaclerium,
mcthodes physiques de lransfert de genes,l'emploi des virus comme vecteurs, etl'action des genes dans les plantes transform~es. La section sur
la caract~risalion el Ie diagnostic g~nomiques couvre les g~nomes des planles-nuclcaires, mitochondriales, el plastides-ainsi que des virus, et
la pertinence des lravaux de recherche sur les g~nontes ill'amclioralion des piantes, par l'il1lerl1lcdiaire des marqueurs-RFLP, I'CR, RAPD.

Enlin,les reconmlUndalions de I'atelier dOMent un aper~u utile de la maniere par laquelk: un groupe reprcsentalifenvisage Ie dcveloppement
fUlur de la biotechnologie. L'ouvrage comporte un glossaire el un inde~.

Resumen

La biotcdm%Jlia y /a mcjo(Q Ilc I'Oscdws CII Aria. Este libra es el resultado de un seminario celebrJdo en ICRISAT del 3 al 7 de diciembre de
1990, patrocinado por el Asian Development Bank (ADD). Concurrieron represenlantes de parses asiaticos y lideres cientflicos en dislilllos
campos de la biolecnologla.

EI capilulo introduclorio subraya el papel del ADD en cI fortaleeimiento de la invesliga::ion billtecnologica en Asia; Ie sigue una presentacion
del programa biotecnologico de la India y los problemas a los que eSlu siendo aplicado.

Un capitulo sabre Induslria y Cooperacion del Sector Publico senala las venlajas e inconvenientes de las cmpresas privadas que se ven
envuellas en la investigaci6n biotecnol6gica.

Los representantes de los palses preselllaron papeles sobre la siluacion de la biolecno!c'gla en su pals. y estos capftulos dan una indicacion de
la grJn diversidad de avances en dicho campo. Los parlicipal1tes tambien hablaron de las cosechas y umbitos de la mejom de cosechas a las que se
podia aplicar la biotecnologia.

EI resto de los capilulos consisten en rcsel1as de disciplinas principales d;:nlro de la biolecnologia. e informes realizados por cicntiticos
asiaticos y Olros sobre investigaci6n signilicaliva pam la agricullura asiatica. Estas rcsel1as tmlan sobre el cullivo celular y lisular, con especial
referencia a las legumbres, cereales y haploides. Hay cualro resenas sobre lmnsformacion, que tratan la transformacion mediada por agrobac-
lerium, m~todos flsicos de transferencia genc!!ica, el uso de virus como vectores. y la acci6n genc!lica en las plantas tnnsformadas. La secci6n III
sobre camcteriznci6n y diagn6s1ico de los genomas habla de los genomas de planlas-nucleares, mitocondriales y plustidos-y de virus, y la
importancia de la invcstigaci6n del genoma para la mejom de plantas, meliiante cI uso de marcadores-RFLP, PCR, RAPD.

Las conclusiones del seminario nos ofrecen una till! aclaracion de como ve una secci6n mixla representativa el fUluro desarrollo de la
biolecnologla. Ellibro consta de glosario e Indice.
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Foreword

In January 1987 a biotechnology workshop was held at ICRISAT Center to identify institutional constraints we
may face in moving into sophisticated biotechnological research.

Three important recommendations resulted from these discussions. First, the institute should refrain from
doing basic research in molecular biology. Instead, ICRISAT should use proven biotechnological methods to
enhance the effectiveness of its traditional crop improvement procedures. Where basic research is needed, it
should be done as cooperative projects with experts in mentor institutes.

Second, to make full use of these new technologies, it will be essential for ICRISAT to upgrade its existing
research facilities, develop new facilities where needed, and increase its expertise in cellular and molecular
biology. This required funds, and we are thankful to the Asian Development Bank for their support. Funds from
the bank allowed ICRISAT to remodel existing facilities. construct new facilities, and purchase the needed
equipment to do research in virology and cell biology. The bank also made available funds for postdoctoral
research fellowships. These fellows brought needed expertise in cereal virology and in cell biology to the
institute. The Asian Development Bank is also sponsoring this workshop as part of an effort to coordinate
biotechnological research on tropical crop improvement in Asia.

Third, ICRISAT should carefully consider its priorities for use of biotechnological techniques. and structure
its research facility to cater to these needs.

These were excellent recommendations.
The facility that we established comprises two service units, one for electron microscopy and another for

experiments involving the use of radioisotopes, and research laboratories for virology, legumes cell biology, and
cereal cell biology.

Research in the Legumes Cell Biology Unit concentrates on transferring genes from wild species of Arachis
to the cultivated groundnut. Substantial progress has been made in transferring resistance to rust. late leafspot,
and the aphid-hoOie component of groundnut rosette disease from wild diploids in section Arachis to breeding
populations. This unit is also doing research on improving methods for eflicient regeneration of functional plants
from groundnut, pigeonpea, and chickpea explants for eventual use in genetic transformation of these legumes.

In the Virology Unit research concentrates on the identification and characterization of viruses that infect
ICRISAT mandate legumes. It cooperates with scientists in cereal pathology on studies of sorghum virus
diseases. New techniques to screen for resistance to virus diseases were developed, allowing breeders to make
rapid progress in breeding for resistance to bud necrosis disease, peanut mottle virus. peanut clump virus. peanut
stripe virus. and peanut chlorotic mild mottle virus.

The Cereal Cell Biology Unit cooperates with scientists at the Institute for Plant Science Research in the
United Kingdom in constructing molecular genetic maps of pearl millet. and with scientists at Milan University
in Italy in constructing RFLP maps of sorghum. These molecular markers are being associated with traits such as
resistance to insect pests and adaptation to heat and drought stress. and will eventually be used to manipulate
these complex genetic traits in breeding populations.

The unit is also studying the effects ofdowny mildew infection on enhancing regeneration of functional plants
from immature pearl millet spikelets. It is now possible to regenerate functional plants from a range ofgenotypes.
This is the first step in using recombinant DNA lechnology to transfer resistance to the parasitic weed Striga
from sorghum to pearl millet.

The need for research cooperation with private industry or with universities in developed countries has
changed the scientific and legal environment in which ICRISA'T operates, particularly in respect to biotechnol
ogy and plant breeding. Products of research have become commodities with commercial value. ICRISAT
recently explored the effects on research management in an expanding domain of intellectual property rights.
Three of the conclusions from this workshop may be of interest to participants in this meeting.

First. biotechnological research on staple food crops of the tropics is not likely to allract private research
resources. Research on these crops does not promise quick or sufficient financial returns to make them attractive
to private industry. This will make it necessary for the International Agricultural Research Centers and National
Research Programs in the tropics to develop expertise in the field of biotechnology. Another research area where
private companies are not likely to compete with Centers and National programs is in improving crop adaptation
to unfavorable agricultural environments.

vi
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Second, the importance of germplasm held in trust by International Agricultural Research Centers and by
National Programs will increase. It is therefore essential that a mechanism be established to assure ready
availability of such germplasm to all potential users, without the Centers losing control over the further use of
germplasm or products of research.

Third, privllte and public sector research organizations in developed countries increasingly require collab
orating institutes to enter into contracts providing them with control over the disposition of intellectual property
resulting from such collaborative research. This suggests that International Agricultural Centers and National
Research Programs can no longer rely on goodwill alone to safeguard the intellectual properly resulting from
such research. This is a development that has to be kept in mind when discussing possible research networks
among National Programs and with ICRISAT, or when considering cooperation with research institutions in
developed countries.

J.M.J. de Wet
Director

Cereals Program
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Preface

The Asian Development Bank has sponsored two workshops at ICRISAT to stimulate the development of
biolechnology in Asia. The first was held 12-15 Jan 1987, and the proceedings were published as Biotechnology
in Tropical Crop Improvement. The second was held 3-7 Dec 1990. The participantb were representatives of
Asian countries; and scientific leaders in the various fields of biotechnology.

The objectives of the workshop were

• To review the status of biotechnological research in crop improvement.
• To evaluate the status of such research in the Asian region.
• To discuss the role of the private sector, the National Agricultural Research Systems, and International

Agricultural Research Centers.
• To discuss cooperative research and development; biosafety responsibilities; status of biotechnology in devel

oped countries; and socioeconomic issues affecting the application of biotechnology in developing countries.
• To develop research cooperation between national programs in Asia, advanced laboratories, and ICRISAT.
• To set up a training program for Asian natioilal programs.

The country representatives presented papers on the status of biotechnology in their country, and these give
an indication of the wide range of achievement in the area, from countries that are starting to develop biotechnol
ogy programs, to those that have established laboratories. Participants also outlined those areas of crop improve
ment to which biotechnology could be applied.

The remaining papers covered a range of scientific disciplines within biotechnology, and the interactions of
public and private sector undertakings. The poster presentations appear as short papers.

Emphasis was given to collaboration, and many of the participants are actively engaged in colIaborative
projects, or involved in research on problems related to Asian agriculture.

The participants made a number of recommendations (Appendix II). These focused on a rapid deployment of
biotechnology in the region to overcome some of the constraints to crop improvement.

This publication aims:

• To give an indication of the status of biotechnology and crop improvement in the Asian region.
• To present a cross section of biotechnologies relevant to crop improvement.
• To help scientists and others involved in biotechnology to develop applied research programs.
• To foster collaboration between scientists worldwide to develop joint programs in research and training.

J.P. Moss
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Part I

Potentials and Challenges of Biotechnology in Asia
The Stakeholders

The Country Perspectives
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The Role of ADD in Strengthening
Bintechnology Research in Asia

D. Nangju I and M.S. Rao2

Abstract

Since its establishment ill 1966. the Asian Development Bank has accorded hi~h priority for
agricl/ltl/ral development in the Asia-Pacific re~ion thrOl/gh its If.'nding and technical assistallce
operations. As a part of these activities. the Bank has provided support to hoth imerllationClI and
national research illstillltions for the del'elopment of appropriate I',,!c1l11ologies for improving the
weJ/-heillg ofsmaJ/farmers. DI/ring the past 22 years, the Bank has provided sl/bstantial loans and
technical assistance grallts in sl/pport ofagricultllral research in its developing member cO/llllries.
DI/ring the same period, the Bank has given a total of U.S.$ 21.7 mi//ion in grams to 16 illterna
tional agriculllIral research centers illclllding the International CI'0PS Reseal'dl Instilllte for the
Semi-Arid Tropics (lCRfSATj.

In April 1989, the Bank approved technical assistance amoullling to U.s.$ 1.25 mi//ion to
fCRISATfor the establishmelll ofa Plant Biotechnology Research and Training Unit. This has been
the largest single gram provided by the Bank to any illlernational agricl/ltl/rall'esearch c:ellter. In
approving the technical assistance, the Bank wallled fCRISAT to m{lintain not only its leading role
in crop imprOl'ement bl/r also its role as an agricl/llllral research center of exc:eJ/ence. It is hoped
that the hiotechnology ullit wi// help accelerate the development .7f appropriate technologies and
high-yielding varieties that are weJ/ sllited to the harsh environments of the semi-arid tropics and
the mandate crops ofICR1SAT. Siml/ltaneously, it would prOl'ide training to national scielllists both
from wilhin and o/llside Asia and foster coJ/aboration ofthese with fCRISAT and with each other.

Introduction

On behalf of the Asian Development Bank (ADB), I
welcome all the participants in this International
Workshop on Biotechnology and Crop Improvement
in Asia. As you know, this workshop has been orga
nized by ICRISAT as part of the activities under the
technical assistance financed by ADB. The technical
assistance grant of U.S.$ 1.25 million for the estab
lishment of a Plant Biotechnology Research and
Training Unit was approved by the Bank in April
1989 with the main objective of accelerating crop
improvement using biotechnology so that high-yield
ing and quality seeds of ICRISAT's mandate crops
can be made available to the developing countries to
help solve their food and feed problems.

The workshop has been organized to discuss sev
eral important issues.
• The issues related to biotechnology including the

current status of biotechnology in developed and
developing countries and future opportunities for
its application to tropical food crops

• The role of the private sector, the National Agri
cultural Research Systems (NARS), and Interna
tional Agricultural Research Centers (lARCs)

• Cooperative research and development, biosafety
responsibilities, and socioeconomic issues affect
ing the application of biotechnology in developing
countries
At the conclusion of the workshop, we expect that

the participants would reach a consensus to establish
a regional biotechnology research network with

I. Senior Agronomist, Division S. Agriculture Department, Asian Development Bank, Manila, Philippines.
2. Manager, Division S, Agriculture Departmenl, Asian Development Bank, Manila, Philippines.

NangJu, D.. and Rao, M.s. 1992. The role of ADB in sln:nglhcning biotechnology research in Asia. Pages 3-7 in Biotechnology and crop
improvement in Asia (Moss. J.P.. cd.,. Patanchcru. A.P. S02 324. India: International Crops Research Institute for the Semi·Arid Tropics.
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ICRISAT's biotechnology unit playing a pivotal role
in its development.

The Bank's Role in Agricultural
Development

Since its establishment in 1966, ADB has always ac
corded high priority to agricultural development ill
the Asia-Pacific Region. This is due to the fact th,.t
the agricultural sector is the most dominant sec(or.
The Region has over 70% of the world's fam. ing
families but has only 25% of the world's arable land;
and, nearly two-thirds of the world's poor and hungry
arc in th~ Asia-Pacific Region. Over the past 24 years.
the Bank has undertaken four major stll<lies of the
Region's agricultural sector in order to assess devel
opmenl constraints, identify investment opportunities.
and formulate strategies. During 1968-1989, agricul
ture and agroindustry have remained the most impor
tant sector of Bank opcration!i. accountinl; for about
one-third of its cumulative hmding of about U.S.$
28.6 billion, and about one-half of its grant-financed
technical assistance. Bank lending has supported the
Region's growth in agricultural production, rural em
ployment. and farm incomes. In recent years. the
focus of the bank's lending has been shifting increas
ingly to agricultural diversification, poverty allevia
tion. facilitating greater participation of women in
developmental efforts, and environmental protection.

In the initial years of its operation, the Bank has
been fortunate to assist its developing member coun
tries to exploit the new green revolution technologies
that were evolved in the 1970s. Thus, both the Bank
and its developing member countries capitalized upon
the technologies generated as a result of the support
for research provided mainly by the Rockefeller and
Ford Foundations. At the same time the Bank had
beg!!.n. albeit in a small way, to support agricultural
research in the IARCs and NARS; this support has
increased over the years. Details of ADB support for
international agricultural research are given in Table
I. As of September 1990, ADB has provided total
grants of U.S.$ 22.9 million for 56 activities under
taken by 16 IARCs, including four CGlAR centers
and four non-CGlAR centers. About 50% of the total
support (U.S.$ 11.1 million) was given to the four
CGlAR centers, of which 88% was to ICRISAT and
IRRI.

Between 1976 and 1990, the Bank approved nine
technical assistance grants to ICRISAT for a total
amount of U.S.$ 4.4 million (Table 2). A recent

4

Table 1. Dank assistance to International AgrIcultural
Research Centers.

No. or TOlal Grant
Centers Projects (U.S.$ millions)

CGlAR Cemers

IRRI 12 5.410
ICRISAT 9 4.445
IFPRI 2 .748
ISNAR 2 .555

SubTotal 24 11.158

Non-CGlAR Centers

AVRDC 8 4.065
ICLARM 2 .825
IIMI 10 3.030
IBSRAM 3 .902

SubTotal 23 8.822

Other Centers

IJO 2 .950
CABI I .130
CIRDAP I .180
EPA I .250
ICIMOD 1 .540
INroFISH I .334
OlE I .150
NACA I .380

SubTotal 9 2.914

Total 56 22.894

assessment of the impact of ADB's technical assis
tance grants to ICRISAT shows that the ADB assis
tance has facilitated the development of a number of
technologies that can significantly improve yields of
grain legumes, and has improved the research facili
ties at ICRISAT Center. It has also promoted the in
tensive participation of the staff of the NARS in the
workshops, seminars, and training programs of ICRI
SAT in order to further strengthen their capacity to
conduct research.

The ADB's policy in agricultural research is de
scribed in a document approved by the Board of Di
rectors in 1983. The policy stated that the Bank will
continue its support to both international and national
research institutes. However, special attention will be
paid to the development of appropriate technologies
for less favorable environments (i.e., rainfed farm-



Table 2. Description of Dank Technical Assistance Grants to ICRISAT (1975-1990).

Amount
TA Date Duration (U.S.S

Title of Grant No Approved (Yrs) thousands) Expected OUlput

Research on Animal-Drawn 5036 17 Jun 76 325 Animal·drown implements for
Equipment and Allied Implements more erncient land preparation;

Machinery shop and laboratory

Eslabllshment of a Genetic 5087 09 Nov 81 450 Improved ICRISAT facilities
Resource Laboratory

Sirengthening Chickpea Research 5118 26 Dec 84 2 300 Chickpea varieties resistant to
in Pakistan in collaboration wilh AscocllylQ blight;
ICRISAT Phase I Improved NARS in Pakislan

Sirengthening Chickpea Research 882 09 Jun 87 2 350 High·yielding legume varieties;
in Pakistan in collaboralion with Improved NARS
ICRISAT Phase II

Strengthening Grain Legume 5268 04 Dec 87 2 350 High yielding legume varieties;
Research in South Asia Improved NARS

Pigeonpca Varietal Adaptation 1139 16 Mar 89 2 230 High yielding pigeonpca varielies;
and Production Studies in Sri Increased pigeonpca area in Sri
Lanka in collaboration with Lanka
ICRISAT

Establishment of a Plant 5331 25 Apr 89 2 1250 Improved ICRISAT facilities;
Biotechnology Research and Trained biotech researchers
Training Unit

Strengthening Grain Legumes 5393 IOJul90 3 590 Higher yields and produclion of
Research in Asia grain legumes;

Improved NARS

Strengthening Genetic Resources 5405 07 Sep 90 3 600 Additional collected germplasm;
Unit Increased utilizalion of germ-

plasm in crop improvement;
Improved safety features of the
gene bank

Tola! 4 445

ing); for crops other than wheat and rice; and to the
integration of crop, Iivel'tiX:k, and forestry sectors.

The Bank's Role in Biotechnology
Research

The discovery of the structure of deoxyribonucleic
acid (DNA), the fundamental genetic material, by
Crick and Watson in 1953 has enabled scientists to
apply it in biochemistry and cell biology for plant and
animal improvement. This application is now known
as biotechnology or genetic engineering. Biotechnol
ogy has been cited as a fast-growing area of science

where new opportunities are constantly being created
for curing diseases, prolonging lives, and improving
crop and animal production around the world. In de
veloped countries, biotechnology has been success
fully utilized to manufacture wonder drugs by the
drug industry, to develop superior animals that can
give tastier meat, fine wools, or high milk production,
and to produce horticultural crops that are high yield
ing and resistant to diseases.

Although most biotechnology research is cur
rently being carried out in laboratories in developed
countries, several of the Bank's Developing Member
Countries (DMCs), notably India, the People's Re
public ofChina, Indonesia, Malaysia, the Philippines,
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Singapore, and Thailand, have already acquired a na
tional capability in biotechnology for development.
ADB believes that biotechnology has opened up fu
ture possibilities for the development of the semi-arid
and rainfed areas of the Asia-Pacific Region.

The population expansion in the developing coun
tries is at present one of the most serious problems
facing humankind. This is d":l to the fact that the
green revolution, which occurred in the I970s, has
increased food production and farm incomes only in
the irrigated areas in the past 20 years, while annual
population increases in the semi-arid and rainfed
areas outpaced annual increases in food production
by about two percentage points. The rainfed areas,
including the semi-arid tropics, account for more thiln
65% of the total cultivated area in the Asia-Pacific
Region. These areas are characterized by inadequate
and uncertain rainfall, large areas of infertile and
fragile soils, high prevalence of diseases and pests,
and widespread poverty. Although conventional plant
breeding techniques have made considerable progress
in the development of improved varieties for the rain
fed areas, they have not been able to keep pace with
the increasing demand for food in DMCs. Therefore,
many international agricultural research centers, in
cluding ICRISAT, decided to introduce biotechnology
to speed up the crop improvement process, since there
are good possibilities that advances and quantum
yield increases that have been achieved in the devel
oped countries with the use of biotechnology could be
duplicated in the developing countries. Scientists are
generally optimistic about the potential of biotechnol
ogy in increasing food production.

In view of the above considerations, in April 1989
ADB accepted ICRISAT's proposal for the establish
ment of a plant biotechnology research and training
unit by approving a grant of U.S.$ 1.25 million. This
was the largest grant given by the Bank to any IARC
during the past 22 years. ADB believes that the
IARCs like ICRISAT should maintain not only their
leading role in crop improvement but also as agri
cultural research centers of excellence. At present,
several DMCs can provide only a modest level of
budget support for adaptive agricultural research and
are unlikely to be able to invest in basic biotech
nological research in the near future. The technical
assistance to ICRISAT for the establishment of a plant
biotechnology research and training unit is viewed as
an investment in the future growth of food production
in the DMCs and in fostering the biotechnology ca
pacity in these countries. It would also open future
possibilities for Bank financing for the development
of the semi-arid and rainfed areas of the Region.
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The technical assistance is aimed at accelerating
the crop improvement process and the availability of
high yielding and quality seeds to DMCs for those
crops for which ICRISAT has a mandate. The scope
of the technical assistance includes the establishment
of a biotechnology unit at ICRISAT through rear
rangement and modification of the existing facilities,
provision of equipment, and fellowships and training
of scientists from the Bank's member countries, and a
workshop on biotechnology.

Although the technical assistance will be imple
mented for two years (from April 1989 to April 1991),
ICRISAT has agreed to provide thereafter the neces
sary funds from its core budget to operate and main
tain the biotechnology unit and research program to
ensure thai the technical assistance objective would
be achieved as envisaged.

Biotechnology and Third World
Concerns

The Centre for Research on Sustainable Agricultural
and Rural Development (CERSARD) based in Ma
dras, India, has identified a number of issues related
to biotechnology which are of major concern to the
Third World. These issues include the following:
• Since in developed countries microorganisms and

the whole plant resulting from biotechnological re
search can be patented, how will resource-poor
farmers in developing countries have access to the
fruits of biotechnological research covered by in
tellectual property rights?

• Will the products of biotechnology research con
tain built-in seeds of social discrimination? A criti
cism voiced against green revolution technologies
in the 1970s has been that they had helped to make
rich farmers richer and did not help the resource
poor farmers much. How can we design mutually
reinforcing packages of technology, services, and
public policies which can ensure that all rural peo
ple-rich and poor, landowners or landless labor
families-derive economic and social benefits from
new technologies?

• Will priorities in biotechnology research be solely
market-driven or will they also take into considera
tion the larger interests and the long-term well
being of humankind, whether rich or poor?

• A major concern relates to the safety aspects of
genetic engineering research. Will tests be done in
the Third World that are not permitted in the "in
dustrialized countries"?



• Will crop varieties with multiple resistance to pests
contain toxins that will ultimately affect the health
of the human beings or animals that consume them.
What kinds of safety evaluation procedures arc
needed for food ingredients produced by micro
organisms, single chemicals and simple pro
cedures, and whole foods and other complex
mixtures?
These are some of the issues that will be discussed

in an international conference to be held by CER
SARD in early 1991. I hope that those attending this
workshop will also have the opportunity to discuss
the socioeconomic issues affecting the application of

biotechnology in developing countries.

Conclusion

In conclusion, we would like to assure you that the
Bank will continue to support the international and
national agricultural research centers to develop appro
priate technologies for small farmers. We look forward
to fruitful deliberations at this workshop. We hope that
we would be able to obtain feedback from ICRISAT
and lhe participants of the workshop regarding the
Bank's future activities JO Jgricultural research.
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Agricultural Research Under Conditions of
Biotic and Abiotic Stress and Scarce Resources

s. Ramachandran 1

Abstract

Based on technological breakthrollghs and developments, it has now been generally accepted that
biotechnology has its greatest impact on agriclllwre and health. Food production is a natllral target
for the new technology.

The prospect of being able to transform plants in directed ways opens up new possibilities for
breeders. Biotechnology has made possible the manipulation ofcell organella, thereby increasing
the capability ofthe cell to be able to prodllce the desired trait. With the advent ofnew technologies
it is now possible to transfer genes from one species to another, regardless of how IInrelated they
are. Fllrther, contributions of new technologies are not only improving yield potential. bllt also
increasing resistance to pests and disease, breeding for resistance to crop ha:ards, sllch as water
stress, and storm, and to adverse soil conditions sllch as salinity, toxicity, etc.

A great deal ofgenetic variability is expressed in plants regenerated via tisslle cllltllre. A large
munber of mutants have been selected from tissue clliture and a few of these have been charac
teri:ed as stable genetic variants at the whole plant lel'el. Disease resistance, herbicide tolerance,
stress tolerance (drought, salt) are some ofthe most sOllght after mlltant traits.

Transformation stlldies have offered the possibility ofspecific introduction oftraits ofeconomic
importance withollt cO/ISing drastic changes in the genetic background ofthe recipient genome. It is
now possible to isolate specific genes and introduce them into plants. Transgenic plants tllIlS
produced have provided a means to understand the mechanism ofgene expression sllch as tissue
specific expression of light-regulated genes, seed storage proteins, heat s/lOck proteins, herbicide
tolerance genes, and insect-resistance genes. A number of sllch genes have been transferred into
higher plants from a wide range ofplant and bacterial sOllrces.

The fundamental basis ofagricultllral biotechnology are two important teclllliql,es: tissue cui
tlIre and recombinant DNA. The most direct way to lISe biotechnology to improl'e crop agriculture is
to genetically engineer plants. Recently, techniqlles like RFLP and peR have become the most
enabling technologies for crop improvement. Plant tissue cultllre has become an important toolfor
research and the application ofthese technologies is rapidly increasing ill plant breeding and crop
management.

The Ilew capabilities to manipulate the genetic material present tremendollS potential and find
lISe in many novel experiments and applications. These developments have generated a sense of
concern among scientists working in biological areas and others to find ways to safely do research
in the field, how this should be carried alit, and to also find possible means to regulate the work
inl'oMng pathogenic microorganisms and virulent genes. With the safety consideration in view, the
Government ofIndia has evolved the Recombinant DNA Safety Guidelines. These guidelines cover
areas of research inl'olving: (/) genetically engineered organisms: (2) genetic transformation of
green plants and animals; (3) rDNA technology in vaccine development,' and (4) large-scale

I. Secretary, Department of Biotechnology, Government of India, Ministry of Science and Technology, Block 2, (7·8th Floor), C.O.O. Complex,
LcxIi Road. New Delhi 110003, India.

Ramachandran, S. 1992. Agricuhural research under conditions ofbiolic and abiotic stress and scarce resources. Pages 9-15 ill Biotechnology
and crop improvement in Asia (Moss, J.P.. cd.). Patancheru. A.P. 502 324, India: International Crops Research In.~tilute for the Semi·Arid
Tropics.
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production and deliberate/accidelllal release of organisms, plallls. animals. and products derived
by rDNA technology.

The application ofbioteclmology requires a highly developed educational system. an adequate
infrastrltClllre. and sustained R&D support. In collaboration with other departments and institu
tions. DBT has evolved a model system of teaching/training in biotechnology at the postgraduate/
postdoctoral level. DBT has also created a network of infrastfllclllral facilities for bui/ding up a
strong R&D base.

Sel'eral bioteclll/ological processes are particularly advalllageous for developing countries.
Efforts should be made to inl'DlI'e untapped talent in the unil'ersities and other R&D systems in a
meani"dul tie-up. Internatiollal and regional cooperation can play an importalll role in pUlfing
bioteclll/ological del'elopments into proper perspective in order to ensure the transfer of the most
relevollttechnologies to developing countries.

Introduction

In the light of the developments in modern biology
over the past three or four decades, it could be stated
that modern biology has come to the fore among the
various scientific revolutions witnessed in recent
times. Biotechnology provides the various tools and
techniques needed to alter the functioning of living
systems at the basic genetic level and helps to de·.elop
products and processes of economic and commercial
importance in the fields of agriculture. animal hus
bandry. human health. and environment. The tech
niques and tools include various recombinant DNA
technologies: tissue culture. celI fusion, cell regenera
tion, and production of transgenic plants; diagnostics
for detecting diseases and discriminating between
plant varieties; and compression of production cycles
using techniques such as Restriction Fragment Length
Polymorphism (RFLP) and Polymerase Chain Reac
tion (PCR), as welI as the development and use of
symbiotic and helpful microbial and other living
organisms for pest and weed control and as biofer
tilizers.

Past Progress

The progress achieved in the area of plant sciences
with reference to new biotechnologies has exceeded
our expectations even during the past 10 years. The
techniques based on vector-based transformation, di
rection introduction of DNA. and somatic and germ
line cell fusion are becoming readily usable in the
laboratory. Various methods of foreign DNA intro
duction. integration. and expression along with tech
niques of tissue culture, celI fusion, protoplast re
generation. somatic embryogenesis. and embryo res
cue are enabling scientists to introduce into plants
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new genetic traits of scientific and economic impor
tance. Recent progress in the area of RFLP and PeR
has greatly facilitated the fairly simple and straight
forward detection of transferred genetic material and
its further segregation into daughter progenies, thus
leading to significant compression of the breeding
cycle in evolving new economicalIy important vari
eties. The first generation applications ofgenetic engi
neering to crop agriculture are targeted at issue!) I.hat
are currently being addressed by traditional breeding,
i.e., improved breeding efficiency and enhanced ca
pacity for survival under adverse environmental con
ditions. Genetic engineering methods complement
plant breeding methods by increasing the diversity of
genes available for incorporation into crops and short
ening the time required for production of new vari
eties and hybrids.

Agroclimatic Conditions in Asia

The various agroclimatic conditions prevailing in
Asia represent the entire spectrum seen across the
globe. AlI these regions are also densely populated
and are, therefore, heavily dependent on local agri
culture and food production. Large areas of land ex
perience a variety of abiotic and biotic stresses. Some
of the major stresses, against which the agricultural
scientist is calIed upon for crop improvement. are
salinity, drought. water stagnation. excessively high
and low temperature, and degraded and impoverished
soils. In addition, a variety of pests. diseases, and
weeds also reduce crop yield considerably. Post-har
vest losses due to insects, microorganisms. and poor
storage facilities are staggeringly high. Generally a
majority of the farms are smalI (less than 2 ha) or
marginal (less than 0.75 ha). Most of the farmers are
poor and indebted and can ill-afford to give the
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small farms even minimum inputs of water, fertil
izers, and pesticides. In addition, most of the farm
labor is done using animal energy which in turn com
petes for water, land, and biomass. The challenge for
agricultural scientists within the next decade is to
solve these very problems, both through biotechnol
ogy and conventional techniques. It is here that the
new tools of biotechnology offer much scope and
promise for introducing biotic and abiotic tolerance/
resistance, higher productivity, better nutritional
quality, diagnostic and plant variety identification,
mass propagation of elite lines, and development and
introdll':tion of low-cost and environmentally friendly
methods of biological pest control and biofertilizers.

The Indian Agroclimatic Scene

The situation existing in India in many ways repre
sents that existing in other developing countries.
There is high population growth with most of the
cultivable land and sources of irrigation already be
ing exploited. India has used most of its fertile land
for its green revolution, which took agricultural pro
ductivity from about 50-60 million t of food grain per
year to the 172 million t that was harvested last year.
The Indian population has already crossed the 800
million level and at the present growth rate, is ex
pected to touch the 1000 million mark by the year
2000. This situation necessitates the production of
approximately 250 million t of food grains by the year
2000, an actual (incremental) increase of 7-8 million t
each year between 1990 and 2000. This rate of in
crease, which is much more than that achieved in the
first green revolution, would primarily have to be
achieved with land and resources far less endowed
than those used for the first green revolution. The
strategy therefore must be to produce much more
from resource-rich land, to introduce improved and
new varieties of crops for the marginal lands, and to
stretch the use of land that is in the degraded arid and
semi-arid zones, to introduce production of non-crop
food growing as an integrated farming strategy, and to
reduce postharvest losses and introduce new posthar
vest techniques so that more of the harvested food
reaches the consumer, both in terms of quantity and
quality.

Other Scientific Approaches

In addition to biotechnology, there are a number of
other new technologies that would also have to be

suitably introduced to assist farming in Asian coun
tries. These include a variety of water conservation,
harvesting, and utilization techniques appropriate to
different regions and extensive mapping of ground
water resources and their judicious utilization and re
plenishment. Equally important is the extensive use of
organic and biological fertilizers appropriate to the
crop and climate: development of integrated pest
management practices that reduce dependence on
chemical pesticides and lead to a more favorable eco
logical balance; use of space imaging for crop and
soil fertility monitoring, surface- and ground-water
estimation, and better land usc; use of computer- and
satellite-aided medium- and long-range w~ather fore
casting for advising the farmers suitably on farming
practices appropriate to weather conditions: and use
of various techniques for tapping nonconventional en
ergy sources that would enable decentralized utiliza
tion of nonfossil fuel based energy for farming and for
meeting societal needs especially in rural com
munities.

Specific Crop Priorities

Some of the major irrigated and dryland crops that
need continuous attention for imj>roving yield, dis
ease, and pest resistance and adaptation to environ
mental stresses are discussed below.

Rice

Seventy percent of the cultivated area in India is rain
fed and 58% of the rice is grown under such condi
tions. Out of these 23 million ha of rainfed rice, about
10 million ha is drought prone and 13 million ha is
lowland and flood prone. Rice production rose from
20.6 million t in 1950-51 to over 72 million t in
1989-90, mainly because dwarf rice varieties cover
about 25 million ha. The main problems of rice have
been identified for biotechnological approaches.

• Introduction and amplification of resistance to
grassy stunt virus and sheath blight by genome
screening and somaclonal variation

• Wide hybridization with special reference to diver
sification of cytoplasm and use of alien genes for
biotic and abiotic resistance development

• Protoplast culture and in vitro selection
• Development of RFLP techniques
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Wheat

Considerable areas of wheat growing tracts arc
drought prone and afflicted with saline soils. The
areas idenrified for biotechnological application in
wheat are RFLP mapping for rust resistance, wide
hybridization, and resistance to rust, kernel bunt, and
foliar blight.

Sorghum

Most of the 16 million ha is rainfed. Although proper
fertilizer application and pest and disease control
would increase yield significantly, development of
pest- and disease-resistant hybrids and varieties is a
priority.

Pearl Millet

Most of the 13 million ha under this crop is prone to
severe drought.

Pulses

Pulses assume high importance in a country where
they serve as a main source of protein. Chickpea
(Cicer arietinum) and pigeonpea (Cajanus cajan) are
major pulses that account for 45% of the area and
60% of the production.

Chickpea is the most frequently grown pulse and
the biotechnological-based approaches are resistance
to pod borer (Helicoverpa armigera) through bio
technological introduction of genes, resistance to
chickpea blight (Ascochyta rabiel) and chickpea wilt
(Fusarium o:rysporunI f.sp dcerz) by wide hybridiza
tion, and embryo rescue.

Oilseeds

Oilseeds are grown on over 26.6 million ha. In recent
years, production has gone up to about 15-16 mil
lion t The most important oilseed crops are ground
nut, mustard, soybean, sunflower, sesamum, and
safflower.

Brasslcas

The biotechnological approaches are these.
• Breeding for stress resistance
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1) against Alternaria through in vitro screening
2) for salt tolerance using somaclonal variations
3) lor aphid resistance from protease inhibitors

• Building linkage maps for exploiting hybrid vigor
through RFLP mapping

• Creating alloplasmic lines, gametosomatic hybrids,
and protoplast fusion

Cotton

Cotton is another important crop in which yield has
been raised from 95 to 200 kg haol• Hybrid cotton has
already been introduced. The biotechnological ap
proach is to introduce bollworm (Helicoverpa) resis·
tance through Bacillus thuringiensis gene introduc
tion.

Breeding for Stress ResistanceITolerance

Stress Resistance

There is a wide range of stresses to which plants are
subjected, and various techniques that can be used to
produce resistant plants are in vitro techniques, cell
fusion and protoplast regeneration, and rONA tech
niques. These can be used to obtain disease resis
tance, herbicide resistance, and salinity tolerance.
Other approaches are the use of the Bacillus thurin
giensis gene and chitinase inhibitor for insect pest
resistap~e and viral coat protein genes for resistance
to virul>~s. Probes, inhibitors, botanicals, and anti
feedants all have a part to play in stress resistance
breeding.

Salinity problems in agriculture are primarily
found in the wasteland and semi-arid regions of the
world, which comprise more than 25% of the earth's
surface. The salt concentration in the soil after evapo
transpiration may become four to ten times that of the
salt concentration in irrigation water. A level of 800
ppm salt is generally recognized as the threshold of
severe agricultural and nonagricultural damage. In
many crops, resistance to salinity is greater during
seed germination than at emergence and early growth
and later stages of development. The role of the plant
breeder has become increasingly important since
modem agriculture needs plants fit for the available
environment.

Traditionally the development of new crops has
depended on the efforts of the plant breeder. The
identification and isolation of saIt-tolerant germplasm
in related species of crop plants is a basic requirement



in a breeding program for salt tolerance. The recur
rent selection technique can also be applied for salt
tolerance selection. The major drawbacks in such
breeding programs arc the time required for effective
selection and the difficulty in maintaining the back
ground genotypes for maximum gene expression.

Besides conventional breeding, tissue culture
techniques arc now being widely used for developing
salt-tolerant varieties. Cell or protoplast cultures can
be used; from these, spontaneous or induced variants
with increased tolerance can be isolated. Techniques
of gene isolation and transfer can be used to directly
move genes for increased tolerance from one cultivar,
species, or genus, to another.

Of the abovementioned techniques, the technique
of gene transfer is the one receiving maximum re
search attention today because very few genes regu
lating salt tolerance have been identified, mapped,
and sequenced. Genetic variability of salt tolerance
has been characterized for certain agronomic crops
such as barley. It is possible to introgress the salt
tolerance gene from wild into cultivated gene pools.
High salt tolerance has been characterized in a wild
relative of tomato, Lycopersicon cheesmanii. Hybrids
between this species and tomato were synthesized and
advanced tomato lines exhibiting salt tolerance have
been successfully developed.

However, salt-resistant variants can clearly be iso
lated in plant cell cultures and the resistance mecha
nism observed in them is similar to those known to
operate in intact plants. The polygenic nature of salt
resistance might be expected to limit the frequency of
occurrence of such a genetic change. There is, how
ever, greater likelihood of eventual success in the field
if the salt stress employed for selection reflects the
ionic composition of the soil salts in the area for
which the crop is inttnded.

Drought Tolerance

During its life cycle, a green plant is exposed to a
variety of stresses and is particularly vulnerable to
desiccation injury and overheating hazards. Breeding
crop varieties for adaptation to locations charac
terized by physical environmental stress involves
combining a good yield potential in the absence of
stress, an appropriate phenology to provide maximum
escape from stress, and selected traits that provide
tolerance to the major stress in the particular envi
ronment.

The stress tolerance mechanism at the molecular
level is more amenable to biotechnological manipula-

tion than the mechanism at whole plant or crop level.
The potential for molecular biology to contribute to
stress tolerance is dependent on the level of the plant
organization at which the trait exists. The ability of
any plant to tolerate stress-drought for example
results from the cumulative effects of component
physiological and biochemical functions. Manipula
tion of such a trait via genetic engineering will re
quire an understanding and an ability to manipulate
the genetic determinants of the components. RFLP
mapping can help in identifying the important genetic
components and in following their inheritance in
breeding programs. If root structure and function are
important determinants of drought tolerance, the add
ition of Ri plasmid genes, which alter root phenotype,
might be beneficial. Scientists arc trying hard to gen
erate the knowledge base that will make possible the
genetic engineering of complex traits like drought
tolerance.

Biotechniques with Priority for Adoption

RFLP analysis of complex traits can supply us with
these types of information and hence may furnish a
means of identifying those endogenous species that
would impact complex traits most significantly. Ma
jor quantitative trait loci (QTL) can be localized along
the chromosome through correlation of the genotype
of multiple, mapped RFLP loci with portions of phe
notypic variance.

The impact of each individual locus on the total
plant phenotype can also be ascertained through de
termining the amount of variance accounted for by it.
At present, Benes are identified as candidates likely to
effect multigenic traits by either physiological or bio
chemical analysis of pathways that would logically
seek to be involved in the trait of interest. The RFLP
strategy is perceived as an alternative approach on the
basis of genetic analysis and dissection of the whole
plant phenotype.

Recently Polymerase Chain Reaction (PCR) has
become one of the most enabling technologies. It
helps in rapidly amplifying small amounts of DNA.
Its most unique feature is its use of a thermostable
DNA polymerase, the Taq polymerase. This enables
one to perform multiple rounds of DNA synthesis
with repeated heating and cooling cycles without hav
ing to add fresh enzyme each time.

Protoplast fusion has a great deal of promise for
crop improvement, but the successful agricultural ap
plication of somatic hybridization is dependent on
overcoming several limitations. For successful practi-
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cal application of this technology, it is essential that
there be efficient plant regeneration from protoplasts.
Fusion of protoplasts is possible, but production of
somatic hybrid plants offers problems. Somatic hy
brids must be capable of sexual reproduction. It may
be necessary to use back fusion or embryo culture to
produce gene combinations that are sufficiently stable
to permit incorporation into a breeding program. In
order to transfer useful genes from a wild species into
a cultivated crop, it is necessary to achieve inter
genomic recombination or chromosome substitution
between two sets of chromosomes. It may, therefore,
be necessary to manipulate the chromosome number
before releasing new varieties. Protoplast fusion re
sults in unique mixtures of genetic information that
may facilitate transfer of nuclear and cytoplasmic ge
netic information between species. Novel somatic
hybrids may also be valuable as bridges in the devel
opment of distant gene combinations. Hybridization
of cytoplasmic transfer using protoplast fusion has
also been explored as a possible method to transfer
genes between species in one step.

It has now been well established that potentially
useful variation is derived from somaclonal variation
and supports the earlier contention that somaclonal
variation can be used as a breeding tool for genetic
improvement of crops. Several research applications
are likely to emerge through somaclonal variation in
the near future. Additional research in the efficiency
of somaclonal vs induced variation Is needed in order
to make an objective judgement about methods of
producing useful variation.

Program in India

The Department of Biotechnology (DBT) has
launched a network of programs consisting of 15 pro
jects focusing on prioritized areas and feasible bio
technological approaches I..n four major crops.
• Rapeseed and mustard - breeding for Alternaria,

salinity, and aphid resistance and RFLP mapping
and protoplast fusion

• Rice - resistance to grassy stunt virus and sheath
blight

• Chickpea - resistance to pod borer through Bt gene
transfer, resistance to chickpea blight, and chick
pea wilt

• Wheat - RFLP for rust resistance and molecular
basis for kernel bunt and foliar blight

DBT has established three Centers for ~Iant Mo
lecular Biology (CPMB) through strengthening exist-
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ing plant molecular biology groups in the country.
These CPMBs have the responsibility for both re
search and training in plant molecular biology and are
linked to the existing universities and institutions. It is
intended to have developments under two components
in these centers: infrastructure strengthening for con
ducting basic research in plant molecular biology;
and initiating 3-4 hig!lly focused crop-based research
programs on molecular aspects relateti to plant tissue
culture, RFLP mapping, chloroplast and mitochon
drial DNA research, molecular biology of mito
chondria, and the basis of cytoplasmic male sterility
and transformation and regeneration systems; and
training in the area of crop agriculture-based plant
molecular biology. The three centers are Jawaharlal
Nehru Univ~rsity, Tamil Nadu Agricultural Univer
sity, and Mahatma Gandhi Krishi University.

Role of International R&D Centers

The CGIAR had the vision more than 2 decades ago
of establishing a global network of specialized inter
national agricultural research centers in variol1s loca
tions. These international centers were based on
specific crops and animal husbandry. Crops were se
lected on the basis of regional and other socio
economic and agroclimatic needs. The International
Rice Research Institute was established in the Philip
pines and ICRISAT for semi-arid crops was estab
lished at Hyderabad, India. The preeminent success
achieved by the Consultative Group on International
Agricultural Research system-in terms ofevolving a
large number of new and improved varieties that are
related to the specific needs of mostly developing
countries, and a number of related farm practices
has been a consistent encouragement to efforts to es
tablish other international R&D centers and network
activities. The two relevant examples that could be
quoted here are the establishment of the International
Centre for Genetic Engineering and Biotechnology
(ICGEB) at Trieste and New Delhi and the Interna
tional Co-operative Programmes on Rice Improve
ment under the Rockefeller Program.

Briefly the international R&D centers have these
distinct advantages.
• They became a sound basis for south-south and

north-south cooperation.
• They have played exceedingly important roles in

training scientists, technologists, and extension
workers from the developing countries in areas
most relevant to their own country and regional needs.

• These centers are primarily involved in working on



problems under the present conditions in which
these problems occur (agroclimatic and socio
economic).

• Most of these centers have been located in develop
ing countries.

• These centers provide an excellent means of ger
mplasm evaluation and exchange between the var
ious research groups.

• The centers significantly improve the scientific
competence of the developing countries and, there
fore, the level of confidence in developing coun·
tries for tackling their regional problems.

• They provide a sense of participation and contribu
tion to the developing countries.

• They demystify modern technology to the third
world and in the process reduce unjustified fears
and risk in the application of modern technology
and its products.

• They have shown that multilateral cooperation
based research centers are an extremely cost-effec
tive method of intruducing high technology for
solving regional problems in developing countries.

• International R&D centers located in developing
countries have shown that their locations and the
state of problems being worked on by them need
not in any way reduce the quality and merit of their
scientific output when compared to any other inter
natiol1al center.
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Industry and Public Sector Cooperation in
Biotechnology for Crop Improvement

J.I. Cohen and J.A. Chambers l

Abstract

Concllrrellt witll the lIeed to improve global agricllltllral prodllctioll are challenges reqllirillg
cOlltillued scientific illllovatioll to ellhallc~' elll'irollfnelltal acceptabiliry ofagricllltllral products. To
meet these challellges, lIew techllologies, iI/eluding biotechllology, are becomillg part of the scien
tific foundation comprising modem-day agricllltllre. While biotechnology offers new potelltials, its
impact 01/ agricllltllre may be limited to those COlllltries best alJle to access alld exploit the lIew
technologies.

An emerging priority of illternational agricllltllral research is the integration of lJiotechnology
with crop improvement programs targetedfor the del'eloping world. Among the challenges posed lJy
this illtegration is the increasillg trend towards pril'Qtizarioll of IJiotecllllo[ogy ill developed COIIII
tries, alld its impact on the flltllre of development assistallce ehorts in illtematiollal agricllltllral
research. This paper olltlines this trelld and its potelltial effects 011 donors, the CG1AR system, and
lIatiollal programs, and the challellges and opportullities offered lJy estalJlishillg collaboratil'e
partnerships witll the private sector.

Introduction

This century has witnessed a critical transition in ag
riculture. This transition is from a system that has
been historically dependent upon the use of natural
resources to one that has relied on science and tech
nology to increase agricultural yields (Ruttan 1990).
This newer system has provided the foundation for the
development of high-yielding cultivars that have in
creased agricultural production.

It is widely recognized that increased yield per ha
or increased production efficiency have been, and will
continue to be, critical for agricultural competitive
ness in the next decade. However, the trend towards
knOWledge-intensive agriculture leaves less-devel
oped countries (LDCs) at a distinct disadvantage
when competing with developed countries. This is
largely due to the presence of well-established public
and private technological infrastructure in developed
countries, which makes them more adept in the

acceptance and application of biotechnological inno
vations in agriculture (Parton 1990).

In the past, development efforts have partially ad
dressed this disadvantage through support to the In
ternational Agricultural Research Centers (IARCs).
Donor investment in agricultural research at the cen
ters has been rewarded. Contributions of the IARCs
in agricultural research arc credited with significant
increases in food production achieved during the
green revolution of the 1960s. Increases in yield have,
in turn, translated into increased income generation
for many developing country farmers, thus accom
plishing some key goals of development assistance
efforts in agriculture.

Yet, even today, despite the transition to science
based agriculture and the substantial achievements of
the IARCs, food self-reliance continues to be an elu
sive goal for many developing nations, and worldwide
agricultural production continues to suffer substantial
losses approaching 20-40% due to pests, weeds, and

l. Au!hors Dre. respectively, Biotechnology llI1d Genetic Resource Specialist. Dnd AAAS Science Dnd Diplomacy Fellow, Officc or Agriculture.
Agency ror IllIemntional Development. Wa.~hington. DC 20523·1809, USA. Opinions expressed are !hose of !he au!hors llI1d not necessarily
those or the United States Agency ror Inlemational Development.

Cohen, J.I., llI1d Chambers, J.A. 1992. Industry and publie sector cooperation In biotechnology ror crop improvement. Pages t7-29 in
Biotechnology and crop improvement in Asia (Moss. J.P.. ed.). Patanchcru, A.P. 502 324, India: Intemationat Crops Research Institute ror me
Semi-Arid Tropics.
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diseases (Walgate 1990). Moreover, worldwide con· the widely recognized trend towards increased pri·.
cern for a fragile natural resource base continues to vate sector participation in biotechnology research in-
mount in the face of increasing population pressures. the United States. As demonstrated in Table I, private
decreased availability of prime lands for cultivation, sector investments in agricultural biotechnology as
and obvious environmental demise. Thus, concurrent recently liS 1987-although significantly lower than
with needs for greater production efficiency are new biomedical investmenl~-nonetheless approximately
challenges requiring continued scientiflc innovation doubled research support by the public sector in this
to enhance environmental acceptability of agriculture. area (National Research Council 1987). The United

In an attempt to meet these challenges, new tech· States is not alone in this trend as other industrialized
nologies, including biotechnology, are becoming an countries, such as the United Kingdom, France, West
integral part of the scientiflc foundation that com· Germany, Japan, and the Netherlands, have recog·
prises modern-day agriculture. Continuing invest· nized the potential for national economic benefit and --
ment in this technoli:lgy derives from the perceived are instituting changes in policy geared towards the
advantages offered over more traditional, science- development of a competitive biotechnology industry
based techniques that arc inadequate to meet present- (Olson 1986).
day challenges for sustainable increases in agri- Several factors have contributed to the exponential
cultural production. growth of the biotechnology industry in developed

The tools of biotechnology-when provided to countries. The perception that both public advocacy
plant breeders-present mal'\Y opportunities for in· for the technology and consumer demand will in-

- creased efficiency and reliability in crop production crease has contributed to private sector involvement.
!!i

while ensuring increased profitability and environ- This increase will come about as the economic. envi-
mental compatibility (Schneiderman 1990). Despite ronmental, and social benefits of resultant products-
the potential offered through the application of bio-
teehnology, impacts on developing country agricul-
ture will be limited since applications and access will Table L Funding levels for biotechnology and agrl.
be oriented to those countries best able to exploit the cUllurally related biotechnology research by selected
technology. Thus, an emerging goal for international sources.
agricultural research is the integidtion of biotechnol- Amount
ogy with conventional crop improvement programs ($ U.S.
when these alone have not resolved specific con- Source millions)
straints on enhanced productivity (Cohen et al. 1988).

Each of these facts defines an essential role for AgricultUrally-related biotechnology

donor organizations and the CGIAR system in the U.S. Department of Agriculture

acquisition and integration of biotechnology into in- AgricultUral Research Service 24.5

ternational agricultural research. While biotechnol-
Coopel'lltive State Research Service
Competitive grants 30.0

ogy offers potential benefits for international agricul- Hatch Act and special grants 18.4
tural research, its application in this arena also poses Slate agricultuml experiment stations1

a series of interesting challenges. Among these is the Slate 16.2
increasing trend towards privatization of the technol- Industry 5.4
ogy in developed countries and its impact on the fu- Private Industry2 150.0

ture ofdevelopment-assistance efforts in international
agricultural research. As such, the aim of this paper All other biotechnology3

will be to outline this trend, discuss its potential ef- Environmenlnl Proiection Agency 1.5

fects on donors, the CGIAR system, and national pro- Food and Drug Adminlstl'lltion 2.6
National Institutes of Health 1,849.5

grams, and to present the challenges and opportunities National Science Foundation 81.6
offered by the establishment of new partnerships with
the private sector. t. Nonfederal support: Iiseal year t984 data (Nalional Associalion of

SllIte Universilies and Land.<Jranl Colleges, t985).
2. Estinllllion based on dalll from the Agricullural Research Instilute

Defining the Need for New Partnerships
(1985).

3. Fiscal year 1985 (General AccouOling Office. t986). Funding by
non·USDA federal agencies nIlIy include SCll11C agriculturally rc-

A report on maintaining U.S. competitiveness in agri- Inlcd blolCclmology research.

cultural biotechnology provides documentation for
Source: National Research Council (1987).
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developed through initial investments in biotechnol
ogy-become more evident and accessible (Fry
1990). The capacity of the new technological tools to
shorten the historical lag time between basic biolog
ical discoveries and product development has addi
tional1y motivated the trend towards privatization
("!ational Research Council 1987). Finally, the growth
of venture capital firms, most apparent in the United
States and largely limited to other developed coun
tries, has contributed significantly to the development
of the biotechnology industry through support for
small, entrepreneurial, academic-like companies
(Bull et al. 1982).

Accordingly, in the United States the institutional
structure of agricultural research has undergone sig
nificant change (Barker 1990). Although publicly
supported institutions, such as the land-grant univer
sities, are attempting to respond to this institutional
shift in support and location for biotechnology re
search through increases in staff and programs, they
are less able to effect greater unilateral participation
due to lack of budgetary control (Barker 1990) and
overal1 decreased public support for basic agricul'ul'Ol
research (National Research Council 1987). This
changing institutional base-when coupled with the

obvious commercial potential of the technology-has
been a catalyst for greater eol1aboration between pub.
lic institutions and the biotechnology industry (Fig.
I).

Several legislative rulings in the United States,
which underscore the responsiveness of U.S. palent
policy to technological innovation, have also contrib
uted to an evolving partnership between the public
and private sectors. This partnership has particular
relevance for future IARC and LDC activities in bio
technology with publicly-supported U.S. institutions.
The 1930 Plant Patent Act (PPA) and the 1970 Plant
Variety Protection Act (PVPA) permitled the protec
tion of most asexual1y produced plants and sexual1y
produced varieties, respectively (Jondle 1989). The
1970 ruling, in particular, has dramatically affected
U.S. private sector participation. For example, the
number of private sector soybean breeding programs
has increased from 5% to 30% after the PVPA ruling
(CSSA 1989). Similarly, private investment in plant
research in the U.S. from 1970 to 1980 has increased
with no accompanying increase in the market cost of
products (Barton 1982).

The 1980 landmark Supreme Court decision in
Diamond vs. Charkrabarty, which granted a patent on

/
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Figure L A model for collaboration between IARCs, public institutions, and the biotechnology Industry.
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=
a genetically engineered microorganism and, in so
doing, ruled in favor of the protection of animate
nature whose existence resulted from human inter
vention, has directly favored the generalized growth
of the biotechnology industry in the United States
(Beier and Straus 1985). Agricultural biotechnology
has specifically benefilled from the 1985 U.S. Patent
Office reversal of the Ex Parte Hibberd decision,
which relied heavily on Diamond vs. Charkrabarty
and which granted a utility patent for plants, thus per
milling the protection of a single trait in a particular
plant (CSSA 1989).

Finally, agricultural research initiatives at land·
grant universities and other publicly-supported insti
tutions have been directly affected by the 1986
Federal Technology Transfer Law. This legislation
responded to the perception that research and devel·
opment results generated in federal laboratories were
not being readily adopted by the private sector for the
effective production of new products for consumers
and farmers. This act authorized government-sup
ported agencies and institutions to enter into coopera
tive research agreements with U.S. private companies
(Tallent 1989). It was developed to bridge the gap
between the fundamental research undertaken by
pUblic institutions and the more downstream, applied
research being done by the private sector. The Act
strengthens past efforts by the U.S. government in
this area by providing the ability to grant an exclusive
license to one company to put into practice an inven
tion arising from Federal funds (Tallent 1989) and has
transformed publicly-supported institutions into more
desirable industrial partners (National Research
Council 1987). As a result, collaboration between
public and private research groups in the U.S. has
markedly increased and is now influencing the cur
rent trend towards privatization of biotechnology
research.

Historically, the IARCs and national progranlS in
the LDCs have relied on public sector institutions in
developed countries for advances in basic research
which then may be adapted for application. What
does the trend towards privatization in biotechnology
and the evolving liaison between the private sector
and traditional IARC partners mean for development
goals in international agricultural research? Donor,
IARC, and LDC access to biotechnology through
public institutions-once a timely and responsive
way of conducting agricultural research geared to
wards developing country problems and constraints
is becoming increasingly limited. Increased private
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sector participation in biotechnology, the more
comprehensive protection of intellectual property
throughout the entire agricultural community in de
veloped countries, and the desire to achieve more
rapid benefits from technological innovations may ul
timately deny IARCs and LDCs access to beneficial
technologies.

This point is illustrated by an informal survey re
cently conducted by Ihe Oflice of Agriculture of the
United States Agency for International Development
(USAID) for the International Potato Center (CIP).
CIP has been actively involved, through several col
laborations with public sector institutions in nu
merous developed countries, in applying biotechnol
ogy to improve potato breeding programs and to over
come con~lraints affecting pOlato production through
out the developing world (Sawyer 1989). Continued
success in a variety of additional biotechnology initia
tives will necessarily depend on CIP's continued
ability to access valuable techniques and genetic con
structs useful in the generation of improved and novel
germplasm. Accordingly, CIP requested USAID's as
sistance in the identification of genes and constructs
located within the U.S. public sector that might be
available to CIP for the generation and worldwide
distribution of improved potato germplasm.

Although several universities were willing to col
laborate with CIP, a number of prominent U.S.
universities recognizing the commercial value of ob
taining patents on their genes and constructs, were
unable to collaborate with CIP. Many had previously
enjoyed an open collaboration with the IARCs for the
exchange of materials. The reasons most often cited
for their inability to cooperate were the remunerative
potential of licensing agreements with private firms,
patent processes which were still ill development for
certain materials, and a perceived incompatibility in
the IARCs' global distribution mandate with the
IARCs' ability to protect university patents. Some of
these universities, such as Cornell University's Bio
technology Program, have already established an in
tegral relationship with several private companies that
is based on the university's ability to provide patented
inventions. Perhaps anticipating this response, and to
explore alternative partnerships, CIP also requested
USAID assistance in the identification of outside legal
expertise to aid in the acquisition of novel technolo
gies and materials from lhe private sector. This exper
tise was provided through external patent attorneys to
assist CIP in negotiating licensing agreements.



Options Available for the International
Agricultural Research Cente."s

The IARCs and donors must re-examine their support
for collaborative partnerships that seek to acquire and
develop new technologies (Cohen 1990). Some of
these options have been examined regarding the inte
gration, development, and application of biotechnol
ogy for the benefit of client countries in the develop
ing world (Plucknett et al. 1990). Roles for each cen
ter will vary according to the crop and objectives
established, but resident expertise at the centers will
be critical to ensure success. This expertise will gen
erally not be used to develop new basic knowledge in
support of biotechnology, but rather to apply these
scientific advances towards the needs of developing
country agriculture (TAC 1988).

Once center expertise has been established, cen
ters will need to consider technology acquisition, de
velopment, and dissemination (Plucknett et al. 1990).
One option for acquisition will be to continue to work
exclusivcly with the public sector, primarily with uni
versities in developed countries. However, as outlined
above, this relationship may become more difficult to
maintain as morc universities file patent applications
with hopes of receiving financial returns for their
rescarch investments.

In the light of changing relationships with tradi
tional partners, a second option would be to expand
interaction with the private sector. This would be con
sistent with the centers' charge to adapt thc tools of
biotechnology and to consider new methods for ac
quiring technologies. Since evidencc indicates that
commerce is a new incentive drivirg many applica
tions of genetic engineering, the Consultative Group
on International Agricultural Research (CGlAR) sys
tem has the responsibility to encourage private sector
involvement in international research by challenging
the private sector to extend its proprietary technol
ogies to the necds of devcloping countries. Without
cfforts by the CGIAR and donors, privatc firms will
work where markets exist, where products can be
protected, and where they can establish thcir own in
country expertise. Such a strategy is reasonable from
a profit perspectivc, but will overlook potential bene
fits gained from working with the public sector or
CGlAR institutions.

The desirability of expanding the range of collab
orative partnerships available to the CGlAR centers,
and hence lheir host country clients, has bcen increas
ingly documented (Sawyer 1989). If the CGlAR cen
ters, donors, and national programs are to explore

thesc new relationships with the private sector, new
ways of "doing busincss" will be required, and a
number of issucs must bc considered that arc critical
to the cSlablishment of succcssful working rclation
ships with the private sector. The identification and
appreciation of the relativc strengths of the IARCs
and thc commcrcial sector is of paramount impor
tance in this process and will need to be defined as an
initial step in collaborations involving these diverse
partners.

For exampic, collaboration with IARCs could po
tentially provide companies with valuable, perhaps
otherwise unavailable, information regarding the sta
bility of proprietary genetic constructs in various
crops and in numerous breeding programs. Such field
evaluation would be useful for determining the potcn
tial value of proprietary constructs in more commer
cial backgrounds. IARCS, in turn, could benefit from
the private sector's ability to translate valuable tech
nologies into commcrcially marketablc products. In
certain instances, the contribution of IARCs in the
production of a commercially viable product may re
alize additional income for the centers through sales
to commercial producers, which in turn could be ap
plied to research on a variety of noncommercial
crops.

Equally important is the issue of legal and con
tractual expertise. The IARCs are currently at a di~

advantage in their inability to negotiate binding legal
agreements regarding proprielJ.lry technologies. Most
commercial research firms possess "in-housc" corpo
rate attorneys or havc access to such expertise
through retainers. In the past, such cxpertise has not
been required by the CGlAR system and, accor
dingly, has not yet been introduced.

In addition, numerous questions regarding the im
age projected to donors and developing country cli
ents may arise as the CGIAR centers enter into
contractual relations with private sector firms. Some
of these issues involve the CGlAR system's pride in
being able to distribute research results and improved
germplasm without restriction. As in the initial rela
tionships established between U.S. universities and
private biotechnology companies (Olson 1986), the
centers' scientific integrity must be maintained for the
mutual benefit of both partners. IARC participation in
these ventures must not be misconstrued as a means
to facilitate unfair profits for the private sector at the
expense of client country interests. Such concerns are
real and demonstrate the need to employ suitable le
gal counsel so that the needs of CGlAR centers, host
country clients, donors, and the private sector are kept
in balance. The realization that each party stands to
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benefit should be the driving factor for achieving
agreement. Carefully drafted initial agreemenls will
begin to aller the preliminary misconceptions of part
ners that lack previous experience with one another.

The equitable distribution of germplasm derived
from CGlAR research programs, which can occur
through the international trial system, special requests
to the international centers, and through germplasm
announcements, is also an issue of paramount impor
tance. This system of distribution must be re-exam
ined in the context of protecting intellectual property.
Commercial partners will require assurance that a
system of accountability can be developed for the re
lease of modified germplasm. Thus, when distribution
policies arc discussed with a commercial partner,
agreement should be reached regarding a center's re
sponsibility and liability for the use of proprietary
genetic information. As such, in order to continue
unrestricted distribution of germplasm, and to ensure
that proprietary sources ofgermplasm or technologies
have not been inappropriately handled, it may be nec
essary for the IARCs to publish the origin and charac
teristics of each release to preclude unauthorized
claims to the material (Duvick 1989).

In many cases, it may be possible for the centers
to license technologies or genetic materials to national
programs from which additional income may be
gained. If free, unrestricted distribution of results
occurs, centers must be sure that they have not inad
vertently violated terms of the initial agreement.

Many of these considerations will be based upon
the particular crop being modified and the system that
is used to distribute new germplasm. For example,
many of the CGlAR commodity crops arc distributed
through the public sector or parastatal seed com
panies. This type of distribution does not present
ready access for commercial investment or return on
investment. However, if proprietary germplasm, mod
ified through new technologies, has a distinct market
advantage, commercial development may become a
reality.

Such may be the case with cassava. Commercial
production and sales of cassava have begun to in
crease recently and are being treated differently from
local production or that resulting from international
agricultural research programs. A recently developed
agreement between USAID and Monsanto Corpora
tion, which will be discussed in detail below, could
present African scientists with an opportunity to com
mercially produce the transgenic stocks to be devel
oped within this agreement. While this first collabora
tion involves the donation of the technology and the
gene by Monsanto Corporation, it will provide greater
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incentive and perhaps a more useful means of deliv
ery of products to the end user to facilitate the devel
opment of meaningful business arrangements within
Afril:a for other projects.

II may be difficult to enforce violations of propri
etary agreements which result from unauthorized usc
of germplasm or technologies and litigation may not
always be possible or warranted. Nonetheless, corpo
rate partners will differentiate between those institu
tions which make good partners and those which
present greater risk. This is an important point, for
once a reputation as a bad partner has developed,
opportunities for further collaboration will decrease
as other commercial firms become aware of the prob
lem. Thus, those who violate legal agreements may
gain in the short term, but stand to suffer later as new
material is developed and no longer released to a
particular center or national program.

Finally, it must be recognized that certain clmters
within the CGlAR system will hold patents for their
own inventions, whether developed independently or
in collaboration. Patents can be essential to control
production of inventions, ensure appropriate distribu
tion and pricing, and pre'/ent unauthorized use. Thus,
there are numerous benefits that may come from the
protection of intellectual property within the CGlAR
system. Often, privatization is regarded negatively
and is seen as a barrier to access of technologies by
perpetuating technological dependence and imposing
non-equitable conditions for acquisition (Sasson
1990). However, the positive advantages mentioned
above, gained through protection of intellectual prop
erty rights, should be more fully explored and estab
lished within the CGlAR system.

A question which has been explored (in only the
most superficial level is this: '.\' a CGlAR center
sign an exclusive agreement with a private source for
either technologies or genetic material? However,
with appropriate legal counsel provided for the center
and national partners, it is one that deserves greater
attention.

Hypothetically, genetically engineered constructs
for insect resistance protected by proprietary patents
of interest to a center may be obtained. through nego
tiation with a private company. Its uSI~ful application
in the mandate crops, however, may require that a
center expend its resour,;;:s to successfully adapt the
genes involved, to achieve expression in germplasm
of agronomic importance for a particular region or
client country, and to demonstrate a safe and effi
cacious history of field testing.

For initial agreements after successful testing and
expression, it is recommended that limited distribu-



tion of new germplasm be made in accordance with
Table 2.fCRISAT mU'III.lutll crops, breeding objects, and

the ability to offer intellectual property protection likelihood or applying bloteclmology towards their
though plant breeders' rights or patents. resolution.

After successful testing and expression, it is rec-
Application of Biolechnologyommended that limited distribution of the new germ-

plasm be made only as for us it can be protected by Scientific Commercial
plant breeders' rights or patent protection. This is Crop and breeding priorities opportunity interest
important because it demonstrates that the CGlAR

Sorghumsystem is willing to protect the investment made by
A. Stress lolernnce Long term Nothe private sector, thus becoming better business part- I. Drought Yes Possible

ners for industry. It is also important in that coopera- 2. Photoperiod Yes Yes
tion with the private sector on proprietary protection 3. Disenseflnseet Yes Yes
is also becoming more important to donor agencies. B. Hybrid cullivars Yes Yes

Limited distribution may also involve some finan- C. Utilization
cial remuneration to both the CGlAR system and the I. Value added traits Yes Yes

-
private industry involved. Such agreements must con- -
sider the liabilities involved and seek mutual protec- Pearl Millet

tion through legal documents that make clear the A. Stress tolernnce

consequences of illegally appropriating genetic mate- t. Drought Long term Nol.2
2. Seedling emergence No Nol,2

rial or new technologies. 3. Discnscflnscct Yes Yes
These initial activities, which could be assisted by B. Hybrid cullivars Yes Yes ~

donor participation and outside legal expertise, when
conducted in a manner which protects the private sec- Chickpea
tor's investment, will set valuable precedents for the A. Stress tolerance
improvement of global agriculture through biotech- \. Drought Long term Nol,2
nology and for the establ.ishment of additional part- 2. Low temperature No Nol,2

nerships with the private sector. 3. Earty growth vigor No Nol,2
4. Discnscflnscct Yes Yes

B. Hybrid cultivars Yes Yes

Pigeonpea
A. Stress tolernnce

ICRISAT Crops \. Drought No No
2. Temperalure effects No No

As an example, the commodity crops in ICRISAT's 3. Discnscflnsect Yes Yes
mandate-sorghum, pearl millet, chickpea, pigeonpea, B. Plant nutrition

and groundnut-may be considered in relation to po- I. Nodulation and N-

tential collaboration with the private sector. These fixing ability Long term No
C. Utilization

crops are critically important to farmers in the semi- I. Value-added traits Yes Yes
arid tropics. Some of these crops, especially hybrid D. Hybrid cultivars Yes No
sorghum, have caught the attention of the private sec-
tor and are being produced commercially in India, Groundnllt
Thailand, parts of Africa, and to a large extent in A. Stress tolerance
Latin America. As shown in Table 2, special oppor- \. Photoperiod response No
tunities may exist here of interest to commercial part- 2. Drought No
ners that do not exist for other crops or that may be 3. Discnscflnsect Yes Yes

additionally limited by the technology being consid- 4. Nematodes Yes Yes

ered. Germplasm enhancement, or pre-breeding, in B. Wide cross program Yes No

regard to the legume programs and wide hybridiza-
C. Oil quality Yes Yes

tion, offer points of interest for all concerned with t. No inuncdlllle short·temt Interest due to complexity of problem.
expanding the genetic diversity of food crops. 2. Less conuncrclal crop Interest.
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The Role of Donors in the Evolution of
New Partnerships

The burden of reaching such agreements should not
be placed upon the CGlAR centers alone. One oppor
tunity to offset concerns that may arise regarding
initiatives with the private sector is to involve a donor
agency, preferably one with the ability to tap national
and commercial interests and legal expertise. Donor
intervention may also be useful in the identification of
potential partners, and in the establishment of better
linkages for biotechnology research and development
between the centers, their industrial partners, and na
tional programs. Funding to support these links could
come largely from donor agencies in developed coun
tries (Barker 1990). Donors have a vested inlerest in
providing this support. Without such linkages and in
view of current institutional trends, the disparity be
tween developed and developing countries for tech
nology acquisition will continue to widen with nega
tive results on worldwide agricultural productivity.

Donor activities could also include the provision
or identification of legal retainers (as in the case of
CIP), money to support research, co-development of
research initiatives, biosafety and regulatory proto
cols, and the management of genetic material. In this
manner, the centers would be less exposed to per
ceived conflicts of interest. Such relations would also
benefit donors because they would link and coordi
nate development assistance objectives and interests
with those of the CGlAR system.

USAID's Activities with the Private
Sector

Due to similar constraints being imposed on the cen·
ters with regard to technology acquisition, donors are
also beginning to extend their collaborative efforts in
research to include the private sector. This is becom
ing increasingly necessary with regard to donor ini
tiatives in biotechnology. USAID efforts in this
regard include activities located in the central offices
and in client country missions. Several of these cur
rent and pending initiatives in biotechnology involv
ing private sector relationships are described below.

Cooperative Agreement with Monsanto
Corporation

As previously described, the ability to patent biolog
ical technologies has stimulated private investment in
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agricultural research. Accordingly, Monsanto Corpo
ration has invested heavily in transformation technol
ogies and has achieved demonstrated results in their
field-tested applications. Abilities in these areas-far
ahead of those in the public sector-were first
brought to the attention of USAID and the interna
tional community during USAID's biotechnology
conference (Delanny 1989). These abilities were cou
pled with an interest in developing country-oriented
applicalion by Dr Ernest Jaworski and were discussed
with USAID's Office of Agriculture.

Following extensive negotiations, a grant agree
ment was signed between USAID and Monsanto to
use proprietary vector expression technologies, cou
pled with coat protein virus technologies developed at
Washington University, for the production of virus
resistant root and tuber material for Africa. It will
involve the placement of two senior African scientists
for a three-year period at Monsanto's laboratory in St
Louis, Missouri.

Advantages of such an agreement arc presented in
Table 3. To reach this agreement, direct n~gotiations

between USAID's Office of General Counsel and
Monsanto's corporate allorneys were required. These
discussions were necessary to certify USAlD's au
thorization to grant directly to a major commercial
entity. This may also be an issue for collaborative
projects involving CGlAR centers. In the case with
Monsanto, Agency technical officers worked directly
with their counterparts in USAlD's contractual and
legal offices to ensure that the grant was properly
understood. In the end, USAID issued a letter to Mon
santo attorneys that indicated USAID's ability to
award such a grant.

Once this was established, appropriate rights had
to be retained by USAID to assure timely access to
those technologies that were developed under the
agreement. The grant also delineated exactly which
proprietary technologies were involved and under
what conditions they were to be made available. Ac·
cordingly, Monsanto has agreed ..... to grant a roy
alty-free license to' use in Africa any proprietary
technology (including disarmed Agrobacterium
strains, intermediate vectors, selectable markers, pro
moters, other expres~\ion and transformation technol
ogy and coat protein based virus tolerance technol
ogy) developed by Afrkan scientists embodied within
any cassava, yam or sweet potato germplasm devel·
oped in this program" (USAID 1990).

It is important to realize that Monsanto is assum·
ing a degree of risk in this agreement. Understanding
this risk and that faced by other potential commercial
partners is the first step in arriving at a work



Table 3. Advantages derived from the USAID and Monsanto Corporation grant regarding the transformation of
economically-Important root and tuber crops.

Secures specific rights for specific proprietary technologies as used in accordance wilh condilions of the grant.

Places senior African scientists within commercial laboratory senings 10 become familiar with commercial orientation.
concerns, and decisions.

Familiarizes African scientists wilh testing protocols and regulatory compliance that commercial firms undertake to bring
recombinant products 10 market.

Eslablishes the relation between proprietary lechnologies of Monsanto and those developed at Washington University.

Successful production of transformed germplnsm will provide all parties with addilionnl data regarding performance ofgenetic
construclS, which may be useful in fUlure research efforts.

Establishes precedence for donor granlS to commercinl agricultural research entities and gains acceptance for such oppor
tunities wilhin the commercial legal establishment.

Establishes n multi-directional relationship between a national program, privalC sector. donor. and fARC for agriculturol
biotechnology research and product development.

able agreement. Clearly, the risk posed here involves
the unauthorized use or dissemination of these propri
etary technologies beyond the objectives of the grant
with USAID. This illustrates the complexities which
may arise in IARC negotiations with the private sec
tor and the unique nature each agreement will present
to the collaborating parties involved.

Although commercial profits from cassava will not
be realized by Monsanto through this agreement,
demonstrated use of Monsanto's technologies will
give credibility to the appropriate use of biotechnol
'Ogy for crop improvement. In addition, by involving a
partnership with USAID, Monsanto has gained the
benefit of the biotechnology and biosafety expertise
available for international testing and use. The grant
also involves the International Institute for Tropical
Agriculture to ensure that an international center has
been brought directly into this type of agreement.

Plant Biotechnology for Developing Countries:
Recommendations of a National Research Council
Panel

At the request of the Office of Agriculture, the Na
tional Research Council (NRC) convened a group of
experts for discussions concerning priorities in plant
biotechnology research that could benefit agriculture
in developing countries in the near future (3-5 years).
The objective was to identify areas of biotechnology
that, in the panel's view, were sufficiently advanced

for transfer to USAID client countries through collab
orative initiatives with U.S. scientists.

The panel found a distinct need for a technical
assistance program that encourages and assists deve
loping country researchers in the acquisition of tech
nologies focused on critical problem areas of local
importance. A number of priority areas were identi
fied in the meeting with specific recommendations to
be developed upon consultation with sources of ex
pertise most familiar with local problems, needs, and
opportunities (National Research Council 1990). In
stitutional priorities identified included three areas:
biosafety-USAID should assist developing coun
tries to implement and monitor appropriate biosafety
regulations; intellectual property-USAID should
participate in the development of policies to promote
international cooperation in intellectual property
rights; and human resource development and net·
worklng-USAID should enhance biotechnology ca
pabilities through doctoral and postdoctoral fellow
ships and nondegree training for plant biotechnol
ogists.

This report highlights many of these topics and
recognizes that development assistance agencies must
accept the challenges of biotechnology if they are to
playa relevant role in its future. Progress will not be
possible without equal attention devoted to the institu
tional dimensions as well as to the technical aspects of
biotechnology.

On the basis or recommendations contained with
in this report, the Office of Agriculture is designing a
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new project in plant biotechnology that will include
research in the technical areas described by the NRC
report. Emphasis will also be placed on the manage
ment of biotechnology in developing counlries.ln this
rcgard, provisions for commercial development of
producls, training, establishment of a network, regu
latory review, and intellectual property protection of
research inventions are being considered within the
context of this project. Integration both with other
USAID projects in biotechnology and with increas
ingly important natural resource management initia
tives will also be established within this project.
Participation of the private sector or U.S. universities
in either constraint-oriented research or commercial
ization efforts, targeted to the enhanced agricultural
production in less developed countries, will be com
missioned through a request for proposals. Awards
will be made on the basis of technical merit and com
petitive bidding.

Commercial Efforts in Developing Recombinant
Vaccines

Research sponsored by the United States federal sec
tor can be geared in a direction that explores the
commercial potential of the research yet simul
taneously serves the need:; of the developing world.
Such an example stems from a 5-year cooperative
agreement initiated between the Office of Agricul
ture, and the University of Florida, Gainesville. This
project, titled, "Improved Animal Vaccines through
Biotechnology, Phase II: Anaplasmosis and Babe
siosis," has utilized legal expertise at the University
to file patent applications on much of the research,
which has been eventually published in peer-re
viewed journals. This project has also employed the
services of a commercial consulting company, Ernst
and Young, to develop business plans along lines con
sistent with the intent of the cooperative agreement.

By proceeding in such a fashion, the project offers
a new way of doing business to potential corporate
partners. This strategy has worked well as judged by
the interest expressed by several potential commercial
partners in this project. These have included site
visits and discussions regarding the production of re
combinant vaccines and diagnostic probes for the var
ious regions of the globe in which USAID works.
Ultimately, the senior project director, in conjunction
with USAID, will have to select the best commercial
partner. Exclusive rights or license will be assigned to
this firm for the production and distribution of these
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products in the developing world. Similar interest ex
ists for their use in the United States and of course this
would be the subject of other negotiations.

An integral part of this project involves an exter
nal Technical Advisory Group (TAG). This body
serves to provide nonproject associated advice, reo
view, and guidance related to obstacles, goals, and
objectives confronted by project scientists. Such an
approach would seem appropriate for IARC-spon
sored research. A TAG could include members of the
commercial research community as well as legal
representation.

Commercial Focus of USAID/Mission Projects in
Biotechnology

The USAID missions have become increasingly
aware of the potential benefits of reseurch in bio
technology for improving agricultural production in
client countries. As such, USAID missions presently
support a wide range of activities in biotechnology
related to developing country agriculture. Several
missions have recently instituted programs designed
to stimulate the growth of technology-based industry.
To date, these have often included research and devel
:'l'ment efforts in biotechnology.

For example, in India, USAIDlNew Delhi and the
Indian government have sponsored the Program for
Advancement of Commercial Technology (PACT),
which provides financial support for jointly submitted
proposals between U.S. and Indian companies for the
"development and commercialization of innovative
technical products and processes to the benefit of both
economies" (Jones 1989). Although not specifically
planned as such, many projects currently sponsored
under this program have a biotechnology component.
Those related to agriculture include an agreement be
tween Ecogen Inc (USA) and Gujarat State Fertilizers
Company (India) for control ofcertain pests in cotton,
tobacco, groundnut, and pulses using Bacil/lls tlll/Tin
giensis-based bioinsecticides, and an agreement bet
ween DNA Plant Technology Corporation (USA) and
Southern Petrochemical Industrial Science Founda
tion (India) for the development of improved varieties
of coffee and roses by tissue culture.

Similarly, the Science and Technology for Devel
opment project has been established in Thailand
through the provision of three-way support between
USAID, the Royal Thai Government, and private sec
tor interests. The project is designed to expand the
contribution of science and technology to the devel-



opment process through the establishment of more
effective linkages between industry, the public sector
research community, and government policy initia
tives in Thailand. Nearly two-thirds of the project's
total resources are devoted to problem-solving re
search, development, and engineering in three prior
ity technical areas of concentration. Biotechnology
haii been identified as one of these three critical areas.

Biosafety and the International
Agricultural Research Centers

Maximum coordination will be required to assure that
requisite parameters are understood and established
to test for both efficacy and safety of recombinant
products. Gaining such information will require di
rect communication between regulators, principal sci
entists, and donor agencies. Without establishing such
communication links, research projects run the risk of
"spinning" the request-reyiew-approval-permit cycle
multiple times until appropriate questions have been
answered (Fig. 2). This will be cosily, because each
time a request is submitted costs are entailed for the

subsequent testing and documentation (Cohen and
Chambers 1991).

Once contained testing is warranted, consideration
must be given to each host-country's ability to moni
tor the test, its degree of containment, contingency
plans if problems occur, termination procedures, and
responsibility for supervision. Costs associated with
such experimental modifications will need to be esti
mated within research proposals so that more realistic
funding levels can be determined. Private sector bio
technology firms have the greatest experience to date
on these issues, and their expertise is currenlly being
only minimally used by both the CGlAR system and
donors.

Many environmental and safety parameters will
vary globally. While some of these may be obvious,
special attention will need to be paid to ensure that an
appropriate assessment of such differences is ob
tained well in advance of host-country testing. It
would be of great value for regulatory agencies in the
industrialized countries to make their personnel avail
able for site inspections and recommendations re
garding each proposed test. Private sector involve
ment will share the burden associated with these tests

Product Development and Regulatory Cycles

Product Development Cycle
(Efficacy)

Public
Opinion

Product
Development ..

Small-scale,
contained

Testing

• Monitor

• Containment

• Contingency

• Termination

• Supervision

Regulatory Cycle
(Safety)

Use

Large-scale,
open

Figure 2. Gaining information is necessary to avoid wasting time when developing new products and
meeting regulations.
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and form an important collaborative approach to en
sure that safety considerations are followed.

Conclusions

Biotechnology, when integrated with traditional crop
improvement programs, enables a more efficient, en
vironmentally compatible and, ultimately, cost-effec
tive utili7.lltion of resources for improved agricullural
productivity. The technology is highly appropriate for
developing countries, where present technical inade
quacies are often magnified by increasing population
pressure, intensive agricultural practices that in turn
have contributed to the degradation of natural re
sources, and the poor quality of many soils. Presently,
most biotechnology research has been conducted in
developed countries with practical applications lim
ited to those problems and scenarios unique to com
mercial agriculture. In these countries, changes in
patent law, public funding for research, and the rela
tionship between industry and publicly-supported in
stitutions are contributing to increased privatization
of biotechnology research for the development of pro
prietary technologies and products. This may ulti
mately limit the impact of biotechnology on agri
cultural research supported by donors and conducted
by the IARCs and national programs in developing
countries. The international agricullural research
community must develop equitable, collaborative re
lationships with the private sector for the acquisition
of beneficial techniques and materials that may be
applied to international agriculture. Intellectual prop
erty agreements based on a mutual understanding of
goals, perceived risks, and possible benefits will be a
necessary component of such collaborations. Donor
initiatives, such as those recently planned or under
taken by USAID, are beginning to address the issue
of private sector collaboration in biotechnology. As
such, donors may be in the position to provide assis
tance to IARCs and national programs in this regard.
Initial agreements potentially offer exemplary mecha
nisms and strategies for the development of continu
ing, mutually beneficial partnerships for the inter
national agricullural research community.
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Biotechnology at the
International Board for Plant Genetic Resources

L.A. Withers.

•

The Inlernational Board for Plant Genetic Resources
(IBPGR) undertakes biolechnology research wilhin
its In Vitro Conservation, Seed Conservation, Palhol
ogy and Quarantine, and Genetic Diversity programs.
Collaborators in this research include olher CGlAR
Centers, universities, National Program institutes, and
regional institutes.

CGlAR Centers
ICRISAT (India)
CIAT (Colombia)
UTA (Nigeria)
CiMMYT (Mexico)
ILCA (Ethiopia)

National and Regional Institutes
Agriculture Canada (Vancouver, Canada)
CATIE (Costa Rica)
BARI (Bangladesh)
IRHO (France)
IVIA (Valencia, Spain),
John Innes Institute (UK)
National Centre for 'Research in Biotechnology
(Bogar, Indonesia)
ORSTOM (France)
Research Institute for Estate Crops (Bogar,
Indonesia)
Uniled States Department of Agriculture
(Georgia, USA)
Volcani Centre (Israel)

Universities
Australia: Queensland
China: Zhongzhan
Israel: JerusaleOl
Thrkey: Istanbul
Canada: London, Saskatchewan
Malaysia: Universiti Pertanian Malaysia

Mexico: UNAM
Nctherlands: Wageningen
UK: Nottingham, John Innes Institute
USA: CleOlson, ('.arnell, UC Davis, Florida,
Georgia, Kansas State, Ohio State, Utah State

In vitro techniques are being developed to llolve
probleOls in the gcnetic conservation of certain crops,
primarily those that are c10nally propagated, e.g., cas
sava, amids, and Musa (banana and plantain), and
those that produce recalcitrant seeds, e.g., coconut,
mango, and jackfruit. Conventionally, these crops are
conserved in field genebanks that are costly to main
tain and in which the gerOlplasm is exposed to risks
of loss through disease, weather damage, and neglect.

Although storage technologies are the basis of the
in vitro approach to genetic conservation, they form
part of a system that COOlmences with gerOlplasm
collection and flows through disease indexing and
eradication, propagation and storage, to distribution
and utilization. This system parallels the field gene
bank and potentially offers both "active" storage by
slow growth at a reduced temperature or in the pres
ence of retardants, and "base" storage by cryopreserv
alion in liquid nitrogen.

Problems are often encountered in collecting
germplasm. Orthodox seeds may be scarce, in poor
condition, or immature. Recalcitrant seeds and vege
tative tissues such as budwood, CarOls, or suckers can
deteriorate in transit. Collected material is often bulky
or heavy, and therefore costly to transport These
practical and biological problems may be solved by
using simplified in vitro inoculation techniques in the
field. IBPGR is developing and testing techniques for
coconut, teOlperate fruits, citrus, and forage grasses.
A training course on in vitro collecting was held at
CATIE during 1990.

I. International Board for P1lInt Genetic Resources, c/o FAO, 142, Via delle Sette Chlese, 00145 Rome,lully.

Withers, L.A. 1992. Blole<:hnology at the Intemlllional Board for Planl Genelic Resources. Pages 31-32 in Biolechnology and crop improve
menlln Asia (Moss, J.P., cd.). P:llancheru. A.P. 502 324, India: International Crops Resean:h Inslitute for the SemI·Arid Tropics.
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IBPGR supporls research on both slow growlh and
cryopreservation, with most attention being given
currently to the development of cryopreservalion
techniques for cassava, coconut, and Ml/sa. Molecular
techniques are also being applied to conserved cul
tures of maize and potato to determine the exlent of
any risk to genetic integrity in vitro. To date, no evi
dence has been presented to suggest that cryopreser
vation is unsafe in this respect. However, RFLP
studies of the stored seed of soybean and maize have
shown deterioration that is manifested by DNA
breaks.

IBPGR and CIAT have been collaborating to de
velop and test management procedures for cassava in
slow growth storage. The Pilot In Vitro Active Ge
nebank Project, now in its fourth year, will produce
recommendations applicable to other cassava collec
tions and to the conservation of other crops. Within
the project, isozyme analysis is being used to charac
terize cassava genotypes and to monitor the stability
of stored cultures. No evidence of instability has been
found but in another project involving AlliulIl spp,
certain slow growth conditions have been found to
lead to isozyme instability.

In association with the IBPGR-CIAT Pilot In
Vitro Active Genebank, molecular genetic techniques
involving RFLP and analysis of short, highly-repeti
tive DNA sequences are being used to investigate the
cassava genome. In other projects, RFLP analysis is
also being used to obtain new information on the
amount and distribution of genetic diversity, on spe
cies relations and on crop plant evolution. Current
studies include the analysis of isozyme and cpDNA
variation in Vigna spp, the investigation of cyto
plasmic DNA variation in cultivated and wild Musa
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and the use of RFLP markers to determine oplimum
conservation procedures in wild Pltas(!o[us.

The development of rapid indexing methods for
diseases that creale bottleneck problems in Ihe safe
and efficient movement of germplasm is an area in
which biotechnology can make a great contribution.
For example, banana bunchy top is a major disease of
banana and plantain and causes serious losses in Asia.
The lack of a reliable indexing method prevents the
safe movement of germplasm from ils center of origin
to Latin America where the disease is absent. In re
search to develop a nucleic acid hybridization test for
the banana bunchy top virus (BBTV), a probe has
becn produced that reliably detects all isolates of
BBTV tested so far. As well as specific indexing pro
jects, IBPGR has a major interest in the developinent
of broad spectrum tests for viruses. Resear<;h is also
supporled on virus eradication by in vitro thermo
therapy and micrografling, and on virus indexing of
in vitro plantlets.

IBPGR recognizes the value of biotechnology in
solving problems in plant genetic resources work and
takes a pragmatic approach to its application
alongside more conventional technologies. Molecular
investigations of the genome will supplement rather
than replace conventional techniques of characteriza
tion and evaluation. Secure, comprehensive, efficient,
and accessible conservation of crop genepools will
best be achieved by the integrated use of different
technologies. The balance between seed storage, the
field genebank, in situ conservation, and storage of in
vitro cultures, pollen, and perhaps DNA, will be dif
ferent in each case and, moreover, may alter with
time as new technologies develop to higher levels of
reliability and as breeders' needs change.
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Application of Biotechnology in Crop Improvement
at the International Center for Agricultural

Research in Dry Areas

ICARDAt

Improving farming in the dry rainfed areas of West
Asia and North Africa is the main objective of ICA
RDA. Over the past few years, biotechnology has
been gradually incorporated in research and training
programs. Current research covers all ICARDA man·
dated crops (winter cereals and cool season food le
gumes), and collaboration exists with a large number
of advanced institutions engaged in biotechnology
research.

One activity is the developm:mt of efficient tech
niques of cereal haploid plant production. Two differ
ent methods have been develol.',:d, anther culture and
interspecific crosses followed by ~mbryo rescue, and
have become integrated into cere~1 breeding pro-

grams. Immunodiagnostic techniques are an impor
tant component in viral and microbiological research
at ICARDA. ELISA kits are being prepared for sev
eral viruses. Fluorescent antibody and ELISA tech
niques also allow investigations of critical areas of
Rhi:obillm behavior in soil and Rhizobillm-plant inter
actions. In order to use the gene pools of wild rela
tives, attempts are being made to establish an ovule
embryo rescue technique to cross the cultivated spe
cies Lens clIUnoris with Lens nigricans. A DNA fin
gerprinting technique has been established for
genotype identification and genetic purity testing. Pre
liminary work has been done in order to explore the
use of RFLPs in marker-assisted breeding.

I. tnternatlonal Center for Agricultural Research in Dry Areas, P.O. Bo~ 5466, Aleppo. Syria.

(CARDA (International Center for Agricultural Research in Dry Areas). 1992. Application of biolechnology in crop improvement at the
Inlemational Center for Agricultural Research in Dry Areas. Page 33 ;/1 Biotechnology and crop improvement in Asia (Moss. J.P•• cd.).
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Proposed Priority Areas of Plant Biotechnology
Research and Development in China

Shi.Rong Jia l

Abstract

Taking illto accollnt the constraillls existing in Chinese agricllllllre, the priorities of plant bio
techllology rescarch and dCI'clopmellt are proposed. Particlllar emphases are gll'ellto rice improl'e
mellt: the genetic ellgineerillg of I'il'al, bacterial, alld iI/sect resistallce in .....heat, potato, alld collOIl:
gelletic trallsforlllation: and the diagnosis ofplam pathogens.

Introduction

For several decades, traditional breeding has made a
significant conlribution to crop improvement. During
the Irtst 40 years in China, the cultivars of major crops
used in commercial agriculture have changed two or
three times. Anoticeable example was the dwarf rice
varieties developed in the 1950s and extensively used
in production thereafler, but which were replaced in
the 1970s by hybrid ricl:. These now occupy 15 mil
lion ha, about half of the total area of rice production.
Although the development of new varieties has tre
mendously increased the yield of some crops-for
example, in 1989 the total grain output in China had
risen to 0.4 billion t (Editorial Committee of China
Agriculture Yearbook 1989)-traditional breeding
has also met with some problems. The narrow genetic
background within a given species, the difficulties of
sexual hybridization between remote species, and the
long process to break down the linkages between de
sirable and undesirable genes are some of the con
straints faced by breeders.

Biotechnology is a newly emerging, highly re
warding technology with large potential applications
in crop improvement, since the gene(s) with agron
omic "niue, isolated from remote or exotic organisms
or even artificially synthesized, can be manipulated in
vitro and transferred into cultivars. However,
it is important to keep in mind, historically, that a
new technology should always be related to or be

combined with existing technologies. Their relation
ship is a grafting or a complementing process rather
than a replacement. The initial objective of a bio
technology project is to identify the agricultural prob
lems that need to be solved and that may benefit from
the application of new technologies. The critical issue
is to determine what the new technologies of cellular
and molecular biology will allow us to do that cannot
be done by conver!ional breeding programs. 111is pa
per discusses the infrastructure for biotechnology in
China, the input of biotechnology into rice, and the
constraints in other crops to which biotechnology is
being applied.

Infrastructure for Biotechnology
in China

In accordance with 11.1.: needs of agricultural develop
ment in China and the progress and potential applica
tion of biotechnology in agriculture, the Chinese
government has put great emphasis on research and
development (R&D) in plant biotechnology.

To promote R&D of plant biotechnology in China,
key laboratories have been set up for different fields
of study. These include the Biotechnology Research
Center (BRC), Chinese Academy of Agricultural Sci
ences (CAAS), Beijing; the Laboratory of Plant Ge
netic Engineering, Beijing University; the Laboratory
of Agricultural Biotechnology, Beijing Agriculture

I. Blo!echnology Research Center, Chinese A,:ademy of Agricullurnl Scleno:c:s, 30, Bnilihiqiao Road, Beijing 10001g, China.

JIll, S.-R. 1992. Proposed priorily arellS of pllllll biotechnology research and development in China. Pages 35-40 ;/1 Bio!echnolollY and crop
Improvement in Asia (Moss, J.P.. cd.). Patancheru, A.P. 502 324, tndla: tnternational Crops Research Instilute for the Semi-Arid Tropics.
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University; the Laboratory of Plant Molecular Ge
nctics, Shanghai Institute of Plant Physiology; the
Laboratory of Molecular Biology, Shanghai Institute
of Biochemistry; and others. In 1986, the CAAS es
tablished BRC, which specializes in developing tech
nologies for molecular and cell biology and mono
clonal antibodies. In a total of 36 CAAS-affiliated
research institutes, there are more than 20 units in
volved in biotechnology research in both plant and
animal sciences. Furthermore, similar laboratories
have been set up in most of the provincial and munici
pal academies of agricultural sciences and the
agricultural colleges. A new agrobiotechnology re
search system is emerging in China.

In the Sixth (1981-85) and Seventh (1986-90)
Five-year Plans, the agrobiotechnology R&D pro
gram was one of the major programs in biotechnol
ogy. In addition, the government in 1986 initiated a
long-term (1986-2000) National High Technology
Development Project (NHTDP), in which priority
was given to biotechnology, especially agrobiotech
nology. The national policy of biotechnology was
published in a Bluebook for Chinese Science and
Technology by the Chinese National Commillee of
SCience and Technology (1990). The Ministry of
Agriculture has also taken appropriate measures to
strengthen R&D in agrobiotechnology, including the
identification of priority areas, some of which are
presented in this paper. These include the selling up
of a leading committee and an advisory board for
biotechnology to coordinate all the R&D activities in
agricultural research institutes and universities, the
exchange of academic information, the training of
personnel, the participation in international coopera
tion, and the establishment of an information net
work.

Rice Improvement

Regarding the order of economic importance of the
grain crops, rice has been given high priority by the
government NHTDP. The cultivated area of rice oc
cupies 32 million ha, of which 15 million ha are hy
brid rice. In the NHTDP, priority has been given to
hybrid rice breeding through which a 20% yield'in
crease is anticipated by the year 2000.

Hybrid Rice

The strategies of this project are to use photoperiod
sensitive genic male sterile lines to simplify the pro-
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cedures for making hybrids-since in this system
there is no need for using maintainer lines-and to
make hybrids between japollica and il/diea rice to
increase hrlerosis. To approach such a goal, genes
controJlin't both thc photoperiod-sensitive genic male
sterility Dild broad compatibility are needed. Molecu
lar biologists are now cooperating with rice breeders
to allemptto identify and clone these genes.

Anther Culture

Anther culture and haploid breeding have proved to
be one of the powerful tools for developing n.:w vari
eties. Superior homozygous diploid lines could be
obtained quickly by selection of regenerated plants
for agronomic characters lifter chromosome doubling
of haploid plants derived from anther culture of FI or
F2 plants. The characters of these lines were found to
be relatively stable and breeding programs could be
shortened considerably through rapid achievement of
homozygosis. By a rough esrimate, there were about
1000 institutions involved in anther and tissue culture
in China in the late 1970s (Lou and Tang 1985). Since
then, many new superior rice and wheat varieties with
stress tolerance and high yields have been obtained
by this technique. Of these the rice cultivars Zhong
hua Nos 8, 9, 10, and II, developed by the Institute of
Crop Breeding and Cultivation, CAAS (M.-F. Li, per
sonal communication, 1990), and the wheat cultivars
Jinghua Nos I, 3, and 5, bred by Beijing Academy of
Agricultural SCiences (D.-F. Hu, personal communi
cation, 1990) have been certified and released to the
farmers. The total planting area of new varieties de
veloped by anther culture technique in recent years
has reached 0.65 million ha, out of which rice vari
eties account for 0.35 million hat Therefore, haploid
breeding will continue to be on the priority list for
plant biotechnology development in China.

Restriction Fragment Length
Polymorphism (RF.LP) in Rice

RFLPs as molecular markers have a broad prospec
tive application in gene mapping and crop breeding.
With RFLP maps, one can even conduct a breeding
program without having identified the gene of interest
or understanding its biochemical mechanism. This is
carried out by analyzing the results of a genetic cross
and following how the trait is inherited with respect
to the distribution of RFLP markers ill offspring. The



selection of one particular trait can be done more
precisely without environmental innuences, thus it
can substantially speed up the success rate of a breed
ing program. Another powerful advantage of RFLP
maps is that they make it possible to conduct breed
ing programs for traits controlled by multiple genes.
In China, the study of rice RFLP and its application to
rice breeding are being conducted. The emphasis of
this study is to identify the RFLP markers responsible
for hybrid vigor and resistance to rice blast (L.- W.
Zhu, Institute of Genetics, Academia Sinica, personal
communication, 1990). The study of RFLP in wheat
and potato is also being considered as a priority.

Virus Resistance

Since it was proved that it is possible to obtain virus
resistance by introducing a virus coat protein gene
into tobacco, tomato, and potato cultivars (Powell
Abel el al. 1986; Thmer et al. 1987; Cuozzo et a!.
1988; Lawson et al. 1990), the same approach is being
applied to rice, wheat, and potato breeding in China.
Chinese scientists have now obtained tobacco trans
genic lines resistant to both tobacco mosaic virus
(TMV) and cucumber mosaic virus (CMV) lhat are
now under field testing (K.Q. Mang, Institute of
Microbiology, Academia Sinica, personal communi
cation, 1990). The future priorities with respect to this
field are as follows.

Barley Yellow Dwarf VIrus (BYDV)

BYDV is one of the most epidemic and serious vi
ruses and results in great losses in wheat production.
Regular outbreaks of BYDV in the 14 northern pro
vinces cause serious damage, reaching levels that can
cause yield losses as high as 500 000 t in the three
provinces (Shanxi, Gansu, and Ningxia) alone, as
happened in 1970.

At present, no wheat cultivars resistant to BYDV
are available. It is known that some wheat relatives
possess BYDV-resistance gene(s), and progress has
been made in a program to introduce the BYDV resis
tant gene(s) from wild species into cultivars through
remote hybridization followed by embryo rescue and
anther culture (Xin et at. in press). In another pro
gram, the coat protein gene of BYDV has been
cloned, prior to introduction into wheat cultivars, to
obtain transgenic plants resistant to BYDV. With

either of the above approaches, we expcct to provide
wheat cultivars resistant to BYDV in :; years.

Potato VIruses

China has the second largest area of potato cultivation
in the world, with 2.7 million ha. However, the aver
age yield is low. One of the main reasons for this is
the severe degeneration of cultivars caused by virus
infection, Le., Potato Virus X (PVX), Potato Virus Y
(PVY), and Potato Leaf-loll Virus (PLRV). At pre
sent, control is by using virus-free seed tubers pro
duced by meristem culture; these are grown on about
10% of the area at present and have reduced the yield
losses. However, it is necessary to renovate the seed
tubers after 2 or 3 years because of virus reinfection.
Therefore, the coat protein genes of PYX and PVY
have been isolated and will be introduced into Chi
nese potato cultivars. The transgenic potato clones
are expected to be field-evaluated in 5 years.

Bacterial Resistance

Bacterial wilt caused by Pseudomonas solanacearum
is a worldwide disease that results in serious crop
l1amage. In the southern and central part of China
where temperature and humidity are relatively high,
bacterial wilt causes dramatic yield losses in ground
nut, potato, and tomato production. At present, there
are no resistant potato and tomato cultivars nor is
resistant germplasm available; this has hindered the
progress of conventional breeding. The Cell Biology
Laboratory, BRC, Beijing, in collaboration with
Fudan University, Shanghai Plant Physiology Insti
tute, the CAAS Institute of Vegetable and Ornamental
Crops, Beijing, and the Intemational Potato Center
(CIP), are currently investigating the feasibility of
genetic engineering of bacterial wilt resistance, in
which an artificially synthesized antibacterial poly
peptide gene, Cecropin B, has been introduced into
Chinese potato cultivars through Agrobacterilun-me
diated gene transfer. To date, we have obtained 245
individual transgenic plants. Some of them were ran
domly chosen for Polymerase Chain Reaction and
dot-blot analysis, and it was evident that the foreign
gene was integrated into the potato genome. The
transgenic plants have been micro-propagated and are
being tested for bacterial wilt resistance by means of
soil inoculation under greenhouse conditions.

Since bacterial wilt is also a serious disease in
groundnut production, genetic engineering of bacteria
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wilt resistance has a high priority in China. The first
step is to establish an efficient transformation system
for this species either by Agrobaclerium-mcdiatcd
gene transfer or by other physical means of direct
gene transfer. The possibilities of achieving this
through collaborative research are being explored.

Insect Resistance

It has been known for decades that Bacillus
Ilmringiensis (8t) is an effective biopesticide. Pro
teinase inhibitors have also been shown to be insec
ticidal agents. Recombinant DNA and tissue cullure
technologies now enable us to isolate and transfer into
cultivars the Bt delta endotoxin gene and the pro
teinase inhibitor genes that will confer insect resis
tance.

In recent years Chinese scientists have isolated
and cloned Bt genes from different strains of
B. Ilmringiensis (Y.-L. Fan, BRC, CAAS, personal
communication, 1990) and the proteinase inhibitor
genes from different crops (Z.-W. Qi, Shanghai Insti
tute of Biochemistry, Academia Sinica, persl)nal
communication, 1990). It is anticipated that dr:ivering
these genes into plants would hclp to contl"JI the lep
idopteran larvae in rice, colton, corn, vegetable, and
woody species. So far, the Bt gene has been intro
duced into rice protoplasts that regenerated transgenic
plants (Yang et al. 1988). The Bt gene has also been
delivered into cotton by pollen tube pathways. The
transgenic rice and colton plants ·were confirmed by
Southern hybridization (Y.-L. Fan, BRC, CAAS, per
sonal communication, 1990). Since the commercial
cotton cullivars lack insect resistance and the colton
boll worm (Heliolhis armigera) and colton pink boll
worm (Pecpinolhoera gossypiella) cause great dam
age, and particularly since colton lint is not an edible
part of the plant, it is reasonable to consider that the
genetic engineering of insect resistance in cotton
would be the right choice.

Genetic Transformation

The major present limitation to the genetic engineer
ing of many crop species is the lack of regeneration
and transformation systems, especially in the cereals.
Allhough more than 40 plant species can be genet
ically engineered to date, the frequency of transfor
mation in some species is still relatively low. While
Agrobaclerium-mediated gene transfer has host-range
specificity, other direct gene transfer methods require
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sophisticated equipment. Furthermore, the transfor
mation "nd regeneration of crops are highly ge
notype-specific. Until advances in cell biology allow
culturing, selection, and regeneration of any genotype
and until genetic transformation technology can be
utilized on any genotype in plant breeding programs,
biotechnological advances will not move directly
from the laboratory to the market in the most elite
genotypes available. It Is, therefore, most important to
work out an efficient plant regeneration and transfor
mation system for each major crop; in particular, the
system should be efficiently suited for different ge
notypes (Jia 1990).

In the practical sense, it is important to point out
that genetic engineering should also obey the two
rules of plant breeding, i.e., the creation of variation
and the selection of resulling variants. In addition,
since the mechanism of foreign gene integration is not
well understood, the gene is randomly inserted in
different chromosomal loci which results in position
effects, and the individual transgenic plants differ
greatly in the level of gene expression; therefore, the
more transgenic plants obtained, the more chance for
selecting individuals with good agronomic characters
plus the gene of interest being integrated. This is an
other reason why there should be more effort to es
tablish highly efficient transformation systems, which
will be applied to different economically important
Chinese crops (Jia 1990).

Meanwhile, a wider range of useful genes, such as
stress-tolerance genes, need to be identified and
cloned to expand the range of application of recombi
nant DNA technologies in plant breeding.

Diagnosis of Plant Pathogens

Monoclonal or polyclonal antibodies and nucleic acid
probes have been proven to be powerful tools for
more rapid and accurate diagnosis of plant diseases
that can be used for quarantine service, selection of
pathogen-free planting materials, breeding for disease
resistance, and the detection and monitoring of patho
gens in epidemiological studies to design more effec
tive control measures. Monoclonal antibodies with
high sensitivity and specificity-used particularly in
virus detection-are a new immunological assay for
detection of antigens at very low levels in plant
materials.

In recent years Chinese scientists have developed
monoclonal antibodies against different strains of
PYX (Xiao et al. 1989), PVY (Guo et al. 1990), TMV,
Soybean Mosaic Virus (SMV), Pseudomonas so-
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/al/aCearlllll (Wang et al. 1989), and MLOs (myco
plasma-like organisms, e.g., the MLO causing mul
berry dwarf disease), some of which are already
being used. In order to meet the needs for diagnostic
kits of monoclonal antibodies in the domestic market,
a National Pilot Workshop is being constructed in the
Biotechnology Research Center, CAAS, which will
come into use in 1991. The BRC is currently develop
ing and producing monoclonal antibody kits for diag
nosis of PYX, PVY, PLRV, Sweet Potato Feathery
Mottle Virus (SPFMV), and Sweet Potato Latent Vi
rus (SPLV). This technology could be shared with
other Asian coumries by technology transfer or ex
porting diagnostic kits.

At the present time, China has an active program
to produce polyclonal antibodies that can also be ex
tremely useful. Their broader spectrum can some
times be more useful than the highly specific mono
clonal antibodies. Nucleic acid probes, on the other
hand, can be used for detection of all classes of plant
pathogens. But their wide practical use will be limited
until stable, sensitive probe markers can be devel
oped, and not, as at present, dependent on the use of
radioactive labels. The potential of these for identi
fication of potato viruses is being explored in China.

Future Prospects for Biotechnology
in China

The extent of the commercial application of plant bio
technology is the important mark for measuring the
vitality of this newly emerging technology. China as a
developing country always emphasizes that research
achievements should be transformed into produc
tivity. Chinese farmers are benefiting from research
achievements, for example, cultivars of wheat and
rice produced through haploid breeding and virus
free potato tubers from tissue culture.

China is rich in animal, plant, and microorganism
resources, as well as having many scientists with
good experience in plant cell and tissue culture. This
is a favorable condition for the development of bio
technology. In addition, China has a broad market at
home with a reasonably priced labor force and low
product costs. The unfavorable conditions are a short
age of funds, lack of quick access to the international
market, and lack of management staff who have rich
experience in foreign trade. The most urgent problem
to be solved in many laboratories is to get more inter
national financial support in order to have direct
supplies of instruments or chemicals from other

countries. Also needed are people to be trained for
Master or Ph.D. degrees and the opportunity to par
ticipate in international symposia.

Carrying out economic reform along with opening
to the outside world is a fundamental long-range na
tional policy. We hope to strengthen cooperation with
international institutions and companies under the
conditions of equality and mutual benefit by way of
teehnical collaboration, joint investment, and sharing
the results and profits in order to speed up the devel
opment of plant biotechnology.
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Biotechnological Studies in Japan:
Relevance to Tropical Agriculture

N. Murata l

Abstract

Among the bioteclmological studies carried out ill Japan, several may have an impact on agri
culwral development in tropical cOlmtries.

One major area ofpractical application of biotechllology involves development of methods to
diagnose or assay plant diseases or to identify plant genes alld gellomes. Remarkable progress has
beell made in the molecular diagnosis of plant diseases caused by viruses including rice tungro
disease. The same approach is beillg attempted for the diseases caused by viroids or mycoplasma
like organisms. Genes and genomes ofcrop plants have been analyzed at the moleclllar level. A set
ofprobes to analyze the linkage ofgelles in rice is now available. Genes for key functions such as
lipoxigellase genes ill soybean alld male sterility-controlling mitochondrial genes in rice have been
analyzed. Information has accumulated abollt other genes sllch as those for seed storage proteins
andfor pathogenesis-related proteins.

For propagation, shoot tip cloning techlliques developed in Haplopappus gracilis is being tested
for wider application.

Transformation ofplants is now possible through various methods. Use of tomato mosaic virus
coat proteill genes to protect tomato plants has proved to be ejJ'ectil'e. Several other attempts to
illlrodllce novel characters illfo plants are cllrrellfly in progress.

In tile swdies on protoplasts. interspecific cell fusion in Citrus spp and trials ofasymmetric cell
fllsion in carrot alld other plants have led to interesting results.

Progress has also been made in the manipulation ofploidy and reproductive processes ofcrop
plallls.lllduction ofhaploid plants in wheat and barley throllgll pollinatioll with corn pollen grains
followed by 2,4-D treatmelll and embryo rescue (ICARDA-TARC cooperation) resulted in a break
through ill the breeding procedures for these crop plallls. A thermosensitive male-sterile gene
induced by gamma-irradiation in rice cOllld be widely lIIi1ized in heterosis breeding ofrice.

Introduction

Biotechnology as a modern methodology for research
on biological sciences offers a wide potential for ap
plication to the promotion of human welfare. Through
the growing awareness and support of the public,
biotechnology is making steady progress in Japan.
Among such fields of research, several may have
an impact on agriCUltural development in tropical
countries.

Diagnosis

One major area of practical application of biotechnol
ogy involves diagnostic or assay devices. Enzyme
Linked Immunosorbent Assay (ELISA) using mono
clonal antibodies has been used widely not only for
the diagnosis of diseases but also for the assay of
biologically active components. With the develop
ment of gene structure analysis, nucleic acid hybrid
ization-based assay using cloned DNA or synthetic

I. Tropical Agricullure Research Centre. Tsukuba. Japan 305.
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oligonucleotides as probes has become a practical
tool for indexing various biological agents at the eene
level.

Disease Diagnosis

Modern technology for indexing plant pathogens is
required especially in the following areas: (I) assay
of pathogcns for the,international exchange of germ
plasm or for pathogen-free propagation of crop plants;
(2) quantitative assay of pathogens for the screcning
of disease resistance in breeding schemes especially
where synergism of the pathogens or long latency
disturbs the evaluation of symptoms; and (3) distinc
tion of virus strains.

For diagnosis relying on nucleic acid hybridiza
tion, information on the structure of the genome and
genes of plant pathogens is essential. Accumulated
information on the genome structure of viruses and
viroids is of great use. Gemini viruses, which are
mostly causal agents of tropical plant diseases, have
been extensively studied by Ikegami's group and the
full-length nucleotide sequence of some viruses has
been elucidated (Ikegami et al. 1989; Morinaga et al.
1990). The molecular structure of pathogens of rice
such as rice dwarf virus (Nakashima et al. 1990), rice
stripe virus (Kakutani et al. 1990), and rice tungro
bacilliform virus have been analyzed to serve as a
basis for the development of DNA probe techniques.
Information on the viroid genomes made available by
the Hokkaido University group (Sano et al. 1988)
should also be useful to index tropical pathogens.

Thngro disease of rice caused by the synergy of
two types of viruses, rice tungro spherical virus and
rice tungro bacilliform virus (Omura et al. 1983),
poses a serious threat to rice culture in the Asian
tropics. Since two types of pathogens are involved,
they have to be indexed separately in breeding
schemes for the development of resistance or in the
analysis of resistance genes in rice. Use (if ELISA in
breeding programs has been attempted in a collabora
tive research project carried out in Malaysia by the
Malaysian Agricultural Research and Development
Institute (MARDI) and the Tropical Agricultural Re
search Center (TARC). A similar project directed at a
broader rice growing area has been started at the
International Rice Research Institute ORRI) in close
collaboration with Japanese breeding and patholog
ical research teams.

Sweet potato, which is an important carbohydrate
source in Japan as well as in many other Asian coun
tries, harbors several viruses that have not yet been
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chararterized. TARC is engaged in u collaborative
study with the International Potato Center (CIP) on
the characlerization of viruses newly found in Central
and South America in order to enable modern diag
nostic measures.

Some destructive outbreaks of diseases caused by
mycoplasma-like organisms (MLOs) have been rec
ognized in Southeast Asia, including sugarcane white
leaf in northeast Thailand and sesame phyllody in
Myanmar. To address these problems, a DNA-probe
technique for indexing MLOs is being developed by u
TARC/NARC (National Agricultural Research Coun
cil) research group. A probe that effectively indexes
rice yellow dwarf disease was developed (Nakashima
et al. in press).

IdenUDcatlon of Plant Genome and Genes

For the efficient management of highly heterogeneous
germplasm of vegetatively propagated crop plants, a
phylogenetic approach to the relatedness among culti
vars and accessions of wild relatives using Restriction
Fragment Length Polymorphism (RFLP) and other
biotechnological means can be adopted. In the selec
tion of breeding lines in cross-breeding of any crops
for characteristics related to gene-gene or gene-envi
ronment interaction, it is alw desirable to be able to
identify useful genes biochemically. A project to
characterize rice genomes by RFLP is underway in a
network with the National Institute of Agrobiological
Resources (NIAR) and other national and private in
stitutes (Yano et al. 1990; Kawase et al. 1990). Aset of
probes to analyze linkages of genes is now available.
Identification of rice genomes in in situ hybridization
has also been attempted (Iijima et al. in press).

Characterization of genei> for specific functions is
also under investigation in soybean, rice, sweet
potato, and other crops. G1ycinin, a group of seed
storage proteins of soybean, has been subjected to
extensive studies (Hirano tnd Watanabe 1990). Li
poxygenase, a key enzyme for generation of n-hexa
nal (Matoba et al. 1985) and peroxidation of lipids in
soybean in relation to grain quality and storability,
has been studied using a biotechnological approach
combined with induced mutation (Kitamura 1990). A
mutant lacking all three lipoxygenase isozymes in the
grains was induced (Hajika et al. 1990). The genes for
the isozymes have been isolated and are now being
characterized.

In rice, a biotechnological approach to tile gene
structure has made remarkable progress. The
achievements include the analysis of full length chlo-



roplast genome (Hiratsuka et al. 1989) and of genes
for glutelin seed storage proleins, including the up
stream region regulating the expression (Takaiwa and
Oono 1990). Recently, a mitochondrial gene control
ling male sterility has been identified through DNA
analysis (Kodowaki et al. 1990).

Genetic studies on sweet potato using a biotech
nological approach arc able to unravel the gene struc
ture. Formerly gene analysis in this crop plant was
considered to be difficult due to the complex cross
incompatibility system as well as the presence of
hexaploidy. Cloning of the genes in the prokaryotic
system and analysis of their structure were able to
circumvent the barrier. Some of the genes for incom
patibility (Kowyama et al. 1989, 1990), as well as
some for root storage proteins (Hattori et al. 1989),
have been isolated and partially characterized.

Propagation

Plant breeding, dissemination of recommended vari
eties, and seed/seedling propagation are closely
linked activities. National, prefectural, and private in
stitutes are involved in these processes in various
ways depending upon the kinds of crop plants. With
increased demand for high technology for the identi
fication of cultivars fer registration under the Seed
and Seedling Law and for the testing of pathogen-free
seed/seedling stocks, the rJational Center for Seed
and Seedlings, which has been reorganized, is pro
moting technical services in using biotechnological
procedures especially in vegetable and ornamental
crops.

Research to develop mass-propagation techniques
using tissue culture is actively conducted in the pri
vate sector as well as in public institutes. The shoot tip
cloning technique developed by Tanaka (1983) in
Haplopappus gracilis is now being applied to a wide
range of crop plants. Additionally, techniques of so
matic embryogenesis have made steady progress
(Galiba and Yamoda 1988; Komatsuda and Ohyama
1988). In vitro propagation of pineapple for minimiz
ing somaclonal variation is a research objective pur
sued at the Okinawa Branch, TARC.

Transformation in Plants

Various methods are currently available for the intro
duction of exotic genes in plant cells. Transformation
using the Agrobacterium Ti-plasmid system is widely
used in dicotyledonous plants. Electroporation and

other methods using protoplasts have been developed
in rice, since, as in the case of other monocoty
ledonous plants, the Ti-plasmid system ca", hardly be
applied.

Isolation and characterization of the genes to be
introduced are crucial steps in the transformation.
The utilization of virus coat protein genes for the
protection of tomato from infection with tomato mo
saic virus is an example of this type of work (Mo
toyoshi 1990). Analysis of the gene structures is being
carried out also for some other viruses in order to use
the information on the nucleotide sequence of these
viruses and their satellite components for the cross
protectior of crop plants. Successful attempts in
cross-protllction through inoculation with allenuated
strains of cucumber green mOille mosaic virus as well
as tomato mosaic virus (Motoyoshi 1988) suggest that
this approach is effective.

An herbicide resistance gene of bacterial origin
was introduced into rice callus cells by electropora
tion by Toki et al. (1990). Induced expression of a
foreign gene in transgenic plants was demonstrated in
lelluce (Enomoto et al. 1990) in which the promoter
region of the pathogenesis-related protein gene
(Ohshima et al. 1990) of tobacco was introduced.

Protoplast Fusion

Somatic hybridization through protoplast fusion is be
ing currently attempted to produce market-quality
carnation and other ornamental plants (Nakano and
Mii 1990). On the other hand, some new strategies are
under investigation. In Citrus, the selection advantage
of amphidiploids on hormone-free media for regener
ation has been utilized for the development of inter
specific somatic hybrids between navel orange
(C. sinensis) and grapefruit (C. paradisi) (Ohgawara
et al. 1989). Asymmetric cell fusion, where a normal
cell line and another with nuclear genes inactivated
are mated to induce the unilateral transfer of extra
chromosomal genes, has been attempted in carrot for
male sterility (Tanno-Suenaga et al. 1988) and other
crop plants.

Manipulation of Reproductive Processes
and Ploidy

Following the pioneering research in the 19708 on
anther culture in tobacco and rice, the use of doubled
haploids in breeding has been attempted in various
crop plants. Recently, an interesting strategy for the
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production of haploid planls has been devised in
wheal and barley (Inagaki and Tahir 1990). In the
course of collaborative studies between the In!erna
tional Center for Agricultural Research in the Dry
Areas (ICARDA) and TARC, it was discovered that
Triticum acstil'lIl1/ and HordclIm I'll/gore set seeds at a
significan! rate after pollination with corn pollen
grains and treatment with 2-4-0. Planls grown by
embryo rescue were found to be haploids. Rates of
haploid plants obtained were 9.5% for wheat and
7.8% for barley.

As another example of recent progress in the ma
nipulation of reproductive processes, a mutation for
thermosensitive male sterility was induced in rice
(Kato et al. 1990). Chromosomal male sterility ex
pressed only at a higher temperature offers advan
tages over cytoplasmic male sterility in that the male
sterile line can be maintained and it can be grown for
grain production without an elaborate restorer gene
system and the male-sterile gene can be easily intro
duced in desired genotypes. Having elucidated the
behavior of the mutan! gene in japonica rice, the
NARC research group plans to collaborate with IRRI
to explore the usefulness of the gC'1e in tropical indica
rice.

Biochemical Markers for Selection

In vitro selection of cultured cells or tissues forms
another useful area of biotechnology in crop improve
ment. In fact, selection of callus cells for tolerance to
pathotoxin and other in vitro stresses, which has been
atlempted since the early days of tissue culture in the
mid-1960s, is being actively pursued. A few substan
tial achievements have been reported. Many such at
tempts, however, ended up with inconclusive results
and were not reported since even in "successful"
cases, some of the products were rather unstable. Dif
ficulties in such an approach may be attributable to
the following causes.
• Dedifferentiated plant cells cultured in vitro do not

express normal phenotypes except for a few special
traits such as immunity to viruses (different from
hypersensitive types of resistance) and production
of some secondary metabolites including antho
cyanins.

• "Pathotoxins" used in in vitro selection are often
crude preparations containing various secondary
metabolites of microbes with non-specific toxicity
to plant cells.

• Epigenetic variations often encountered in the cells
cultured under stresses disturb the selection.
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• Among the difficulties mentioned above, the prob
lem relating to impure toxin preparations should be
avoided by using pathotoxins purified and charac
terized biochemically and phytopathologically.
The concept of host-specific toxins proposed by
Nishimura (1983) and further expanded by Koh
moto and co-workers (Otani et al. 1990; Kohmoto
and Otani, in press) should be referred to in such
an allempl.

Perspective for Future Development

Biotechnology to benefit human welfare is one of the
areas of modern science that needs to be strengthened
by further investment of resources, and international
cooperation should playa crucial role. Collaboration
among institutions in developing and developed coun
tries, as well as international agriculture research cen
ters, should be strengthened to promote the progress
of technologies for worldwide use. Concerted efforts
may be focused, at least in the near future, on the
following targets for the development of tropical
agriculture.
• Application of available biotechnological tools in

solving urgent problems should be sought. Diag
nostic use of biotechnology in germplasm manage
ment, and breeding for disease resistance will be
the prime target.

• Analysis of genetic and biochemical mechanisms
underlying biological processes using biotechnol
ogical means should be promoted. Factors deter
mining grain quality as well as tolerance to various
stresses will be elucidated in terms of the expres
sion of the genes concerned. Achievements will be
utilized in the screening and selection of genotypes
with desirable traits in cross-breeding.
Breeding of new plants through manipulation of

genes may be attempted along with the analysis of the
function of the genes concerned. It should be noted
that meaningful achievements in breeding through
such innovative approaches can be attained only
based on sound analytical studies. International and
interdisciplinary cooperation will be of crucial impor
tance in this statement.
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Plant Biotechnology in Malaysia:
Current Status and Future Prospects

Hassan Mat Dand1

Abstract

The main constraints to increasing crop production in Malaysia include low yields. disease and pest
problems, seasonality offruiting, long juvenility period, the perishaMe nalllre offruits, and adapta
tion of crops to marginal lands. During Ihe pasl few years, plant biolechnology programs were
initiated /nfour major public research inslitlltions,jour major univers/lies. and research agencies in
Ihe privale sector. aimed IowaI'd solving some oflhese problems. Current research includes genera
lion and application of Restriction Fragmefll Lenglh Polymorphism (RFLP) clones and other
molecular markers in plafll breeding and seleclion. cloning and manipulation of genes conferring
resistance to pests and diseases, and transformation ofplaflls wilh cloned genes cOlllro/ling trails of
inlerest in regeneration of transformed plant materials. However, the lIlulIber of research projecls
and their progress was limiled by Ihe number of existing personnel, supporl staff, and facilities.
Thus. only priority problems such as viral diseases of crops, moleclllar markers for cloning. and
breeding and selecting sllperior rubber. oil palm, and local fruils were given attemion.

[llIensive efforls under the 61h Malaysian Plan (1991.1995) are channeled 10 upgrade exisling
laboratory facililies. Irain and recrllit more personnel and sllpport slaff, widenlhe research scope.
and increase inlernational. as well as nalional. involvement and cooperalion among instilll/ions in
order 10 achieve rapid progress of Ihe projects.

Introduction

Crop production in Malaysia is an important compo
nent of the nation's economy. The country is one of
the world leaders if not the leading producer of rub
ber, palm oil, and cocoa. Beside these three crops,
rice, fruits, coconuts, vegetables, and field crops are
grown to meet internal requirements and as minor
export commodities. The crop production sector is
facing a number of constraints such as a labor-inten
sive requirement for the gro'ving and harvesting of
crops, disease and pest infestation, the seasonality of
fruiting of some local fruits and the perishable nature
of fruits, and the lack of high-yielding clones or vari
eties that suit diverse cropping environments.

The discovery and development elsewhere of re
combinant DNA technology that provides man with a
powerful tool to change the way whole organisms

function has prompted Malaysia to embark heavily in
developing biotechnology research and development
(R&D) to improve agricultural productivity. The
foundation for R&D was laid in the disciplines that
were emphasized in the late 1980s. It is anticipated
that continuing rapid expansion and development will
take place in the 1990s, since even greater emphasis
and support for biotechnology were given by the gov
ernment-primarily for plant biotechnology-under
the 6th Malaysian Plan (1991-1995). This paper re
ports the current status of research and achievements
in plant biotechnology and briefly identifies some po
tential contributions that may be anticipated in the
next few years.

Institutions and Organizations

There are four major public research institutes that
deal with plant biotechnology R&D. Two of the insti-

1. Biotechnology Centre. MARDI. P.O. Box 12301. GPO. 50774 Kuala Lwnpur. Malaysia.

Hassan Mal Daud. 1992. Plant biotechroOlogy in Malaysia: current status and future prospects. Pages 47-50 in Biotechnology and crop
improvement in Asia (Moss, J.P., cd.). Palancheru. A.P. 502 324. India: International Crops Research Institute for the Semi·Arid Tropics.
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tutes, the Rubber Research Institute of Malaysia
(RRIM) and the Palm Oil Research Institute of Mal
aysia (PORIM), undertake research on rubber and oil
palm (and their products). The other two institutes arc
the Malaysian Agricultural Research and Develop
ment Institute (MARDI), which deals with rice, co
coa, vegetables, llefd crops, and ornamentals, and the
Porest Research Institute of Malaysia (PRIM), which
specializes in forest tree research. Administratively,
RRIM, PORIM, and PRIM arc placed under the
Ministry of Primary Industries. MARDI, on the other
hand, is under the Ministry of Agriculture. In addition
to the major research institutes, a number of plant
biotechnology research programs arc carried out in
four universities under the Ministry of Education.
These arc the University of Malaya, the National
University of Malaysia, the Science University of
Malaysia, and the Agriculture University of Mal
aysia. In addition to support received from the
respel:tive ministries that govern the institute or uni
versity, the Ministry of Science, Technology, and En
vironment also provides support and funding for
biotechnology R&D. The National Biotechnology
Commiuee helps to coordinate projects that receive
funding through the Ministry.

Malaysian R&D in Plant Biotechnology

Each institute and university department currently
has a strong plant biotechnology program designed
toward increasing agricultural productivity in the
country. The Biotechnology Centre at MARDI was
established on I March 1990 with the primary objec
tive of conducting R&D in selected areas of plant,
animal, and environmental biotechnology. Since this
paper deals with plant biotechnology, only research in
the area of molecular and cellular biology and in vitro
technology are reported.

Tissue culturc rcsearch was initiated long before
the Biotcchnology Centrc was created. Numerous
crops such as banana, cassava, abaca, orchid, pine
apple, muskmelon, strawberry, potato, sweet potato,
African violet, and fragrant-flowered species have
been successfully propagated through tissue culture.
A significant breakthrough in tissue culture research
was reported when a method for in vitro propagation
of cocoa was proved successful (Mohd. Tamin 1990).

In the area of molecular and cellular biology, pro
jects on rice biotechnology werc undertaken with ad
ditional support from the Rockefeller Foundation.
The projects have two main thrusts: the tagging of the
Tungro virus-resistant gene with the RFLP probes,
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and plant regeneration from Im/ica protoplasts. In the
lirst project, P2 plants of the crosses involving
11mgro-resistant varieties MR 81, Katarithoug, Bas
mali, and Puleh Perak with the susceptible variety
TNI arc screened for resistance. The resistant plants
arc then probed with several RFLPs obtained from
S.D. Tanksley. Initial results showed that some
probes may be useful in tagging the Tungro virus
resistant gene in rice. Further evaluation on the F2

and P3 populations arc currently in progress to ascer
tain the usefulness of the probes. Fingerprints for lo
cally released varieties and udvanced breeding lines
of rice have been developed using 2 RFLPs. The vari
eties involved were Sekembang, Setanjung, Makmur,
Sri Malaysiu I, Buhagia, Kadaria, MR 81, Mahsuri,
MR 84, MR 52, Pulut Siding. Pulut Malaysiu I,
Manik, und Murni.

In the second project, protocols of Hodges (1989)
and Cocking and Finch (1989) were used on some
local varieties of rice. Callus was recovered from pro
toplasts of these plant materials, but no viuble plum
has yet been obtuined. Experiments to optimize the
conditions for efficient regeneration of plants from
local Indica protoplasts arc in progress.

In another project, routine applications of Agro
bacteriulII transformation (using reporter genes) have
been developed in tobacco. Other work that has been
initiated recently includes RFLPs of durian (Abu
Bakar and Hamatl990) and mangosteen and physical
mapping of molecular markers such as RFLPs, spe
cies-specific, and rONA probes. MARDI is also host
ing the National Gene Bunk Centre whose aim is
collecting, screening, preserving, and distributing
pure cultures of biological materials and genes.

The Biotechnology, Biochemistry, Molecular, and
Cell Biology Division of RRIM, on the other hand,
undertakes a number of tissue culture and molecular
biology studies for applieutions into the rubber indus
try. Tissue culture techniques arc well established as
a means of regenerating complete plants from single
cells or tissues. In rubber, in vitro propagation tech
niques involving anther culture have successfully
been used to develop a whole plant. The parent mate
rial was selected from high yielding trees having
other important characteristics such us disease and
wind resistance. Other areas of in vitro techniques
that arc being studied include cell and protoplast cul
ture, embryo rescue, and cryopreservation.

In the field of molecular biology, researchers at
RRIM are actively developing RFLP clones to be
used in genetic variation studies, in developing finger
prints for clones. and as molecular markers in breed
ing and selection of rubber. RFLP probes were
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developed from genomic, cDNA, lind ctDNA 11
brnries. Using these probes, it WIIS demonstrnted for
the lir/it time by RFLP techniques thnt genetic diver
sity exists In the 1981 Internntionlll Rubber Resenrch
and Development Bonrd (IRRDB) I/el'ca germpillsm
collection from Brazil (Low and Chow 1990). Work is
in progrcss to expand the collection of RFLP clones
screened from the three libraries. In another experi
ment, the large subunit of D-ribulose-I-5-bisphos
phate carboxylase gene, r!JcL, of rubber has been
cloned and partially sequenced (Cheong and Koh
1990). The data revealed homologies in the corres
ponding sequence of tobacco (92%), rice (84%), and
liverwort (84%). Work is in progress to obtain the full
sequence data of the cloned gene.

At PORIM, the Division of Plant Science and Bio
technology Section has developed methods for the
clonal propagation of oil palm. However, a problem
of flower and fruit abnormality of the tissue-cultured
plants has been encountered. Current research is fo
cused on understanding and overcoming this prob
lem. The approaches taken thus far involve determin
ing possible causes such as somaclonal variation, mu
tation, and over-production of certain growth subs
tances or hormones, and the possibility of detecting
the phenomenon at the seedling stage by isozyme
profiles, quantificlllion of cytokinin, and the usc of
RFLP clones. Probes for RFLP analysis in two spe
cies of oil palm (Elaeis gllilleclIsis and E. oliefera)
have been generated (Cheah et al. 1990). Seven clones
have detected polymorphism within the E. gllillCCIISis.
With the existing data, it can be concluded that DNA
polymorphisms in oil palm may not be as extensive as
that in other plants such as maize. Work has been
initiated to screen the single- or low-copy number
DNA sequence of the genomic DNA for RFLP
probes.

The four local universities arc also active in plant
biotechnology research. Highlights of their research
include clonal propagation of various crop plants
through tissue culture, RFLP technology, gene clon·
ing, and nucleotide sequencing.

In general, in vitro research in Malaysia has been
well established for a wide range of crops. This
achievement has been facilitated and stimulated by
the growth of commercial farms and plantations that
require mass propagation of superior clones of plant
ing materials. This has encouraged the accompanying
growth of industries that produce these kinds of mate
rials through in vitro techniques. Despite plant bio
technology being a relatively new area of research in
Malaysia, intense research activities have taken place
in all research institutions. The activities include

RPLP technology, gene tagging and cloning, /le
quencing, tranflrormation, mapping of molecular
Illarkerfl, lind Iibrury construction. The nllture or the
research projects undertuken renecls P long-term
commitment of the institutions to plant biotechnology
as a muJor contributor toward increllsing IIgrlculturul
productivity in Muluysiu.

Research Iracllities and Personnel

Almost alliaboralories in the research institutions and
universities mentioned above arc equipped with fucil·
Ilies and instruments that enable basic and some spe
cialized molecular biology techniques to be carried
out. Researchers are also sensitive to the development
of new and beller instruments such as pulse field gel
electrophoresis, protein sequencer, and polymerase
chain reaction, as well as the new protocols and tech
niques in the field of molecular biology and DNA
recombinant processes.

In terms of research personnel, almost alliabora
tories lack a sufficient number of researchers and sup
port staff to rapidly carry out existing projects. A
survey done by a consultant showed that personnel
should be doubled. It is envisaged that with greater
support and emphasis given by the government under
the 6th Malaysian Plan (1991-1995) a greater number
of personnel will be trained and hired.

More interaction with researchers outside the
country is also needed in order to facilitate rapid
growth in plant biotechnology in Malaysia. This can
be achieved through exchange of information and ma
terials such as probes, cloned genes, or even trans
formed materials between local and international
researchers. This is particularly important to the Mal
aysian researchers since, except for rice, not many
arc working on the same plant species.

Conclusions

Current developments in plant biotechnology in
Malaysia are encouraging. The various applications
of molecular biology and in vitro technology de
scribed above reflect the thrust and confidence in
using such tools to improve agriCUltural productivity.
With greater emphasis expected in the next five years,
the future of plant biotechnology in Malaysia is even
brighter.
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Biotechnology Research in Myanmar Agriculture

Khin Soc l

Abstract

In Myanmar, 60 crop species are being cllltivated for food for people, feed for animals, and raw
materialsfor;':Jctories. Among these important crops, rice occllpies 50% ofthe tctal Cllltivated area.
Sesame, grollndnlll. and sllnflower are the major oil crops. Strategic plans for increasing crop
prodllction are crop intensification and lise of improved varieties and technologies.

Biotechnology research in Myanmar concelllrates on crop improvement and screening for stress
tolerance, IIsing anther cllltllre for rice breeding. and tisslle clllture for other crops (grollndll/lt.
potato, broccoli).

In vitro screening for salt tolerance ofrice varieties and tisslle clllmre ofgrollndnllt and sesame
for selection for drollght tolerance is carried alit at the Agricllltural Research Institute.

FlItllre research priorities will be: anther cllltllre ofimportalll crop species (rice, maize, wheat);
meristem cllltllre; rapid mllltiplication of selected ffllit trees, omamental and medicinal plants;
mlltant selection for stress tolerance. pest and disease rf'fistance in in vitro cllltllre; embryo cllltllre
(intra- and interspecific hybridization); and protoplastJ .....on.

Introduction

In Myanmar 60 crop species are being cultivated for
food for people, feed for animals, and raw materials
for factories. Of the 60 crop species, 22 are consid
ered more important for local consumption and ex
port. Among these important crops, rice occupies
50% of the total cullivated area. Sesame, groundnut,
and sunflower are major oil crops for producing edi
ble oil, although production is not yet sufficient for
local consumption. The area under these crops will
possibly be increased from 20-30% of the total culti
vated area in order to meet the requirements of in
creasing population. Food legume crops are also
important for local consumption and for export.

In Myanmar, we are using three strategic plans for
increased crop production. They are: area expansion,
increasing yield per unit area, and crop intensifica
tion. There is a potential area of approximately 10
million ha, which includes fallow lands and virgin
soils in different regions, and the Ministry of Agricul-

ture and Forests is now stressing the exploitation of
these areas. In order to increase yield per unit area, the
Myanmar Agriculture Service has been implementing
high yielding programs for rice in 82 townships, wheat
in 13 townships, maize in 9 townships, oil crops in 22
townships, fiber crops in 12 townships, and food le
gumes in 15 townships. Use of improved varieties and
technologies and high inputs is the significant feature
for increasing productivity. Consequently, yield per
unit area of each crop has approximately doubled. For
example, rice yield has increased from 1.5 t ha- I to 3 t
ha· 1 and, similarly, maize yield has increased from
0.7-1.0 t ha· 1 to 1.73 t ha· l• There are also considerable
yield increases for the other crops involved in high
yielding programs. Crop intensification is being pro
moted through rice-based or non-rice-based double
and triple-cropping systems, in which intercropping
and relay cropping are included. Apart from these ap
proaches, adoption of biotechnology in crop improve
ment, improved fertilizers, and plant protection are new
strategies for crop production at low cost.

:..
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Current Biotechnology Research in
Myanmar

Crop Improvement

Anther culture is being used in rice breeding, and
tissue cullure for other crops (groundnut, potato,
broccoli). Conventional methods of rice improvement
require at least 6 to 10 generations before varietal
evaluation is conducted over a 2 to 3-year period. In
the Plant Physiology Division of the Agrieullural Re
search Institute (ARI), 20 FI crosses of rice have been
tested for callus induction and plant regeneration effi
ciency. The range of callus induction frequency was 2
to 29%, with an average of 4%, and green plant re
generation was 3 to 17% with an average of 10%.
Anther culture derivatives from these crosses were
planted in the field for further selection and, in the
second generation, prr,mising lines with required
characters were observed.

Attempts at anther culture of maize to generate
homozygous inbreds has not yet been successful, ex
cept for callus formation.

Screening for Stress Tolerance

In a program of in vitro screening for salt tolerance of
rice varieties, plantlets of three varieties, Shwe
wahtun, Shwethwehtun, and Kyawzeya, were regen
erated from salt-tolerant calli and the seeds of these
plants were sown for evaluation. Further testing for
tolerance will be extensively carried out in salinity
prone areas.

In Myanmar, there is a drought-prone area of ap
proximately 3 million ha, where groundnut, sesame,
cereals, and food leg,••oes are largely grown for local
consumption al'!~ export. Of these dryland crops,
groundnut and sesame are of vital importance; thes'e
crops always suffer from drought, which results in
low yields, or even total crop failure for sesame. The
Plant Physiology Division of ARI initiated tissue
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cullure of groundlilJl and sesame lor selection for
drought tolerance.

Tissue Culture and Mlcropropagatlon

Five varieties each of groundnut and sesame are be
ing studied for callusing ability of four seedling ex
plants on four different media. Differentiation of
plants from callus is under study.

Another area is maintenance of hybrid vigor in
broccoli, which degenerates if the plants are raised
from seeds of the first generation. So lateral buds of
broccoli were cultured on Murashige and Skoog me
dium, and the plantlets derived were maintained in
test tubes; these grew vigorously. In the 1991 cold
season the plants will be transplantcd into the field.

Extensive production of orchids is undertaken by
the Extension Division of Myanmar Agriculture Ser
vice (MAS).

Conclusions

It is realized that the application of biotechnology is
important in crop improvement (especially to gener
atl'. new varieties within a shorter period), as well as
in fertilization and crop protection.

Research programs of plant cell and tissue culture
and control of pests and diseases will be strengthened
in the following areas.
• Anther culture of important crop species (rice,

maize, wheat)
• Meristem culture
o Rapid multiplication of selected fruit trees, orna

mental, and medicinal plants
• Mutant selection in in vitro culture (selection for

stress tolerance, pest and disease resistance)
• Embryo culture (intra- and interspecific hybrid

ization)
• Protoplast fusion
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Current Status and Future Prospects of
Biotechnology Research in Pakistan

Muhammad Hanir Qazi l , Akbar S. Mohmahd2, M.A. Rana2

and Parvez Khaliq3

Abstract

Drought, excess salinity, acidity, and diseases are stresses that limit crop production on more than
50% ofarable lands. The irrigated lands are subjected to the hazards ofsalinity alld waterlogging
resulting in redllced prodllction potemial. A considerable portion ofthe cultivated lands are rainfed
with limited prodllctivity.

Conventional plant breeding is being employed to develop l'arieties resistant to stress but
progress has been slow. The transfer ofsalt tolerance from alien toleram species is being allempted
in wheat and rice. Gene transfer is restricted in interspecific and illlergeneric crosses and cannot be
II/ilized throllgh standard breeding procedures.

There are areas where immediate impact is expected through the lise offast-developing bio
technological approaches sllch as: micropropagation of particular plam genotypes for mllltiplica
tion and disease elimination; in vitro screening and subsequem plant regeneration to produce
variants with increased stress tolerance; indllction ofnew genetic variability; elimination ofviruses
from plallls; preservation ofgermplasm; production ofhaploids. and overcoming the reproductive
barriers in noncompatible species and genera for the transfer ofalien genetic material.

This chapter ollllines the institutions in Pakistan that are tackling these problems, the priorities
that have been set. and recommendations for future research.

Introduction

Drought, excess salinity, acidity, and diseases are
stresses that limit crop production on more than 50%
of arable lands. However, irrigated lands are subject
to the hazards of salinity and waterlogging resulting
in reduced production potential. In Pakistan, about
40 000 ha y'. are lost due to salinization (Jones and
Gorham 1986). A survey showed .nat the salt-affected
area was about 8.9 million ha in the year 1989
(Table 1)

A considerable portion of the cultivated lands are
rainfed with limited productivity. In Pakistan, more
than five million ha lie in arid and semi-arid regions
without irrigation facilities. This constitutes about

25% of the total cultivated area in the country
(Table 2).

Of irrigated areas, marginal lands make up a con
siderable proportion. These are characterized as hav
ing a low nutrient profile, lOW-lying patches with poor
drainage, and heavy clay or sandy soils. This causes
low crop productivity. Crop productivity can be in
creased in stressed environments by developing plant
types that do well under specific stress conditions.

Conventional plant breeding is being employed to
develop varieties resistant to stress, but progress has
been slow (Akbar 1986; Srivastava and Jana 1984).
The transfer of salt tolerance from alien tolerant spe
cies is being attempled in wheat and rice (Dvorak and
Ross 1986; Akbar 1986). There is great need to ex-
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Table I. Area of waterlogged and saline solis (millions of ha) In Pakistan during 1975.

Wnlerlogged orca Salt affected orca

0-150 150-300 Moderate Severe Saline
Province cm cm TOlal saline· sallne2 alkali Total

Punjab 1.18 2.64 3.84 0.41 1.21 2.10 3.72
Sind 1.26 1.87 3.13 3.23 1.87 5.10
NWFP 0.04 0.04
Baluchlslan 0.04 0.04

TOlal 2.44 4.51 7.01 3.61 3.08 2.10 8.90

% area affecled 17 32 50 26 22 15 64

I. ModemlCly suline: EC < IS nunolls
2. Severely suline: EC> IS mmohs

Source: Agriculluml StUllslics of PukisllIJ1. 1988-89.

--

Table 2. Irrigated and ralnfed areus (millions of ha) In provinces of Pakistan during 1988-89.

Mode of Irrigallon TOlal Percent
cultivated shIUe of

Canal Thbe·well Olhers TOlal Rainfed area tOlal area

Punjab 7.87 3.68 0.27 11.82 2.50 14.32 17.46
Sindh 2.31 0.12 0.06 2.49 1.52 4.01 37.91
NWFP 0.70 0.05 0.09 0.84 1.11 1.95 56.92
BaluchiSlan 0.35 0.12 0.06 0.53 0.09 0.62 9.62

Total 11.23 3.97 0.48 15.68 5.22 20.90 24.98

Source: Agriculluml Suulslics of PukisllIJ1. 1988-89.

ploit all genetic variability that can be used in breed
ing for stressful environments. Gene transfer is re
stricted in interspecific and intergeneric crosses and
cannot be utilized through standard breeding pro
cedures. Use of nonconventional techniques would be
instrumental in the exploitation of gene sources and
the speeding up and supplementing of the application
of conventional plant breeding methods.

Fast-developing biotechnological techniques and
their impact on the biochemical industry are sufficient
evidence for their application and potential to bring
about breakthroughs in agriculture. There are areas in
which immediate impact is expected through the use
of these technologies, such as micropropagation of
particular plant genotypes for multiplication and dis
ease elimination, i.e., to shorten the time required to
produce improved cultivars; in vitro screening and
subsequent plant regeneration to produce variants
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with increased stress tolerance; induction of new ge
netic variability; elimination of viruses from plants;
preservation of germplasm; production of haploids;
and overcoming the reproductive barriers between
noncompatible species and genera for the transfer of
alien genetic material.

Biotechnology Resources and Facilities

In Pakistan, the important implications of plant bio
technology were realized in the mid-1970s. Projects
and proposals were prepared and forwarded to differ
ent government agencies for setting up the tissue cul
ture and biotechnology laboratories. Pioneering work
was started in 1976 in the Department of Botany,
University of Peshawar. Thereafter, many tissue cul
ture laboratories were established in the early 1980s.

"



At present, a total of 14 laboratories are engaged in
using different biotechnological approaches for crop
improvement. More than 82 scientists are actively en
gaged in research work. Of these scientists, 22 have
Ph.D. degrees, 3 hold M.Phil. degrees and 45 have
M.Sc. degrees (Table 3). A summary describing the
location of laboratories and their area of interest, is
given below.

IkJtany Department, Peshawar University, Peshawar

This is one of the oldest tissue culture laboratories in
Pakistan. It was established in 1976 and has worked

on a number of crops, the main crops being poppy,
ginger, saffron, cardamom, potato, eucalyptus,
groundnut, and Juniperus spp. Most of the efforts
were concentrated on callus induction and plant re
generation. A scheme has now been approved for a
period of 4 years in which targeted end users are the
pharmaceutical industry, foresters, and the depart
ment of agriculture.

PakIstan Atomic Energy Commission (PAEC)

Three tissue culture laboratories are working in
PAF..c. One is located at the Nuclear Institute for Ag-

Table J. List or biotechnology laboratories with personnel classified according to their academic quallllcatlon.

Institute Ph.D. M.Phii. M.Sc. B.Sc. Glhers TOIaI

BolaDy Dept, Peshawar
University, Peshawar 3

Pakistan Atomic Energy
CommlS.5ion l 5 9 2 17

Pakislan Council of Science
and Industrial Research, Lahore 2 4 2 8

Ayub AgriCUltural Research
Institute, Faisalabad 7 9

University of Agriculture,
Faisalabad 3 8 11

Centre for Advanced Molecular
Biology, Lahore 2 9 11

BoIaDY Department, Punjab
University, Lahore 3 4 7

National Nematological Research
Centre, Karachi 2 3

Tissue Culture Laboratory,
Rawalpindi 2 2

Central Cotton Research
Institute, Multan 2 2

Agricultural Department,
NWFPAU, Peshawar 2

Pakistan Forest Institute,
Peshawar

OomaI University, 0.1. Khan

National Agricultural Research
Centre, Islamabad 3 5

Total 22 J 45 2 10 82

I. 11Jesc Include Nw.\B, NIPA, and AERL figurca.



riculture and Biology (NIAB), Faisalabad; the second
at the Atomic Energy Agricultural Research Centre
(AERC), Tandojam; and the third III the Nuclear Insti
tute for Food and Agriculture (NIFA), Peshawar. Spe
cifies on each arc given in detail.

Nuclear Institute for Agriculture and Biology
(NIAD), Falsalabad. This laboratory was estab
lished in 1979 with tissue culture studies on mango.
Later, CilrtlS, kallar grass, and chickpea were added.
The research thrusts are more toward applird aspects
with long-term objectives to solve problems in the
areas of plant breeding, physiology, biochemistry,
and pathology. Presently, a project is underway for
isolation of protoplasts in Basmati-370 rice and a salt
tolerant kallar grass, to transfer salt tolerance by pro
toplast fusion.

Nuclear Institute for Food and Agriculture
(NIFA), Peshawar. The tissue culture laboratory
was started at NIFA in 1985-86. The laboratory is
fully established with all the basic equipment and
facilities, and is now planning to initiate a collabora
tive research scheme with the International Atomic
Energy Agency (IAEA). Presently, the scientists are
engaged in the production of haploids in Brassica for
further utilization in breeding programs, elimination
of virus from potato and soybean seed, induction of
virus resistance in potalo, establishment of potato
protoplast culture, and the study of somaclonal varia
tion generated through chemical mutation.

Atomic Energy Agricultural Research Centre,
(AERC), Thndojam. There are two tissue culture
laboratories at AERC. One is located in the Plant
Genetics Division, which was established in 1976
with sugarcane as the major crop. The second, located
in the Plant Physiology Division, was established in
1982 and focuses on in vitro and in vivo studies on the
mode of salt tolerance/salt sensitivity in rice and
wheat.

Pakistan Council of Sclentlftc and Industrial
Research (PCSIR)

The PCSIR is the oldest research organization in
Pakistan dealing with research that directly relates to
industry. Due to the growing importance of tissue
culture and related biotechnologies for agro- and bio
based industry, the PCSIR established two tissue cul
ture laboratories, one at PCSIR Laboratories, Lahore,
and other at PCSIR Laboratories, Peshawar. In both
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lahoratories emphasis is given to medicinal plants,
particularly for lhe isolation of their metaboliles.
Work is also being done on the regeneration of supe
riar quality piSlachic, and screening for disease resis
tance in Bmssica.

Ayub Agricultural Research Institute (AARI),
Falsalabad

There arc two tissue culture laboratories at AARI,
Faisalabad. One is located in the Virology Section
and the second is in the Directorate of Horticulture.
Recently, the Agricultural Biotechnology Research
Institute has also been established at AARI, Faisala
bad. Research is mostly focused on the eradication of
virus through meristem tip culture in potato. Some
work has also been initiated on cereals, including
wheat, barley, and maize, and some horticultural
crops.

University of Agriculture, Faisalabad

This is one of the biggest agricultural universities in
Pakistan. Courses regarding tissue culture and bio
technology arc taught in the Departments of Botany,
Crop Physiology, and Horticulture. Tissue culture
laboratories exist in the Departments of Botany and
Horticulture. Besides the courses offered in tissue
culture, research is being carried out on some cereals
and horticultural crops, i.e., guava, kinnow, straw
berry, fig, apricot, pear, plum, apple, carnation, chry
santhemum, roses, and bougainvillea. Work is mostly
concentrated on developing virus-free plants, cloning
plants true to type, and also creating genetic vari
ability for different traits.

Centre for Advanced Molecular Biology (CAM8),
Lahore

The CAMB is located temporarily within the prem
ises of the Department of Botany, University of Pun
jab, Lahore. Preliminary work is in progress on
cloning vectors among naturally occurring plasmids
in Phyta-oncogenic bacteria using chickpea as a host.
The work will be extended to some other dicoty
ledons and monocotyledons for cloning superior ge
notypes, for stresses such as salt and drought, and also
for disease resistance.



Botany Department, Punjab University, Lahore

The tissue culture program wab started in October
1987, in the morphogenesis laboratory, Department
of Botany, Punjab University, Lahore. Some work is
being undertaken on sugarcane and chickpea. The
work has academic, as well as applied value, and the
end users will be scientists and farmers. Some basic
studies are done on salt tolerance in Brassica with
emphasis on the isolation and characterization of
DNA and RNA in salt-stresscd calli. Studics on un·
derstanding the relationship betwecn cell culture and
gene exprcssion at biochcmical and molccular Icvels
have also been done.

National NematolC6!cal Research Centre (NNRC),
University of Karachi

Thc center is locatcd atthc University of .:arachi and
is engaged in research on ncmatodes. Tissue culture
techniques are being used for aseptic root cultures in
tomato and corn. Studics are being undertakcn for thc
induction of nematodc resistance in tomato cultivars
using in vitro tcchnologies.

Tissue Culture Laboratory for Horticultural
Plants, Rawalpindi

This recently established laboratory, sponsored by the
government of Punjab, has initiated work on the
propagation of apples, date palm, and some ornamen
tal species.

Central Cotton Research Institute (CCRI),
Multan

Cotton is a very important cash crop in Pakistan. Re
cently, work has been initiated on utilization of tissue
culture and other biotechnological techniques for the
production of better yielding, disease- and stress-tol
erant cotton cultivars.

Agricultural Department, Northwest Frontier
Province Agricultural University (NWFPAU),
Peshawar

The mllin research work of the Agricultural Depart
ment of NWFPAU is located at the Agricultural Re
search Institute, Tarnab, Peshawar. There arc some

other monocrop and multicrop research stations
working under this department. One, located at Ab
botabad and working on potato, has all the capa·
bilities to start tissue culture. Two scientists have
been traincd in the tissue culture laboratory, NARC,
to initiate work on the production of virus·free seed
potato.

Pakistan Forest Institute, Peshawar

A tissue culture laboratory was established in this
institute in 1984. This laboratory will primarily be
working on the propagation of forest trees.

Gomal University, D.I. Khan

The tissue culture laboratory is attached to the De
partment of Botany. Presently, the emphasis is only
on the academic side and later will be extended to
some basic research in different crop species.

National Agricultural Research Centre (NARC),
and Pakistan Agricultural Research Council
(PARC), Islamabad

The credit to push tissue culture forward as a
frontline area of research in the agricultural sector
goes to PARC, Islamabad. In 1980, the importance of
tissue culture was fully recognized and, in 1981, an
independent section for research in plant tissue cul
ture was established for production of virus-free seed
potato through meristem tip culture. Funding was ap
proved for a period of 3 years from the non·develop
ment expenditure. This was approved as a permanent
program of the council and subsequently, date palm,
rice, wheat, and tomato were incorporated in the
mandate. Future thrusts will include several important
research areas.
• Undertake long-term basic research in plant tissue

culture.
• Micropropagate selected horticultural and vegeta

ble crops.
• Isolate variants in crop plants, particularly cereals.
• Use in vitro selection to develop variants resistant

to environmental stresses.
• Train scientists of provincial research institutions

and universities in basic tissue culture techniques.
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Priorities

Technical and personnel resources for genelic engi
neering of plants are still painfully limited. Subslan
tial improvements in experimental biotechnological
techniques arc also needed to understand the plant
systems. Modern equipment and instrumentation arc
necessary to strengthen the existing laboratories to
take advanlage of experimenlal opportunities.

Available human r~sources arc very low, but the
number of trained personnel in this field is rising fast.
Very recently, the Ministry of Science and Technol
ogy launched a program for human resources devel
opment in selected fields of biotechnology in foreign
universities. Proper arrangements should be made to
teach molecular biologists, geneticists, tissue cultur
ists, and biotechnologists at graduate and postgraduate
levels. These young trained people with multi
disciplinary approaches would be able to define prob
lems and devise appropriate strategies to work within
local systems and environments.

New institutes of international caliber in bio
technology and genetic engineering should be estab
lished and be equipped with sophisticated equipment
and para-scientific facilities staffed by scientists of
international repute and devotion. Biotechnology is
characterized by its internationalism and information
intensiveness and first-rate institutes having trained
leadership devoted to achieving meaningful results.

Collaboration between national academic institu
tions and research laboratories, as well as with ad
vanced foreign research institutes, is essential for
efficient use of available methodologies. There need
to be links between organizations dealing with plant
biotechnology both on a national and an international
basis. Access to specialized training and graduate ed
ucation is critical.

Biotechnology is currently used mostly for the iso
lation of stress-tolerant variants in higher plants. Re
cent developments made in wheat, rice, potato,
Brassica, cotton, legumes, and trees have far-reach
ing implications in international agriculture. It is also
envisaged that the next agricultural revolulion will
primarily be based on in vitro technology, specifi
cally for the production of stress-tolerant crop plants.

Conclusio:1S and Recommendations

Intervention at Academic Institutes

At present, no academic courses are offered either at
undergraduate or graduate levels: therefore, courses
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covering most aspects of biolechnology should be in
troduced in the universities. Moreover, high priority
should be given to slr';l1gthening biological sciences
in agricultural universities with emphasis on molecu
lar biology and biotechnology as separate disciplines.

Since there arc rapid enhancements and changes
in the field of biolechnology on the global level, those
engaged in teaching should get training and refresher
courses in tissue culture and genetic engineering.

Improvement and Coordination at the National
and International Levels

It has been realized that there is no coordination
among the research scientists working in different
disciplines of biolechnology in different laboratories.
This creates the possibility of overlapping and dupli
cation in their research activities. Collaboration be
tween national academic institutions and research
laboratories, as well as with foreign research insti
tutes, is essential for efficient use of available method
ologies. There is a need to develop links between
organizations dealing with plant biotechnology both
on national and international levels.

It is further suggested th'at a National Coordination
Cell headed by a coordinator be established. This na
tional coordinator would be responsible for building
linkages between research laboratories in the country
as well as worldwide. In addition, a Biotechnology
Tissue Culture Society should be established. It
would provide a forum for biotechnology scientists to
meet regularly and, in turn, improve coordination.

Collection and Dissemination of Information

The national coordinator should also be responsible
for the preparation of an annual review report high
lighting the achievements of all the biotechnology
laboratories in the country. The National Coordina
tion Cell should be responsible for publishing a bio
technology journal and a newsletter. The coordinator
should also be responsible for holding periodic sym
posia, seminars, and project evaluation meetings.

Training of Scientists

Training at all levels is one of the efficient media in
technology development and improvement, as well as
in technology transfer. Therefore, emphasis should
also be given to short- and long-term training for
young, enthusiastic scientists.



Opportunities for postdoctoral fellowships and
participation in international symposia should be cre
ated for updating scientists in their re~pcclive nelds of
spccialization.

Promotion of Research Facilities

The existing working units in the country are suffer
ing due to shortages of funds, equipment, and skilled
manpower. Therefore, sufOcient funds for the support
of existing tissue culture centers should be allocated
and modern equipment and instrumentation to
strengthen and expand the scope of laboratories
should be provIded.

Issues for Research

Since there are a lot of stressful environments that
prevail on a large scale in the country, there is a
definite need to develop cultivars that can do well
under each of them. Important examples are salinity,
acidity, drought, diseases, and low fertility situations.

Most of the countries in Asia have the common
problem of fungal diseases, environmental stresses,
and insect pests. Therefore, emphasis should be fo
cused on the potential of biotechnology in controlling
these hazards. In this regard the potential of Bacillus
tllllringlensis (Bt) pesticidal genes through transgenic
plant technology to achieve insect resistance in major
crops has sufficient justification for exploration. The
identification of Brassica genes for useful traits such

as aphid and drought resistance and sail tolerance
through the use of restriction fragment length poly
morphism (RFLP) is an interesting area for future
collaborative research in developing countries.
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Current Status and Future Prospects of
Biotechnology in the Philippines

I.F. Dalmacio l and 8.M. Espiritu2

Abstract

Increased production ofimproved seeds and planling malerials. effeclive microbial inoculams and
compost bioferlilizers. and microbial pesl- and disease-comrol agents are needed to strengthen the
agricultural production system in the Philippines. Bioteclmo!ogy tools such as tissue cuilltre and
recombinam DNA when used to complemem convefllional breeding techniques could accelerate the
progress. Presem research is focused more on the use of tissue culture for rapid propagation of
plaming materials. More basic studies are needed on selected molecular genetic techniques. An
operational pool ofpersonnel and facilities has been established in a few research centers but the
other regional laboratories also need 10 be developed. More financial support is needed. Training
on repair and mailllenance of equipment and facilities is required. Cooperation with advanced
research centers abroad should be strenglhened.

Introduction

There is a growing consensus among planners, re
searchers, and extension workers in the Philippines for
the development of an equitable, efficient, and ecologi
cally sustainable agricultural system to achieve compet
itive production targets and to increase the real income
of the small farmer (BAR 1989).

More and more scientists, nevertheless, are be
coming aware that Philippine agriculture is beset with
gargantuan problems, the foremost of which is social
inequity, which cannot be solved through new tech
nology (SAC 1990). However, as social and political
scientists and legislators should actively spearhead
work on these problem areas, science and technology
workers likewise cannot remain complacent and
should vigorously uphold advancement of science
and technology for extensive countrywide utilization.
Science and technology improvement would always

be an indispensable component in enhancing agri
cultural production and income.

A basic strategy in improving agricultural produc
tion and income is to strengthen the production sys
tem. The availability and efficient use of planting
materials and farm inputs should be enhanced. Bio
technology is an indispensable tool in this strategy.
Biotechnology in combination with conventional
breeding can make full use of its potential to increase
the supply of improved planting materials and make
available biological farm inputs such as inoculants
and compost biofertilizers, and pest- and disease-con
trol agents. The general aim of this paper is to discuss
the status and prospects of biotechnology in the Phi
lippines. Details will be presented on: crop produc
tion constraints for biotechnology applications, local
biotechnology resources, future needs and priorities,
existing priority areas and needs, and proposed areas
for collaborative research.

I. Dlreclor. Nalionnl Inslitutes of Biotechnology and Applied Microbiology (BIOTECH), and Associate Professor, Institute of Biological
Sciences. U.P. at Los Bailes. Philippines.

2. University Researcher and Project Leader, BIOTECH, and Affiliate Assi. ProCessor. Department of Soil Science. U.P. at Los Banos.
Philippines.
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Biotechnology Applications

The recurring major problems always mentioned by
the different agricultural seclors during the Bureau of
Agricultural Research (BAR) consultations revolved
around several issues.
• {nsufficient supply of seeds and pJilll\ing materials.
• Lack of disease-resistant and stress-tolerant seeds

of crop cultivars.
• Unavailability of low-cost but effective farm inputs

such as biofertilizers and biological control agents.
These problems arc precise target areas for bio

technology.
As adopted in the national research and extension

agenda (BAR 1989), the prio~ity crops for research
and development are, of course, the cercals, which
include rice (Oryza satil'a) and corn (Zea mays). The
priority fruit crops identified include banana (Mllsa
sapiel/t/lnl) , citrus (Citrus mitis), mango (Mangifera
indica), rambutan (Nephelillnl lappacellm) , guava
(Psidillnl gilajava) , jackfruit (ArtocarplIs hete
phylllls), casllew (Anacardillnl occidentale), grapes
(Vitis vinifera) , and guyabano (Annona mllricala).
Coffee (Coffea arabica), cacao (Theobroma cacao),
coconut (Cocos n/lcifera), and sugarcane (Sacchartlnl
officiI/arum) are the priority plantation crops. The
priority legumes arc mung bean (Vigl/a radiala),
groundnut (Arachis hypogaea), soybean (Glycine
max), and cowpea (Vigna IIIIglliclllala), while the im
portant vegetable crops include tomato (Lycopersicon
eSClllel/lUm), eggplant (Solallllnl melongena), snap
beans (PhaseolllS vlIlgaris), pole sitao (Vigna ses
qllipedalis), squash (Cllcurbila maxima), cabbage
(Brassica oleracea var. capitala), cauliflower (B. ole
racea var. bOlrytis), pcchay (B. napus var. chinensis),
and pepper (Piper nigrtlnl). Cassava (Manihot as
clllellta), and potato (SolallllnllllberOSllnl) arc the pri
ority root crops. Most of the on-going biotechnology
research studies as wel1 as those being planned are
focused on these priority crops.

In rice, some of the major constraints to produc
tion are pests and diseases and stresses such as
drought and flooding. Insect damage alone can bring
losses of 10-30% in total yield. At the International
Rice Research Institute ORRI), wide hybridization as
a tool of biotechnology has been utilized to transfer a
gene for resistance to grassy stunt virus from Oryza
nivara, a wild rice from India, to IRRI breeding lines.
It is providing good resistance in numerous lines used
in Asia and has saved farmers hundreds of millions of
dollars in crop loss and pesticide costs. Hybrids with
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I . and baclerial blight have
been produced and are now being tested (Toenniessen
1990).

Pests 'are also a major problem in corn. Prelimi
nary studies on anther culturc in corn arc being done
at the Instilute of Plant Breeding (IPB), UP at Los
Banos. Rcsults may latcr be used to gcnerate resistant
cultivars for improved pest managcment (Villarcal et
al. 1989).

An rncreased supply of improved planting male
rials is necded in fruit crop produclion. Prolocols for
rapid propagUlion using cmbryo culturc, meristcm
culturc, and organ culturc havc becn variously devcl
opcd for banana, pommelo. calamllnsi, sweet orange
and rambutan (Villarcal et al. 1989).

Pests and diseases IIrc also common problems in
plantation crops, Icgumes, and vegclable and root
crops. Widc hybridization is being used in mung
bean, sugarcanc, and other crops to produce rcsistant
cultivars. Mutation by chcmicals and irradiation is
used to induce variability in bulb crops, Icgumes,
banana, and ornamentals.

Lack of fertilizcr inputs is definitcly a major con
straint. Succcssful fcrtilizer supplementation with bio
fcrtilizers could mcan added income to the farming
sector. Studies on microbial strain evaluation and
inoculant production. and genetic improvement of
strains for improved biological nitrogen fixation, arc
bcing conducted at the National Institutes of Bio
technology and Applied Microbiology (BIOfECH).
Studies on mass production of compost biofcrtilizcrs
are also being conducted in the same institute, as well
as fermentation studics for mass inoculant production
and improvement of product formulations (BIOTECH
1990).

Biotechnology Resources: Facilities
and Personnel

The bulk of biotechnological research in the country
is being conducted by a number of government and
private agencies and one international agency. These
include the University of the Philippines at Los Banos
(UPLB), the University of the Philippines at Diliman
(UPD), the Department of Agriculture (DA), the Vis
ayas State College of Agriculture (VISCA), the Inter
national Rice Research Institute (IRRI), and others.

A few of the government laboratories have a mini
mum amount of equipment, support facilities, and
trained personnel to conduct biotechnology research
compared to those at UPLB and UPD. A number of
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Lugon Stale University (CLSU), and Mariano Marcos
Stale University (MMSU) would need considerable
support to build up their facillties.

Many of the private centers have equipment and
facilities geared mainly for rapid propagalion of plan
ting materials for selected crops (Barba and Patena
1989). They normally hire experienced researchers
for particular activities. Some of them conduct con
tract research with preferred government agencies.

A number of government research units have a
pool of senior researchers with training in biotechnol
ogy. BIOfECH has eight full-time Ph.D. researchers
with training in various biotechnological activities, as
well as eight part-time staff with Ph.D.s and training.
IPB has a biotechnology core staff of six with Ph.D.s,
two with M.S., and one B.S. CLSU has one stllff
person with a Ph.D. and two with biotechnology
training. Other agencies have one to two staff with
Ph.D.s on biotechnology-related activities.

IRRI has a strong pool of biotechnology facilities
and well-trained staff. There is an on-going formaliz
ation of research and training cooperation arrange
ments between UPLB and IRRI. This should pave the
way for more effective sharing of information and
resources for targeted goals.

Future Needs and Priorities: Facilities
Development and Personnel Training

In a few relatively strong local biotechnology labora
tories, additional equipment and facilities are badly
needed to conduct more basic studies. Cold storage
units, generators, refrigerated centrifuges, air condi
tioning units, screenhouses and other equipment such
as laminar flow hoods are insufficient. One of the
basic constraints is that all these items are imported
and their repair and maintenance are always a prob
lem. Those laboratories which received good equip
ment 5 to 10 years ago are now faced with the
difficulty of how to repair or replace them.

Almost all required chemicals are imported as
well and funding support for supplies and materials is
always needed. More government and private assis
tance is needed to develop local support industries to
ease the problems around chemicals and equipment.
Possible sourcing of these items through cooperation
and sharing with international research agencies may
be explored. International donor agencies have to be
tapped for possible funding.

" : en-
hanced. Training will need to be a continuing activity
considering rapid biotcchnologlcal advances. Re
search cooperation with advanced laboratories in
other countries should be pursued. There Is a great
need to train more personnel on biochemical, cellular,
and molecular aspects of biotechnology.

A foremost basic need also is to train technicians
and engineers on the maintenance, repair, and manu
facture, if possible, of the basic equipmen l us,:d io
biotechnology research.

Priority Areas and Needs for Research
and Development

The priority areas for research and development arc
those pertaining to tissue culture, genetic improve
ment, germplasm conservation, recombinant DNA
technology, and fermentation. Some proposed spe
cific studies under these priority areas are presented
in Table 1.

An underlying need in pursuing these research
areas is to undertake basic studies on development of
protocols for the various techniques involved. This
process could be accelerated through collaborative re
search with other advanced laboratories abroad cou
pled with on-the-job training of personnel. Other
techniques relevant to these basic studies could be
learned through sharing publications and other forms
of communication. Grants from foreign cooperating
agencies will be needed to obtain the much-needed
equipment, chemicals, and other supplies.

Priority Areas for Collaborative
Research

The proposed areas for collaborative research are
shown in Table 2. These areas are planned to support
the on-going activities.

Conclusions

It is clear among local scientists that biotechnology is
an indispensable tool to strengthen the agricultural
production system. Biotechnology used to comple
ment conventional breeding techni~ues could acceler
ate the production of improved seeds and planting
materials and the development of improved microbial
strains for use as inoculants, biofertilizers, and pest-
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ur reNearc opmenl.

Priority Area Nalure of Siudies

Tissue culture Appllcallons fur rapid multlpllcallon of prlorlly crops such as bamboo, coconut,
selected forest tree species, potato, plnellpple, and olhers

Genetic improvemeJ!t Development nlld rOlltine appllentlon of prolopillst fusion, hybrid embryo rescue, nnd
inter-specific nnd wide hybridization

Production of homozygous lines through anlher culture

Usc of chemical mUlagens and Irrudlallon for somnclonnl vnrintlon

Genetic stabllity
and mainlenance of
germplusm

Recombinant DNA
technology

FermenlUtion

Use of lsozymes and RFLP's to eSlUblish genetic grouping of lines and populntions to
monitor genetic segregation and reeombinntlon

Development of in vitro techniques for short- and long-term slorage

Protoplast fusion

Gene transfer for selected crops

Gene transfer in nitrogen-fixing bncterla for strllin Improvement

Gene trlll1sfer In Bacillus IllUrlllglensls for strain Improvement

Muss production of lnoculants

Improvement of product formulations

Table 2. Prlorlly areas for collaborative research.

Areus

Cell culture systems and
induced mutagenesis

Utilization of Isozymes,
protein and rcstriction
length polymorphism

Recombinant DNA
technology
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Studies

In vitro cell selection

Protoplast fusion

In vitro mutant selection for lI""ess tolerance

Appliclllion for gene mapping of important qualilUtive and qunntlllllive traits in rice and
com

Assessment of genetic stability In in vitro culture

Fingerprinting

Hybridity USBCSsment

Wide hybridization

Diversity ussessment

Virus and viroid identification

Transfer of useful genes to target crops

Gene transfer for improvement of selecred microbial strains
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control agents. But this growing realization is appar
ently not yet shared by national planners and policy..
makers. Scienlinls will have to step up lobbying ef
forls wllh government officials Jnd foreign donors for
increased funding support.

A few govermnent agencies have equipmenl, facil
i1ies and trained personnel 10 underlake biotechnol
ogy research; but Ihey arc c"rrently hampered by
probler•.J on repcir and maintenance and lack of
chemicals and supplies. Doth increased funding sup
port and continuing trainhlg of personnel arc needed.
Regional laboratories have to be strengthened.

Present plant breeding efforts using biotechnology
arc focused more Via .~~id propagation of planting
materials. The move to undertake basic ..tudies to
develop protocols for biotechnologicaltedlniques has
~::; be accelerated. The development of microbial
strains as biofertilizers using biotechnology is impor
tant.
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Current Status and Future Prospects
of' Biott:chnology in Sri Lanka

P. Ganashan l

Abstr~ct

There are 24 well·defined agroecological zones III SI'i Lallktl. hI which a wide range of crops are
grown, and which necessitate a range of cmp wlrieties adapted to the different zones. Rice is the
staple (.':-01', and emphasis has been given ((l illcrcas:r:g yield and resistance to billic and abiotic
stresses. Techniques that have been /lsed are duual propagation and production 0 rpathogen·free
plants, and in vitro consen'ation. Fllture emphasis "eeds to be placed on widening t Ie genetic base.
breeding for tolerance to environmental stress, for pcst and disease resistance a Id for herbicide
resistai'lce./mprovedfood quality and better storage characteristics are also impm rant.

Introduction

The diverse climatic conditions that prevail in Sri
Lanka permit the cultivation of a wide range of crops
from the typical tropical and sub-tropical 10 temperate
species. Twenty-four well-defined agroecological reo
gions have been identified; these have necessitatec, the
development of a range of crop varieties for specific
agroecological needs. To cater to the needs of these
diverse agroecological conditions. agricultural re
search has been decentralized into nine Regional
Agricultural Research Centers (RARCs) that are sup
ported by different Agricultural Research Stations
(ARSs) and Adaptive Research Centers (ARCs) in the
respective regions. Crops on which research is being
actively pursued are rice, coarse grain cereals. grain
legumes, roots and tubers, condiments. oil seeds, fruit
crops, vegetables, and fiber crops.

Rice being the staple crop. special emphasis has
been given to that crop over the last three decades. As
a result. a number of high-yielding varieties have
been ,j~veloped-mainly by conventional breeding
methJds-which have resistance to major diseases
and insect pests. Today more than 95% of the island's
rice is grown with these varieties. They have a yield
potential of5-10 t ha-1 and are adaptable to a range of
rice-growing ecosystems. However. there is a yield

gap between the potential yield and the current na
tional average yield of 3.6 t ha- I • To allain self suffi
ciency, the national average yields must be il"creased
from the present 3.6 to 5 t ha- I • Since no further
increase in rice-growing lands is possible in the fu·
ture, concentrated efforts have to be made to improve
rice production in the low-potential lands in the coun·
try. and for this new breeding strategies have to be
d(',veloped. Most of the newly bred varieties do not
possess resistance to drought, submergence. cold. sa
linity, or adverse soil conditions (iron toxicity, zinc
deficiency, or acid sulfate). Therefore. to increase
production and to stabilize yield. varieties with suita
ble plant characteristics have to be developed.

Considering the other food crops, which include
chillies. onions. gmin legumes. coarse grain cereals,
oil seeds. roots and tubers, and vegetable crops, high
yielding varieties with better response to inputs and
greater productivity h:,'/O: been developed by conven·
tional breeding. H:.;w::ver, breeding for resistance to
biotic and abiotic stresses has to be accomplished in
some crop~ in order to stabilize yields. Food quality is
also important. Gro\\·th duration is an important factor
in rainfed grain legumes, coarse grain cereals. and oil
seeds where the varieties developed should match the
rainy period, with a goal toward rainwater satisfying
the crops' water requirements.

--
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Plant breeding programs in Sri Lanka were also
Influcnced by the adoption of techniques 10 improve
the genetic makeup of crop plants. Induced mutation
studies using physical and chcmical mutagcns have
becn underlaken since the late 19605. Thcse studies
resulted in the production of rice mulant H4 dwarf
(formerly called MI-273 m), which is a rccom
mended variety (Ganashan 1971). A high-protein pa~

ture grass mutant was also produccd by induccd
mUlations.

Development of Tissue Culture Activities

RapId Clonal Propagation

The tissue cullure technique as an initial biotechnol
ogical activity was initiated in 1976 by the Depart
ment of Agriculture for the rapid clonal propagation
of orchid and anthurium for the cut-flower industry.
This tissue cullure activity is being continued at the
Royal Botanical Gardens for commercial purposes.
About 170 indigenous orchids of the Del/drob/llm and
Val/da species arc found in Sri Lanka.

Pathogen-free Plant Production

In 1984 a Tissue Culture Laboratory was established
at the Central Agricullural Research Institute (CARl)
with the assistance of FAO for the pathogen-free
micropropagation of fruit crops such as pineapple,
citrus, banana, passion fruit, and papaya. Since 1985
mass in vitro propagation of these crops was under
taken to raise homogenous plants for adaptability
studies. In addition, micropropagation of other crops,
i.e., rambullan, strawberry, and ginger were also un
dertaken. Mini-tuber production and in vitro conser
vation of potato varieties were: also done.

Mass micropropagation of potato using meristem
culture of disease-free plants has been undertaken at
RARC, Bandaraviela, since 1987. Stem cUllings ob
tained from plants developed through meristem cul
ture are planted in sterilized soils kept in net houses
to produce tuberlets that are free of all soil-borne
diseases and viruses. n. ese tuberlets are categorized
as basic seed and plantet' to produce foundation and
certified seed. As an alternate technique, the disease
free stem cuttings are r'anted directly in the field,
especially in higher elevations; this produces high
quality tubers.

6S

In Vitro Conservation and Other
Biotechnological Activities

The Plant Genetic Resources Centre (PGRe), which
was established with Ihe assistance of the Japanese
International Cooperation Agency (JICA), iniliated
ucti'lities in 1988. It has facilities to undertake bio
technological research. In vitro conservation to main
tain Ihe germplasm resources of root and tuber crops,
i.e., .sweet potato, cassava, potato, and Dloscorea
a/ata arc done at this center. Callus culture and
plant regeneration studies in rice, embryo culture in
groundnut, chillies, and rice, and electrophoretic
studies in root and tuber crops arc being undertaken.

Potential Contributions of Biotechnology
to Crop Improvement

Although advances in crop improvement have been
made by using conventional plant breeding methods,
there arc limitations for further improvement. Some
of the major constraints arc given here along with the
biotechnological methods which could be used to en
hance the efficiency of traditional crop improvement
methods, or replace conventional methods that have
failed.

Rice

Rapid adoption of new varieties for cultiva~h:;-, has
resulted in narrowing genetic diversity in the field.
The varieties currently in use have genes predomi
nantly from Cina and Latisail, both contributing from
18.8 to 50.0% nuclear gene sources (Javier et al.
1989). All the new improved semidwarf varieties in
usc have their dwarfing gene from Dee-geo-woo-gen.
Major genes for gall-midge resistance were obtained
from OB 677/678 and used in six popular rice vari
eties under cultivatior Five years after release, the
gall-midge resistance in these varieties and the donor
OB 677/678 broke down. For brown plant-hopper re
sistance, PfB-33 was the gene source; this also now
shows a degree of vulnerability. Instances of break
down of the resistance to blast disease have also been
reported. The narrow genetic base in the cultivated
varieties has generated the risk of genetic vulnerabil
ity towards pests, diseases, and other hazards.

Breeding for tolerance to such environmental
stresses as salt, drought, and adverse soil conditions
also faces several difficulties. Plant biotechnologies
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offer plunt brecdcrs a mechunislll for speeding up the
development of vurieties resistant to environmental
stresses. Dcveloping anther culture Icchniques und
per/arming plunt regeneration from callus offer em
cielll melhods for the production of haploids. Callus
induction and plant regenerlltion in indica rice is sig
nificantly lower than in jopollica variclies. However,
appreciable anther callus production of some Sri
Lankan Bg varieties were reporled by Pathinayake
and Johnson (1989). Anther culture has the potential
of compressing breeding cycles, increasing selection
efficiency, providing for early expression of recessive
genes, and exposing gametoclonal variants.

Potato

Potato is cultivaled predominantly in the upcountry
illlermediate and wet zones (7000 ha) during the
1II0ho (wet) and yala (dry) seasons. However, a siz
able extent (500 ha) is cultivated in some parts of the
low-country dry zone during the moha season, during
which the minimum temperature gocs to 22·C. At
these temperatures tuberization takes place in some
varieties, although the minimum temperature require
ment for tuberization is considered to be below 20·C.
Since some varieties tuberize at 22'C in the dry zone,
further improvemelll in developing types that could
tuberize under both maha and yala seasons could be
explored. Varieties that tuberize above 22'C are not
available elsewhere. Current potato production in Sri
Lanka is threatened with severe attack by cyst nema
tode in the upcountry intermediate and wet zones, and
this has led to greatly reduced cultivation. In vitro
mutagenesis in potato protoplasts and subsequent re
generation appears to be easier (Jones et al. 1984),
and this lechnique should be explored to develop va
rieties adaptable to the dry zone so that potato culti
vation could be increased.

Pigeonpea

The remarkable adaptability of pigeonpea varieties in
the environmental eOlllinu':m-ranging from the
drought-prone dry zone to the more stable environ
ments in the intermediate zones has been observed.
Pod borer (Helicoverpa sp) is a serious problem and
to overcome this, wild relatives-Atylosia and Rhyne
"osia species-should be taken for hybrid embryo
production, or even somatic hybridization could be

Iried. Wild relatives of pigeonpea are found growing
under natuml conditions in Sri Lanka.

Groundnut

There is an urgent need to have a very short-duration
and drought-resistant groundnut variety for cultiva
tion in the dry zone. To develop these varieties, bio
technological approaches should be tried.

Sorghum

Sorghum was a traditional dry zone crop and several
landraces were available. Of these, Thambagala was
seen to be more adaptable under dry zone conditions.
During the 1960s, the Deparlment of Agriculture un
dertook a project for the development of sorghum as a
substitute for rice in which they devdoped a short
statured sorghum. Its grain appeared to resemble the
popular round grain samba type rices of Sri Lanka,
but its cookirg quality was not acceptable and it was
not preferred. With biotechnological approaches, at
tempts could be made to develop sorghum types with
the food quality of rice grains. It is possible that the
prolamin content of the sorghum grain has to be re
duced to the level l,f that of rice grain to gain con
sumer acceptability.

Citrus

The genetic diversity of sweet orange (Citrus sinensis),
linae (Citrus auranli/olia), and other citrus species has
been rapidly depleted over the past 30 to 40 years due
to drought, virus (Tristeza), and fungal diseases. A
program to develop orange cultivation has been Imder
taken in the 198Ds. The popular Bihele Sweet Orange
was found to be compiltible as a graft on wood apple
stock and it comes to eArly bearing, but declines after 5
years. Although it produces more fruit, the ~xtemal

appearance and rind thickness of the fruit are unac
ceptable. Production of somatic hybrids of Bibele
Sweet Orange with other species should be tried Suc
cessful somatic hybrids of citrus have been produced
by Kobayashi and Ohgawara (1988).

Conclusion

The following goals for crop improvement using bio
technological approac:les should be taken up either
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locally or in collaboration with international instit
utcs.
• Devclop plant varletics that are tolerant to high

salinity or flooding.
• Improve water-lise efficiency of plants and develop

drought.resistant varieties.
• Improve the resistance of plants to diseases and

pests.
• Develop herbicide-resistont crop plants.
• Modify the amino-acid composition of storage pro

teins in cereals and legumes to improve nutritional
value.

• Improve the composition and storage life of fruits
and vegetables.
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Current Status and Future Prospects
of Biotechnology in Thailand

Jinda Jan-orn I

Abstract

Tissl/e mill/re, for regelleratillg plalltlets resistallt to stress. pests, or diseases, is I'ery poplliar
amollE: plam breeders. Howel'er. it is rare that a lIew sl/ccess/1I1 or excitillg alld IIsefitllille or I'ariety
is deri\'ed/rom it. Protoplast/llsioll alld I'irlls gelle tralls/er are beillg tried ill some laboratories/or
del'elopillg lIew crop I'Qrieties.

Fermelllatioll/or obtaillillg IIsefitl products/rom microorgallisms is allotherfield a/research that
is rather popular ill Thai/alld; biological comrol alld /ertili:atioll are also cOllsidered excitillg
subjects. Howel'er, there is rather small del'elopmcllt all all illdl/strial or ('ommercial scale from the
melltiolled research work.

Current Situation

Many research areas related to biotechnology that
have been explored in Thailand in recent years, such
as fermentation. decomposition, biofertilizers, and
products of microorganisms. are very popular. Mush
room growing as food and as a health food may be a
useful application of microbiology. Biological control
is also another application, but it is still in the experi·
mental stage. Culture and inoculation of Rhi:obiUni
for nitrogen fixation in legumes is also a useful appli
cation that is being used in farming.

For crop improvement, rJpid propagation by tissue
culture in orchid and potato is very popular. In addi
tion. techniques for production of disease 01' virus
free planting materials of citrus, sugarcane. strawbe
rry. and papaya have been developed by some scien
tiSls. Somaclonal variation has been induced in
sugarcane and rice for variety improvement, but im
proved varieties have not yet been produced.

Biotcchnology has become popular among scien
tists in Thailand. especially those in academic insti
tutes. Scientists or plant breeders aim at variety
improvement through genetic engineering or DNA
manipulation to transfer DNA responsible for a useful
trait to a particular plant variety. Aims are to improve

nutritive food value or resistance to diseases or stress.
Unfortunately. this is not easy work; in addition, plant
regeneration from excised plants, cell!:, or callus is
very difficult in certain species and much work con
tinues on this problem. Conventional breeding tech
niques remain the major process of crop improvement
and it is hard to predict how much input biotechnol
ogy will have in the future.

Potential Research Projects

Some of the research projects (Yuthavong and Bhumi
ratana 1989) that are related to crop improvement are
as follows:
• Selection and development of virus-resistant potato

by using protoplast culture and fusion technique.
• Production of disease-free potato seed for commer

cial scale.
• Application of tissue culture techniques for im

provement of steroid and alkaloid yield from So
lamUTI and Duboisia spp.

• In vitro propagation and screening of indigenous
Costus lacerus for high diosgenin production.

• Development of a new variety of rice for saline and
acid soil through tissue culture.

=
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II Development of methodologies for cowpea tissue
culture.

• Technological development of /lowering and orna
mentnl plant production.

• Development of biotechnology l(lr cultivation of
shiilake mushroom.

• Application of lissue culture for the propagution
and development of papaya loleruntto papuya ring
spot virus.

• Improvement und multiplication of pineapple by
aseptic techniques for the canning industry.

• Use of biolechnologicul techniques for selection
und breeding of high-yielding rubber clones.

• Technologicul development of good oil palm for
Thai growers through tissue culture.

• Development and application of tissue culture
methods for rupid multiplication and improvement
of coconut and arecanul.

• In vitro conservation and propagation of the cco
nom ic species of rallans.

• In vitro conservalion and germplasm exchange of
bamboo.

" Development of tissue culture of teak (Tectol/lJ
wandis Linn. E).

• Application of vegetative propagation to improve
timber yield of red gum (Eucalyptus collllJldlllensis
cv. Dehah).

Potential Contributions of Biotechnology
to Improved Crop Production

Pests, diseases, and stresses arc the main constraints
to production in most crops. A crop variety effec
tively resistant to stress, diseases, and pests, espe
cially insects, but maintaining a good yield and
quality, is a distant goal. In the conventional breeding
method, transfer of resistant genes from related spe
cies of crops has been allempted; but no viable em
bryo has been obtained in certain wide crosses and
embryo rescue by tissue culture has been tried in
some crops. Genetic engineering tcchniques will be
uscf;;~, but we may not be ready to enter the field due
to many problems and constraints, especially the lack
of well-trained or sophisticated scientists and assis
tants, as well as the necessary equipment. Most scien
tists who have some training in biotcehnology still
need to gain knowledge and experience for practical
application to crop improvement.
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Biotechnology Resources: Facilities
and I)ersonnel

Colleges or faculties of science in some universilies
have personnel and facilities for DNA manipulation.
Thc group at the Faculty of Science in Mahidol Uni
versily may be the most udvanced,l-lowever, rcseurch
work on biotechnology is also curried on at other
universilies, e.g., Chulalongkorn University, Kuset
sart University, Srinakarintharawirot (Prasanmit),
and Prince Sonkla Nakarin University. Most scien
tists havc recr.ived financial support from Japan, as
well as USA organizations, and Ihe National Center
for Genetic Engineering and Biotechnology, Office of
the Permanent Secretary, Ministry of Science, Tech
nology, and Energy, and from other sources. Within
the Department of Agriculture, Ministry of Agricul
ture and Cooperatives, there is a rather small amount
of research work on biofertilizer in the Division of
Soil; fermcntation by microorganisms and tissue cul
ture in the Division of Plant Pathology and Microbiol
ogy; tissue culture or in vitro screening for stress
resistance in certain crops in the Division of Botany
and Weed; tissue culture techniques related to plant
propagation and variety improvement in Horticulture,
Rice, Rubber, and Field Crops Research Institutes;
and biological control in the Divil'ion of Entomology
and Zoology. In conclusion, biotechnology especially
in crop improvement is rather weak in terms of facili
ties necessary for the work and well-trained personnel
in this advanced branch of science and related impor
tant fields, as well as in molecular biology or DNA
manipulation to handle the work and the sophisticated
equipment.

Future Needs and Priorities for
Facilities Development and Personnel
Training

Efficient gene transfer and screening techniques are
necessary. especially in breeding for resistance to in
sects and diseases caused by fungus, bacteria, or vi
rus. For gene transfer, efficient tissue culture facilities
and well-trained personnel arc needed for embryo
rescue. regeneration, and transformation. Facilities
for detecting the gene or related DNA and protein arc
also needed. Occurrence of disease is not always uni
form or regular and this eausrs a problem in develop
ing a true and efficient resi~ ,ant variety. Therefore,
efficient and practical facilities for disease screening
are needed in crop improvement.

•
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In certllin crops, regeneration of plants from
callus, cells, or fused protoplasts is still 1I problem,
although many plant breeders, especillJly in academic
institutes. have tried to induce in vitro somuclonul
vllriation and selection for stress and diseuse resis
tunce in addition to using conventional breeding
methods

Priority Areas and Needs for Research
and Development

First priority should be given to breeding for resis
tance to pCJts and diseases. especially virus diseases
in the economically important crops, e.g., rice, colton,
rubber, sugarcane, legumes, lind sesame, as well as
some horticultural crops. This goal needs cooperation
between breeder or geneticist, biochemist, plant pa
thologist, and entomologist. However, this seems to
be hopeless at present, since it is very difficult to get
such cooperation, as well as the equipment and facili
ties necessary for research and development. Even
though tissue culture is popular among plant breeders,
regeneration and embryogenesis seem to be diffieult
to achieve. Many scientists are altempting to develop
somaclonal variation and make selection in vitro as
well as in vivo. Some scientists are also working on
protoplast culture and fusion to transfer traits gov
erned by chrom'lsomal as well as cytoplasmic genes.

Areas for Collaborative Research

The Rockefeller Foundation and Cornell University
have supported Thai scientists in biotechnology and
genetic engineering r~search in rice variety improve
ment. especially in breeding for disease resistance
and improved qU1lity. Many breeders and scientists
are also partly financially and technically supported
by the United States and Japanese governments or
organizations, e.g., the United States Agency for In
ternational Development. the Science and Technology
Development Board, the Japan Society for Promotion

of Science, and the Thui National Center for Gcnetic
Engincering and Biotechnology in the Ministry of
Science, Technology, and Energy. Additionally, many
internationally supported projects are also involved,
to certain degrees, in tissue eulture or in vitro tech·
niques for crop improvement, e.g., soybean, mung
bean, cowpea, rubber, potato, oil palm, corn, and
papaya.

Conclusions

The more sophisticated biotechnology for use in crop
improvement, especially that which involves genetic
engineering. is rather new and sometimes inapplica
ble to general crop breeding in 1I developing country,
and it seems to be difficult to develop research in an
efficient and proper way. Scientists who have heen
trained in this area still need collaborative or coopera
tive manpower assistance in their research areas, es
pecially in DNA manipulation. Collaboration could
be done according to the crop commodity; this should
give an opportunity for those who have a common
interest to work together. However, because of bu
reaucracy and the promotion system, it is rather diffi
cult to get people in diffel ent disciplines to work
together. Outside scientists from research institutes
such as ICRISAT should play an important role. Most
present collaboration under foreign or international
support has been done by visits and short training.
This might not be enough for practical research work
aimed at variety improvement by biotechnology and
genetic engineering.
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Some Contributions and Future Research Proble!ns
of Biotechnology in Vietnam

Ho Huu Nhi l

Abstract

Little biotedllwlo!:ieal work has beell eoudl/cted in Vietnam. bl/t ill 1980 the Natioual Bio
tec/II/ologieai Rescarch Progralll was bcgl/n. Sillcc thclI biotechnology has made somc progress and
now eolltriblltes to the del'e/oplllCIlt of agricl/ltllre alld the food indl/stry in Vietnam and has
facilitated thc flltl/re devclopment ofmodern biotec/II/oio!:y.

With its availablc resol/rces. the Natiollal Biotcc/II/ologicai Rescarch Program ol/tlincs major
aspects ofbiotcdll/ologieal development and idelltifies priority areas in order to ovcrcome problcms
ill crop production.

Introduction

As in olher developing countries, biotechnological re
search in Vietnam is scattered and insufficiently fi
nanced. In 1980, a biotechnological research network
was set up. The biological and agricultural re
searchers within the network began to work on a
common program. Their goal was to successfully
apply rhe achievements gained in the world of bio
technology to improve production practices and con
tribute to overcoming food problems and raising the
living standards of the Vietnamese people.

The government biotechnological network has
centralized all the scientific research staffs in the lab
oratories of six research institutes and four institutes
of higher education throughout the country. They in
clude in the North: the Vietnam Institute of Agri
cultural Sciences, the Institute of Biology, the Insti
tute for Agricultural Genetics, the Veterinary Insri
tute, the Hanoi Polytechnical Institute, and the Hanoi
Agricultural College; and in the South: the Research
Center for Applied Biology, the Ho Chi Minh Poly
technical Institute, the Ho Chi r.tinh University, and
the Thu Duc Pedagogical College.

In-country Technological Research

In spite of poor, insufficient facilities and lack of sci
entific information, several contributions have been
made to agricultural development through biotechnol
ogical efforts in Vietnam.

First, in the area of collection and conservation of
plant genetic resources, Vietnam has conserved a div
erse germplasm of crop plants, including 67 collec
tions of different plant species. Of these, the most
important are thp. c~!Iections of tropical, industrial,
and fruit plarlls. TheSf; include: NephililU'ls, Achras
sapota, Citrus. Ananas, Litchi chil;. sis. Musa.
Map,ifera indico, Dyera sp, rubber, coffee, pepper,
and rheobroma cacao.

An agricultural crops genebank has been estab
lished at the Vietnam Institute of Agricultural Sci
ences ((1\lSI). Besides storing plant seeds in the cold
rooms, the Institute has been storing and conserving
the collections of plants vegetatively propagated by in
vitro techniques. About 200 samples of varieties and
lines of sweet potato, cassava, potato, banana, pineap
ple, taro, and sugarcane have been conserved in
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this manner. The minimal growth storage method is
used for those cullivars by lidding 3% mannitol to the
cullure medium and maintaining a low incubation
lemperature (I6·20·C). This germplasm CIIll be mllin
tained from 6 to more than 8 momhs. Collections of
yllm, coconut, and onion arc being transferred from
the field to be conserved in vitro. The samples for in
vitro conservation arc heat-treated and cultured by
meristem-tip culture techniques, Iherefore they arc
almost free of discases.

Cryopreservation has begun to be uszd for pine
apple and banana, but so far the results arc not satis
factory. Sweet pOlato and banana propagated by
tissue culture are available for distribution in vitro.

Rice and Corn

Plant breeding using introduced and 10clA\ crop germ
plasm to select new varieties for production has made
considerable achievements, especially for the main
food crops, rice and corn. Before the green revolution
in Vietnam, poor local varieties of rice were grown.
These were characterized as tall and had a low yield
(1.0-1.2 t ha· I). With development,> in world biology
and agriculture and through international cooperation
and scientific exchange, Vietnam has accumulated a
diverse collection of initial genetic materials with
various characteristics, i.e., disease and pest resis
tance, a wide range of adaptations to diverse ecologi
cal conditions, and high yielding potential. Based on
the conventional methods of breeding (single cross,
three-way cross, and backcross), VieInamesc plant
breeders have successfully transferred valuable char
acteristics, e.g., semidwarf and high yield, from the
introduced lines to local gecetic resources. Thanks to
the contributions of conventional bioteehnology, bet
ween 1985 and 1990, the number of rice varieties in
production has increased greatly. The following rice
varieties are widely cultivated.

Varieties with tolerance to acid-sulfate and alka
line soil. These varieties, 314, 424, and VIS, have
tolerance to high concentrations of aluminum (60
ppm) and iron toxicity (200 ppm) (Chuong 1990).
They are semidwarf and have a high yield of 4.0 t
ha·1• Their tolerance is controlled by the genes
derived from the local varieties "Sai Duong" and
"Chiem Three Leaves".

Varieiles with cold tolerance. Variety NN 75-3 is
widely cultivated in the North. It has cold-tolerant
genes taken from a Romanian variety.
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VarIeties with dlsellse lind pest reslstllnce lind wide
IIdlll)tabillty. CR 203 and IR 1561 are the most im
porlant and cover 60·70% of the rice cullivation area.

Varieties fflr Intensive cultivation 1Ind very high
yIeld (up to 12 t h1l·1). These are NN 8, Xuan No.
2, and DT-1.

With such diversity in genolypc and phcnotype,
the rice varieties mentioned above have increased the
average yield up to 2.5 times and rice production in
Vielnam has doubled (Song et al. 1984). Beginning in
1989, we produced enougll rice for local consumption
and also exported more than I million t each year.

Production of 'Corn hybrid seeds has not been
laken up in Vietnam, but by a combinntion of breed
ing and periodical car-to-row selection or biparental
progeny selection, about 30 new corn varieties have
been released for production. These are short duration
varieties (75-80 days) with a yield of 2 t ha-., for
example, Santa Rose and Nakula (Mien 1985).

Other Crops

Crop improvement is also conducted for other
plants, i.e., sweet potato, soybean, and groundnut,
but the results are unsatisfactory compared to rice
and corn.

Beside the conventional hybridization methods
used since 1980, tissue and cell culture are being
used for crop plant variety improvement, but the
usable results are limited. This technique is mainly
focused on the culture of haploid plants, recovery
and rapid multiplication of some vegetatively propa
gated plants with low natural multiplication rates,
and establishment and separation of vegetative
mutations.

Anther culture was first applied in rice breedi:lg.
Many haploid plantlets were successfully generated
from anther cultures of more than 20 indica vari
eties and lines, mostly local varieties (Uyen 1985).
Ten to twelve percent of anther cultures formed
plantlets. To obtain doubled haploids, haploid seed·
lings were treated with colchicine. In comparison
with the original varieties, these doubled haploids
had earlier maturity and were highly homogeneous.
Furthermore, haploid shoots were multiplied in liq
uid medium to produce a suspension of single mi·
croshoolS that could be placed on petridishes for
selecting salt-tolerant rice lines. The selected lines
could grow on medium supplemented on 10 g 1'(
NaCI (Dung and Uyen 1986).



Pollen culture and haploid plant generation of to
bacco were also successfully uscd for plant breeding.
The doubled har!oid tobacco plants were allowed to
self-pollinale through many generations. The F4 indi
viduals appeared to be morphologically uniform. It is
clear that the generation of homogeneous lines from
haploid plants can shorlcn plant breeding time (Binh
1983).

In vitro recovery and rapid multiplication were
applied to vegetatively propagated erops with low
natural multiplication rates. Because of hot, humid
conditions and many diseases and pests, the potatoes
in Vietnam degenerate very quickly and thus ':.e av;:r
age yield is about 10-12 t ha- I•To overcomr I!:::: crln
straints causing plant degeneration, Nhi e( at. (1990)
tried to develop a method for recovery (',f local vari
eties and rapid multiplication of neWI} introduced
potato varieties. Recovered varieties had a low coeffi·
cient of virus infection (5·7%) and high yield (20-22 t
ha- I) against 30-50% and 10-12 t ha- I for non-recov
ered varieties.

By the system of seed multiplication, in vitro tech·
niques, and post in vitro culture in greenhouses or
nurseries, the annual multiplication rate of potato has
been increased from 3-4 times to more than 2000
times. This work is also conducted in several labora
tories in the North and in the Dalat Research Center
for Applied Biology in the central highland. It ensures
a continuous supply of good seed tubers for potato
production in Vietnam.

Agave, a fiber-producing plant, is cultivated in
drought-prone regions. Its natural multirAication coef·
ficient is so low (4-5 times), that it cannot meet plant
let production requirements for growers. The Bio
logical Research Institute has developed in vitro prop
agation techniques in which shoot tips were used as
explant material. Shoots or multiple shoots were for
med on MS medium supplemented with 0.2 mg I-I
BA. The propagation rate obtained at the Institute is
more than 1000 times (Muoi and Binh 1990).

On MS medium supplemented with IBA and BA,
many multiple shoots are generated. The generated
plantlelS have preserved their characteristics during in
vitro multiplication. Using this process, the sugarcane
line F 105, which has a high yielding potential, can
be introduced rapidly into sugarcane production in
Southern Vietnam. (Minh and Lien 1986).

The Applicable Results of Microbiology

Some results in nitrogen fixation research have been
of great significance. Many local microbial strains are

being field tesled. The Microbiology Department of
the Vietnam Institute of Agriculture Sciences has pro·
posed a scheme for microbial Nitrazin production.
Their microbial inoculants arc being effectively ap
plied to some legumes, such as soybean and ground·
nut, with an increase in yield of up to 45% (Viet and
Cuong 1986). Isolation. strain selection, and produc·
tion of blue-green algae-a nitrogen fixer for rice
wcre also being researched.

In Vietnam, the need for gibberellic acid (GA)
increases from day to day. GA stimulates the growth
and increases the yield of tea, vegetables, and IOma
toes. GA also conlrols /lowering of coffee and many
other plants, which increases their economic value. To
meet the production requirements in our country, re
search on a GA production technology scheme has
been conducted. To date, we can produce 50-100 g of
GA per day. Its quality is high and its price is lower
than that of imporled GA (Uyen 1990).

The use of AspergW:'~ for molasses fermentation
to produce citric acid gives good results. Every year
about 500 t of molasses is being fermented giving
large amounts of cilric acid. This meets the consump
tion requirement at a lower price than imported citric
acid. (Uyen 1990).

Since 1986, mushroom production has become
more and more popular. The mushroom-growing
technique has been accepted by many farmers' fami
lies. The most widespread mushroom species in Viet
nam are Pleuritis oSlrealus, Agariclls bisporus, and
Volvaniella volvaces. Their average yield is 12-15 kg
m-2 (Kiet and Lien 1986). Mushroom growing gives
many benefits. For example, it makes the most of
agricultural byproduclS like straw, hulls, and bagasse
and creates an additional source of employment for
farmers. Mushrooms are a valuable product for ex
port to Japan and Italy, as well. Seventy t of mush
rooms are exported each year (Nha 1987).

The Main Constraints to Agricultural
Production

According to government statistical data from 1989,
the cultivated area in Vietnam is about 8 million ha.
Of these, acid-SUlfate and alkaline soils occupy about
2 million ha and drought-prone soil 1.8 million hat
Thus far, soil improvement efforts have not produced
satisfactory results. Most crops grown in these: soils
have low yield (1.0·1.2t hn- I for rice, 0.6-0.8 t hn- I for
groundnut), even though rice and groundnut have
good adaptability. There is still much noncultivated
soil in this category.
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L1kc other tropical COUnirieH, Vietnam has clhna
tic conditions favornble for plant growth. Atthc Hamc
timc, these conditions encourage dcvclopmcnt of
pcsts and discascs, espccially viruscs. These dlscascs
make many plants, likc root and tubcr crops, dcgcncr
atc quickly and causc ylcld losses up to 30·40%. Thc
most important virus dlscases in Victnam arc:
• Potato viruscs X, Y, A, M, and S
• Bean ycllow and bean common mosaic viruscs
• Citrus Irisleza and mycoplasma-like diseaseH
• Rice grassy stuDl, ricc transitory yellowing, and

rice dwarf viruscs
• Maize stripe and maize dwarf viruses

An FAD cxpert reports that each 100 kg of rice
biomass contains 50 kg of rice straw and 10 kg of rice
hulls (Barreveld 19119). Each 100 kg of sugarcane
biomass conlains 18 kg of bagasse and 3 kg of mo
lasses. By that, every year Vietnam has about 20 mil
lion t of bagasse and molasses. These are a very big
source of lignocellulose from which Vietnamese in
dustry has not manufactured products of cconomic
value.

Evcry year Victnamcse farmcrs use about 3 mil
lion t of nitrogcn fcrtilizer, of which one·third is pro
duced in the country; the rest is imported. The lack of
nitrogen fertilizers could be partly compensated for
by preparations of nitrogen-fixing microorganisms.
We have taken the first steps in this field and our
results are very promising, but a small amount of
thcse biofertilizers is produccd and applied to only a
few crops.

Conclusions

Future Needs of Biotechnology

Thc objectives of biotechnology in Victnam for the
future include application of biotechnology achieve
ments to conserve and effectively use the biological
resources, and the utilization of biotechnology to
solve real problems, such as employment and im
provement of living conditions for Vietnamese peo
ple. Simultaneously, it is necessary to establish the
material base for modem biotechnology. To realize
this, we will direct our biotechnology research toward
the following.
• Isolation. culmre, and storage of microbial strains

that are active in nitrogen fixation for legumes and
non-legumes (biologic!!1 nitrogen fixation).

• Collection and storage of genetic resources of crop
plants to overcome genetic erosion in nature and to
supply valuable malerials for plant breeding.
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• Crop Improvcmcnt in ordcr to raisc crop ylcld,
cspccially ill difficult to cultivate arcas such as
drought-prone, acid-sulfatc, and alkaline soils.

• Recovery of degeneralcd crops, cspccial!y root and
tubcr cropH and fruit trecs, and rapid seed multi
plication of thcse crops and trces.

• Developmcnt of biological conversion for rural
food fcrmentation, biofucls from agricultural crops
and rcsiducs, mushroom production, plant biomaHs
convcrsion, and animal vaccincs.

• Molccular biology and genctic enginccring, in
general.

The Top Priority Problems In Biotechnology
Research

• Isolation, screcning, and testing the local nitrogcn
fixing organism collection of rhizobial bacteria
with legumcs and blue-grecn algac with rice.

• industrialized production of microbial fertilizer (and
its subsequent application in production and contri
butions), to ovcrcome nitrogen-fertilizer deficiency.

.. Use of 'issue and cell culture tcchniques for conser
vation and storage of vegetatively-propagated
crops, recalcitrant seeds, and also for crop im
provement and breeding.

• Fermentation of ccreals and legumes 10 improve
their nutritive value and conversion of agricullural
waste into animal feed or other useful products.

Material Base and Training for Biotechnology

Many research institutes and institutes of higher edu
calion take part in the biotechnology research pro
gram. They include six laboratories for cell and tissue
culture, seven laboratories for microbiological rc
search, and seven laboratories for biochemistry and
molecular biology research.

Some of these are well equipped thanks to the help
of United Nations organizations and of other coun
tries. The rest, in general, have poor facilities; their
equipment is old and chemicals are in short supply.

To develop biotechnology in the coming years,
Vietnam will promote research and training on the
following:
• Food biochemistry
• Microbial nitrogen fixation
• Plant breeding using in vitro techniques
• Disease testing techniques, especially virus testing

for in vitro plants
• Genetic engineering
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· lour great efforlll lind the kind-
hearted help of tho international flclenllfle community
we will flucccHHfully reall7.c tho SoalH of our bio
technology reHf,larch lind developmcnl progmlll In Ihc
coming yearH.
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Cell and Tissue Culture in Cereals

S.R. Srcc Ibngasamyl, N.M. Ramaswamyl, R. Narasimman l,
and N. Kumaravadivclu2

Abstract

Cereals provide three-Iluarters of world ellergy lIeeds alld more than aile-halfofproteiIlIlL'eds. and
are Importallf as cllffle feed. IJy the year 2000 it is esfil/Illted that food production should be dOllbltd
to feed the illcreasinJ{ poplllation. Most IIncultiva/ed lalld has limited potellfial for cropping alld a
production illcrea.ve ;/IIlst come fmll/ the improvemelll of the genetic potelllial of cereals. Recent
adl'ancemL'lIIs in cell and tisslle culture techniqlles in cereals hllve opened lip a wide scope for
cre'lltillg novelg(!fletic \'ariation tllllt could be best used ;'-:/II1'1her improvement programs. However,
the illitiation of orgallogene: .~ in vitro is a complex mOl1JllOgenetic phenomenoll. whereill both
extrinsic and intrinsic factors ,'lay a role. Several facwrs tllat are believed to playa direct or
illdirect role in reglliating organogenesis in vitro are reviewed. Studies over the past several years
have indicated that reglllawry mechanisms operate at various levels. i.e.• donor genotype and
e.\]Jlallf selection. medium componellts. exogenous hormone level. physiological staflls. cytological
changes, and biochemical level. Manipula/ion of medium. culture environmem. and selection of
respondillg genotypes have resulted in weat progress in regeneration of cereals. However, we are
stiff far from IIl/derstanding how organogenesis is reglllated. /n the final analysis. this answer may
come ji'omthe area ofmoleclliar biology. all area that is presently IIl1der intensive study.

Introduction

By 2000, it is estimated that the world's population
will excecd 6 x 10 111 people. This will necessitate
doubled food production within the next ten years.
Production increase must come mainly from higher
crop yiel£!J.

Genetic variability in the cereals has not been ex
hausted. With recent advancement in in vitro culture,
new and sophisticated techniques are becoming avail·
able for crop iri1provemenl. They include cell and
tissue culture, cell fusion and genetic transformation.

The earliest report on in vitro culture in cereals
dates back to 1964 by Furuhashi and Yatazawa. Nishi
et al. (1968) were the first to succeed in regenerating a
whole plant from rice calli and were also the firsl to
succeed with monocolyledon species. In the same
year, Niize!d and Oono produced haploid rice seed-

lings from pollen grains. In this chapter, Ihe recenl1y
published results on variou:; aspects of regeneration
in cereals-rice, sorghum, pearl millet, finger millet,
wheal, barley, oats, rye, and triticale-arc rp.viewed
and progress made in our laboratory is presented.

Anther and Pollen Culture

Anther cuhure remains Ihe most extensively investi
gated aspect in cereal tissue culture due to the possi
bility of obtaining haploid cells, tissues, and complete
plants that have only a single dose of genetic informa
tion. Most of the reports on organogenesis in vitro fall
into the category of manipula\:on. In these, successful
organ formation is achieved through selection of suit
able explant, proper choice of the medium, and con
trol of tb: physical environment.
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The choice of the explant is of paramount importance
in achieving Nuccess in regeneration.

Several factors such us the genotype of the donor
plant. physiological and ontogenetic age, the tissue
source, size of explnnt, physical environment, and the
overull qunlity of the donor plant from which explanls
arc to be obtuined arc found to be involved.

Genotype. II is well known that induction frequency
and regeneration ability of the pollen callus or embry
oids vary greatly with the genotypes of anther-donor
plants. SevernI researchers like Niizeki and Oono
(1968), Chu (198Z). Rush et al. (1982). Ding et al.
(1983), Zapata (1985), Bu (l98S), Boyadzhiev and
Fam Viet Kong (1989), Guiderdoni et al. (1986). Mik
ami and Kinoshita (1988), and Quimio and Zapata
(1990) have observed genotype differences for cultur
ability in rice. Similarly, Forl)ughi-Wehr and Zeller
(1990) in wheat, Powell (1988) and Knudsen et al.
(1989) in barley, and Barlov and Beckert (1989) in
maize have reported similar results.

Genotypic variation is mostly seen in the ext::nt of
response rather than in the existence of responsive
and nonresponsive genotypes. In general, japol/im
rice genotypes responded better than il/dica (Chu
1982; Gun 1982; Zapata 1985; Manimekalai and Sree
Rangasamy 1983 and 1987; Yang 1988; Narasimman
et al. 1990; Quimio and Zapata 1990), and F1 hybrids
perform better than their inbred parents (Cornejo
Martin and Primo-Millo 1981; Chen 1986(a); Mani
mekalai and Sree Rangasamy 1987). II was suggested
that the pollen callus induction frequency is c· .n
trolled by genes of the diploid heterozygous anther
wall tissue and not mainly by genes of the hemi
zygous microspores (Junwen 1986). Genotypic varia
tion to the extent of green plant or albino plant
regeneration is also reported in rice (Wu et al. 1987;
Datta et al. 1990) and in wheat (Agache et al. 1989).
In sorghum, anther culture studies are very Iimitr.d.
Zenkteler (1980) reported haploid albino and green
plantlets from S. halepallse. Rose et al. (1986) ob
tained albino plantlets from sorghum anthers.

Rice japonica races seem to be good combiners
for callus induction as compared to indica (Miah et al.
1985; Quimio and Zapata 1990). Studies on the ge
netics of anther culturability revealed that this trait
was heritable, was controlled by multiple genes
(Miah et al. 1985), had independent inheritance
(Davoyan 1987), and had no maternal influence (Bull
owck et al. 1982; Ouyang et al. 1983; Foroughi-Wehr
and Friedt 1984; Quimio and Zapata 1990). On the

oj 1~"'I)hmt contrary, Muthius und Fukui (1986) und Sagi und Bur
nabas (1989) observed the cffect of nuclear-cyto
plasmic interaction and/or nuclear effect on plunt
regenerution capacity. However, in some eytoplusmic
substitution lines, the cylOplusm can signilieantly af
fect tissue culturability (Muthias and Fukui 1986;
Mathias et al. 19H6; Szukacs et al. 19H8; Sagi and
Barnabas 1989). Studies in wheal chromosome substi
tUlion lines revealed thlltthe 7A and lB chromosomes
had consideruble effect on cllilus indul~lion lind 3A
and 2D had II definite inlluence on green-plant regen
eration (Szakacs et al. 1988). Agache et al. (l989)
observed thai the gene:; on the CS ID chromosome
and the SBL chromosome arm increased embryo fre
quency. Genes involved in regeneration were located
on the IRS chromosome arm and II gene increasing
albino frequency was located on the Chinese Spring
5B chromosome. The best responding winter wheat
cultivar "Florida" was characterized by the presence
of the IB/IR wheat-rye translocation chromosome
(Foroughi-Wehr and Zeller 1990).

Ontogenetic age and physical condition of the do
nor plant. The physiological state of the donor plant
at the time of explant collection is known to affect
response in a number of plants (Foroughi-Wehr and
Mix. 1979). Anthers from 1I0wer buds arising early in
the onset of 1I0wering are beller than from the buds
arising later in the season (Narayanaswamy and
Chandy 1971; Sunderland 197\). In rice, panicle-to
panicle differences in callus induction have been re
ported. Although during the incubation of anthers,
light has not been found to have a crucial effect on
callus induction, the light condition under which the
parent plant is grown appearb to have a considerable
effect. Plants grown under natural light during the
normal season have been found to be beller than those
grown under artificial light during off-seasons (Pel
letier 1972 cited in Pandey (1973». In rice, tempera
ture and sunshine during 1I0wering affected anther
response markedly (Hu et al. 1978). The indica rice,
Basmati-370, gave a better response when 1I0wering
when the average maximum-minimum temperature
range was 34.Z-23.3"C, (Raina et al. 1987). In wheat,
no significant differences were observed between the
three environments studied, i.e., IS"C-16/8 h Iight/
dark, 20·C-16/8 h light/dark, and 20·C-IZ/12 h Iight/
dark). However, beller response was observed at
20·C with 16/8 h light/dark conditions (Jones and
Petolino 1987). Significant genotype x environment
interaction was observed for embryo formation.
Zhong and Liang (1981) observed that the pollen
callus yield in barley was correlated with the thick-
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decrease of lapelUm thickness. The growlh condition
of ihe donor pillut was complicated, yet the Jllost im
portant conditions might be temperaturc, Iighl, and
nUlrienl supply at lhe stage of llnlher lormation. For
the chosen explanls, signil1ellnt differences were ob
served aJllong lhe individual wheat planIs (Carmun et
al. 1987).

Donor phlllts-culture treatments. Large improve
menls in embryoid formation could be made by im
proving environmenlal condilions (Bjarnslad et al.
1989). The effect of the age of the parent plants, the
stage of /lowering, und the posilion of lhe bud in lhe
in/lorescence indicate that the content of growth hor
mones in the growing tissues of Ihe young bud may
be relevant in this conneclion. Thus, hormones-IAA,
NAA, or gibberell!:: acid. alone or in combinations
sprayed on the parent plant about I week bdore using
the bud, may be beneficial for induction of pollen
haploidy (Pandey 1973). Wang and Chen (1980) re
porled that the pollen callus yields of winter wheat
were signil1canlly increased whenlhe seeds were first
germinated and '/crnalized artificially and then sown
in the field in lipring just before the ice in the soil
began to melt, instead of sowing the seeds normally
in autunn. Picard el al. (1987) observed thaI spraying
with a chemical hybridization agent (Fenridazon-po
tassium) to the /lower buds undergoing meiosis re
sulted in a 20-fold increase in embryo production.

Pre- and postinOCUlation physical environmental
conditions. The pre- and post-inoculation treatments
are given as a means of neutralizing the more power
ful male potency normally present in the young mi
crospores of the majority of /lowering plants. During
the cold-shock trealment, additional divisions of the
nongametophytic type are kn0wn to occur and these
facilitate the induction process in the dedifferentiating
culture medium (Nitsch 1974). In graminaceous
crops, it has been reported that cold-shock pretreat
ment of young spikes was effective lor anther culture
of Oryza sativa (Zhou and Cheng 1982), Hordeum
vulgare (Huang and Sunderland 1982), Seca/e cerea/e
(Sun et al. 1978), and triticale (Sun et al. 1980).
Among the indica and japonica rice genotypes, the
cold shock pretreatment requi~ements varied (Zhou et
al. 1983). They also pointed out that when cold treat
ment"duration exceeded a certain limit, lhe induction
frequency decreased markedly. They also observed
that cold treatment not only significa~!tly increased
anther response but also enhanced green plant pro
duction. In rice, different temperatures and incubation

(Chaleff etal. 1975); IWC liJr 4-8 d (Jlu et al. 1978);
5"C or lOT for 7 or 10 d or 13'C for 10 or 14 d
(Genovesi lind MugiIl1979); 2-4'C lor 48 h (Cornejo
MaJ'lin and Primo-Millo 1981); 7'C for 3 d (Chaleff
and Slolarz 1982); 9·10·C for 20 d (Zhou et ul. 1983);
8'C lor 4-8 d (Zapata et al. 19113 and 1985): 10'C for
10 d (Manimekalai and Sree Rangasamy 1987); W'C
lor II d (Gupla and Borthaker 1987); 4'C and/or W'C
lor 1O·lll d (Dalla et al. 1990); and 6-8'C for 8 d
(Quimio and Zapata 1990).

However, in wheat, the effects of cold pretreat
ment have been unsatisfaclory. Indeed some prelimi
nary experiments showed that cold pretrealment was
beneficial to wheat anther culture (Pan et al. 10 75).
However, repealed experimenl~ showed thUlthe effect
was unstable. Liang et al. (1982) and Muller et al.
(1989) were unable to observe beneficial effects of
cold pretrealment on wheat anlher culture. However,
Huang (1987) reported Ihat pretreatment at 30'C for 8
d gave 40% more microspore callus and green plants.
At present in wheat alllhel' culture, this pretreatment
may be adopted as a measure to store young spikes to
oblain a continuous supply of anthers and decrease
the workload and pressure during inoculation. In bar
ley, 4'C for 21 d gave the highest response (Powell
1988). In maize, 15'C for 4 d doubled the number of
embryo-like structures (Pescitelli et al. 1990). Heat
treatment rather than cold pretreatment is also known
to be stimulatory in rice: 40'C for 15 min (Rush et al.
1982); 35'C for 15 min or 5 min prior to W'C for 7 d
(Zapata and Torrizo 1986).

Besides temperature, centrifigation of rice pani
cles at 2000 rpm for 10 min (Zhu and Wang 1982),
and gamma irradiation of anthers prior to culture
(Sun et al. 1978; Yin et al. 1984; Zapata et al. 1986)
have been found to increase the callusing efficiency
by more than 28 times.

Developmental stage of explant. In rice, anthers in
oculated at the mid- to late-uninucleate pollen stage
have been found to be the most suitable for culture.
00!l0 (1975), Chen and Lin (1976), Chen (1977), and
Cornejo-Martin and Primo-Millo (1981) conducted
detailed studies. They concluded that anthers at the
tetrad stage do not respond at all, and carly uninucle
ate pollen may respond poorly. Mid- to late-uninucle
ate pollen responds the best. Anther respon&~ faUs
sharply after the first poUen mitosis. Anthers in early
stages of nuclear division respond more readily than
those in the later stages. Calli from late-uninucleate
poUen tends to show less regeneration potential and
produce more albinos. Staging of microspores in iron
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tion (Gupta and Borlhakar 19H7).
In wheal also the developmenlal stage of the pol

len al Ihe time of culluring is very important. He and
Ouyang (l9H4) found that in some genotypes haploid
callus and subsequently haploid green plunllels could
be obtained from microspores llt vllrious stages, from
early meiosis 10 binucleate pollen. TIle highest peaks
of callus induction and planllet regeneration were ob
served from mid- or late-uninucleate microspores. Xu
et al. (1981) found that Ihe pollen at mid-uninucleate
stage was optimum for in vitro anther cullure in
barley.

Culture media for Induction. Niizeki and Oono
(1968) used Blaydes (1966) medium in their first re
port of successful rice anther cullure. Until 1975 sub
sequent researchers used the same formulation or
allempted only slight changes. Oono (1975) examined
several other media and recommended Murashige
and Skoog (1962) medium (MS) as the most suilable
medium for anther culture. Yang (1975) was the first
one to improve the basic in/5redients of wheat anther
eullure medium. He reduced the concentration of four
major inorganic salls of MS medium to half their
original strength but increased Ihe concentration of
KH2P04 to 275 mg 1. 1 with biotin at 0.5 mg 1'( (Maiji
I medium). The success of this medium was much
higher than the original MS medium in wheat anther
culture. Almost at the same time. Chu et al. (1975)
reported a medium. N6. for rice anther cullure. It was
found to be suitable for induction of callus from
wheat pollen. The effects of Maiji I and N6 medium
were similar. Later. however. N6 medium was much
more widely adopted for wheat anther culture. Re
cently. CI medium (Chen and Wang 1979). CI7 me
dium (Wang and Chen 1983), and D medium (Zhang
& Meng 1982) were proposed for anther culture. In
general. the induction frequencies of polIen calli by
these media were significantly higher. but the green
plantlet regeneration ability of these ~alli was lower
than N6.

Rice anthers respond to many basic media such as
Miller medium (Chen et al. 1974: Wang et al. 1974).
modified MS mcdium (Chen 1977), LS and modificd
LS media (Chalcff and Stolarz 1981), and modified
Whitc's medium (Tsai and Lin 1977). So far, N6 mc
dium (Chu et al. 1975) has been widely adoptcd for
japonica ricc. These authors pointed out that the
growth and differentiation of rice pollen callus are
influenced by major salts, especially by NH4salt. An
NH4+-ion concentration lower than 7 mM is benefi
cial. Best results were obtained when the concentra-
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mM, respectively. For f,,(/lea rice, a concentration of
3.5 mM NI-I,,+·ion was optimum for callus induction.
Increasing KH 2PO" to !lOa mg I-j ar,d iron salls to
2-fold lilrength of MS medium was ',ound to be bene
ficial. Subsequently, He5 basic medium was devel
oped (Huang et al. 1978) for indica rice. SK3 medium
has been developed for japonica-i"dica hybrids. In
creasing Fe-EDTA, MgS04, and KH2P04 in Miller
medium favored both callus induction and subsequent
regeneration. By combining the inorganic salts of N6
and organic ingredients of MS, the induction effects
were far beller than that of modified MS medium in
japo/lica and japo/lfca-i/ldica hybrids. Two new me
dia, L-8 and 'General'. have been formulated in
China and N6-YI (Chung and Sohn 1986) in Korea.
N6-YI is essentially the same as N6, but ils nitrogen
source consist~ of 28 mM KN03, 1.75 mM (NH4)2S04'
and 1.75 mM L-glutamine, instead of the 28 mM
KN03 and 3.5 mM (NH4)2S04 of N6. Chen et al.
(1986) observed that more rice anthers formed callus
when either 0.1 mM Na2Fe-EDTA or 0.1 mM NaFe
EDTA was added to the culture medium. However,
increasing the iron concentration to 0.2 mM led to
toxicity. Manimekalai and Sree Rangasamy (1988)
reported that the response of rice anthers was better
on modified N6 medium. Raina et al (1989) formu
lated two media, SK-l and MSN, for efficient anther
culture of some indica rice hybrids. MSN medium is
a blend of MS and N6 medium. The nitrogen source
in SKI is mainly NO)", but vitamins, amino acids.
sucrose. and hormones were similar for both the me
dia. Boyadzhiev et al. (1986) and Boyadzhiev and
Fam Viet Kong (1989) also reported that N6 was
better for callus induction in rice while MS was better
for obtaining regcnerants. Rout et al. (1989) reported
that potato-2 medium was superior to N6 in terms of
increased anther response. early callus induction,
multiple calli formation, and overall green plant
regeneration.

Culture medium for differentiation. Many reports
point out that media with a relatively high content of
inorganic salts arc more suitable for the differentia
tion of callus. The differentiation frequencies of rice
pollen callus on different media were as follows:

Modified N6 > RM > MS Y2MS > l'v1i11er > Nitsch

Addition of various concentrations of Na2Fe-EDTA.
NaFe-EDTA, or a combination of the two improved
plantlet production in rice (Chen et al. 1986). Use of
modified MS medium containing reduced nitrogen
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Ficoll might favor microspore embryogenesis and
green-plant regcl1eration in rice (Dalla et al, 1990). In
wheal, a medium based on twice the MS inorganic
salt concentration gave a significanlly beller response,
and inclusion of MS vitamins at normal strenglh ap
peared to be eSlientilll for oplimum response (Carman
et at. 1987a). Shimada and Otani (1989) reported thut
potato medium produced more pollen embryoids than
N6 medium. Potato aqueous extract which was de
rived from potato tuber with rind had a more stable
effect than the one without rind.

Com:cntratlon of carbon sources. Sucrose is added to
the medium as a carbon source and to adjust osmotic
pt~ssure. Various concentrations of sugar ranging from
t.5 to 12% were tested. In general, a low concentration
(3%) favored androgenic initiation and callus induc
tion. while a higher concentration (8%) inhibited callus
formation. TIle differentiation frequency of green plan
tlets was higher at 6% than at 3% sucrose (Clapham
1973). Chen (1978) reported that 6% and 9% sucrose
enhanced both callus formation and subsequent regen
eration, but most plantlets that differentiated from
callus with media containing 9% sucrose were albinos.
Chaleff and Stolarz (1981) suggested that the influence
of sugar was due to the effect on the osmotic pressure
of the medium, which was more important than its
utilization as a carbon source. Liang et al. (1980) tested
the penetrability of late-uninucleate microspores of rice
in both 0.24 M and 0.12 Msucrose solutions and founi
that the penetrability of the grains in 0.12 M solution
was one and a half times higher than that in 0.24 M. In
rice. a higher sucrose concentration (6-12%) induced
anther callusing (Kim and Raghavan 1988) as com
pared to a lower (2%) sucrose level (Mercy and Zapata
1986). In wheat. several studies have revealed almost
the same conclusion that 9% and 10% sucrose concen
trations (Junwen 1986) favoured callusing frequency as
well as regeneration ability. In barley, Sorvari and
Scheider (1987) observed that starch medium together
with melibiose had revolutionary effects in producing a
high number of embryoids and green plantlets and also
drastically reduced the number of albinos. Finr.ie et al.
(1989) observed that [he overail green plantlei differen
tiation was higher in maltose-based media as compared
to one based on a malt extract.

Exogenous Hormones

Callus Induction. A wide variety of growth-stimulat
ing hormones hav~~ been tried. singly and in nu-

NAA, 2,4-0), cytn ' :nins-kinetin (Kin), zentin, and
6-benzylnminopurme (BAP)--and complex growlh
substances-coconut water (CW), yeast extract (YE),
and casein hydrosolate (eH)-have been used for rice
and wheat anther culture. However, in rice, the re
sponses from these combinations was lowcr than 2,4
D (2 mg I-I) alone (Raina 1977). He also observed
that addilion of zeatin (0.01 mg 1.1) or YE (2 mg (.1)

enhanced the response slightly. NAA (2 mg J.I) in
creased callusing frequellcy as compared to 2 mg 1.1
2,4-0. However, plantlet regeneration was lower in
NAA-induced pollen calli. Chou et at. (1978) tested
22 chemicals and found that 2,4,5-T and TCP
(picloram) were effective in callus induction. Cor
nejo-Martin and Primo-Millo (1981) found that 2,4-0
(2 mg I-I) favored callus induction in some genotypes
while NAA (2 mg I-I) favored callus induction in
others.

Of late. most researchers now employ several hor
mones as "combined initiation factors". In japonica
rice. Yang et al. (1980) used a combination of 4 mg I-I
NAA. I mg 1. 1 2,4-D, and 1-3 mg I-I Kin. For indica
rice, they used 2 mg I-I 2,4-0 +2 mg I-I NAA +3 mg
I-I Kin. However, a combination keeping 2,4-D at \
rng 1. 1 or lower and using Kin at 1-3 mg I-I has been
found especially suitable for subsequent regeneration
(Chen et at. 1986). Rout et at. (1989) reported that
NAA was significantly superior 10 2,4-0 in terms of
callus induction.

In wheat, 2,4-0 (1-3 mg (.1) was found suitable for
anther calli induction. Besides the higher sucrose con
centration. older pollen developmental stage (Re
search Group 301 1977) and the genotype of anther
donor also affected filament callus formation (Shim
ada and Makino 1975).

Regeneration. In rice, all pollen calli do not regener
ate. and shoot differentiation from 50% of the calli is
considered very good. Best regeneration response is
observed when calli arc transferred after 10-12 days
of their emergence (about 2 mm size). Shoot induc
tion could be achieved by transferring 2,4-D-induced
pollen calli to IAA plus Kin medium (Niizeki and
Oono 1968) or to a hormone-free medium (Wang 2t
al. 1974). The relative ratio of lAA. NAA. and Kin
also played a role in differentiation. It was found that
fAA favored root elongation while NAA benefitted
the sturdy growth of root. So. a combination of Kin.
NAA, and IAA was generally used to indut::e differ
entiation for higher green-plant regeneration (Waka~a

\982). Chaleff and Stolarz (1982) obtained a high rate
of regeneration using modified MS medium (R3) +
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ments such us YE (250 mg I-I) or ell (250·5IX) mg
1.1) or hydn'!ytic nucleic acid (20-2()() mg 1. 1) in lhe
induclion iiildium improved the callus qualily and
subsequenlly the regeneration ability (Y;mg et al.
1980). Addition of CH or CW in regellelUtill:; me
tHum also imr,roved the rcgencro.tIOJI ability. Zhou et
al. (1983) poir.lted oUI that alanine, folic acid, and co
enzyme A enllance the CHllus formation of indica
rice. Zapata et al. (1983) using B5 medium reporled
about 40% regem'ration emciency. Chung and Sohn
(1986) noted that calli from induction medium con
taining NAA, Kin, and abseisic acid (ABA) showed
beller regeneralion ability than 2,4-D-induced calli.
Chung (1987) nOled lhal addition of ABA prolonged
lhe regeneration potentiul. Rout et al. (1989) also re
ported that calli formed in the presence of NAA and
Kin were the earliest to differentiate as compared 10

calli induced on 2,4-0- and Kin-containing medium.
In wheat anther culture, lhe sucrose level and es

pecially lhe auxin level in the regeneration medium
should be greatly lowered (Zhuang and Jia 1983). In
general, sucrose (3%), IAA (0.2-2 mg I-I), and Kin
(0.2-2 mg I-I) were found to be optimum (Ouyang et
al. 1973). Increasing thiamine 10 I mg I-I was also
found 10 be advantageous (Junwen 1986). Thus, it was
seen that the effects of these hormones were compli
cated. The influence of these hormones on culture not
only depended upon their concentration and mutual
ratio, but were also related to lhe concentration of iron
salts, sugar, and other components in the medium.

Physical Environment

The relevant factors in the physical environment arc
many. These include the physical form of the me
dium, i.e., whether solid or liquid, pH, humidity,
light, and temperature. These factors can have a pro
found effect on organogenesis. The light factor in
volves a combination of several components such as
light intensity, daily light period, and quality. Al
though the light requirement for photosynthetic activ
ity is minimal, it may be required for certain photo
morphofenic events. In triticale, Bernard (1980) re
ported a 2.25-fold increase in embryoid induction in
darkness, as compared with light incubation at 3000
lux. In wheat, Bjarnstad et at. (1989) reported that
high-intensity light during the incubation strongly
suppressed induction but stimulated regeneration of
green plants in recalcitrant genotypes. Weak diffuse
light did not inhibit induction. However, the positive
effect on regeneration was maintained. Raina et al.
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+I'C and 2000 lux light inlensily for regeneralion in
rice and Dalla et al. (1990) mailllained a pholoperiud
of 16 h Iighl, at 4000 lux light intensily lind at 25'C.
Howevcr, Cornejo-Marlin and Primo-Millo (1981)
and Manilllekalai and Sree Rangasamy (1987) re
poned that dark incubation gave a beller respunse.

The posilion of lhe anther at plaling also influ
ences amher callusing in rice (Mercy and Zapata
1987) and in bi'rley (Powell et al. 1988). Jones and
Pelolino (1988) observed that liquid regcneralion me
dium produced twice as many embryos when com
pared 10 agar-solidified medium. Addition of Ficoll to
liquid medium furlher increased the response. They
also observed that addition of activated charcoal re
sulted in increased response in wheal anther culture.

Albinism

Albinism is a serious problem in cereal nnther culture
(Nitzshc and Wenzel 1977). Many factors have been
found to affect the degree of albinism. The frequency
of albino plants seems to be genotype-dependent
(Yang 1988). Wang et al. (1978) observed the pres
ence of proplastids in leaf cells of albinos and Sun et
al. (1978) reporled the absence of ribosome~ and frac
tion I prolein. No definile relationship could be estab
lished between the albinos and media components
(Chu 1982). However, Feng and Ouyang (1989) re
ported that a higher concentration of KN03 (35 mM)
in CI medium increased lhe green plant to albino ratio
in wheat anther culture. In rice, use of high sucrose
concentration (9 to 12%) (Woo and Chen 1982; Mercy
and Zapala 1986), high level of 2,4-0 or NAA (10 mg
I-I) (Chen 1983), higher pretreatment temperatures of
panicles at 35'C for 3-5 days (Qu and Chen 1983),
higher incubation temperature of more than 2S'C
(Song et al. 1978), and the physical envirr..meni ~f

the donor plant (Huang et al. 1983) seem to increase
the frequency of albinos. On the other hand, low pre
treatment temperature (1O'C), 6 times higher strenglh
of iron salts in N6 medium (Guo 1983) seem to in
crease the frequency of green plants. Day and Ellis
(1984) reported that plastids in most of the albino
plants have r.lcletions in their genomes up to 80%.
During the development into binucleate pollen, the
number of ribosomes in the proplastids decreases and
completely disappears in the binucleate pollen. Chen
et al. (1988) observed variation in the plastids of al
bino plants. These include amoeboid plastids with
different shapes and structures, amyloplasts with nu
merous starch grains and prolamella-like bodies and
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in shape and size. These seem to explain the occur
rence of albinos in anther culture.

Isolated Pollen Culture

This technique offers many opp0rlunities for produc
tion of haploids for breeding and in studies relating to
androgenesis. mutagenesis, genetic manipulation, and
transformation. TIle success rale wa~ very low in rice
(Chen et al. 1980) and in maize (Coumans et al. 1989).
Cold pwtreatment at WOC for 10 to 15 days was found
to be helpful (Chen 1983). Preculture was found to be
important for mosl of the pollen to undergo division
and subsequent regeneration (Cornejo-Martin and
Primo-Millo 1981; Chen 1986a).

Float Anther Culture

Float anther culture was first successfully allempted
in jafJollica rice by Chen et al. (1979). Zapata et al.
(1983) reported high frequency anther callusing in
rice by float culture. However, the regeneration effi
ciency of calli was lower than that obtained from
semi-solid medium (Chen 1983). Recently, Chen
(l986a) observed that liquid medium containing 20%
potato-extract improved callus induction as well as
green-plant regeneration. Datta et al. (1990) regenl:r
ated plants through microspore embryogenesis from
illdica and japollica varieties. The response was
higher in japollica varieties. Through secondary
embryogcnesi~, direct embryo germination and more
frequent regencration with multiple til'er.; have been
obtained.

Direct Pollen Plants

In rice anther culture. there have been problems of
regeneration and instability associated with the callus
phase. Ouyang et al. (1983) succeeded in inducing
direct plants from rice pollen, but the response was
very low. Several hormone combinations involving
NAA, Kin. and/or BAP were tested (Raina 1989) and
direct plantlet formation was occasionally observed.
Ling et at. (1984) and Song and Li (1986) claimed
direct pollen plantlet production. However. in this
case both pollen calli formation and subsequent re
generation occurred in the same media. For the first
time in our laboratory. direct androgenesis (embryo
genesis directly from the pollen grains) was observed

Ponni) when cultured in modified N6 media supple
mented with low concentrations of BAP (Mani
ll1ekalai and Sree Rangasumy 1987). However, repro
ducibility was poor.

Ovary Culture

In cereals, San Noeum (1976, 1979) was the llrst to
succeed in inducing haploid barley by means of ovary
culture. Subsequently, haploid plantlcts were raised
from cultured ovaries of wh~at (Wu and Chen 1982)
and rice (Asselin de Beauvilk 1980; Zhou and Yang
1980; \VU and Chen 1982) barl~y (Huang et al. 1982)
and corn (Ao et at. 1982). Embryological studies
traced the origin of proembryo and calli from the
embryo sac (Zhou and Yang 1981). Further investiga
tion by Yang et al. (1984) revealed that gynogenic
embryoids originated mainly from the synergids. The
induction frequency in ovary culture (1.5-12% in jap
onica) was usually lower than that of induced pollen
grains. Most of the ovary-culture-derived plants were
haploids (Zhou and Yang 1981). The optimal stage for
inoculation ranged from uninucleate to tetra-nucleate
embryo sacs, corresponding to late uninucleate to
early binucleate pollen stage. Best results were ob
tained when an unhusked flower with intact pistil and
glumes attal'hed to a piece of receptacle was cultured
as a unit (Chang et al. 1986). For callus induction,
2-methyl-4-chlorophenoxyacetic acid (MCPA) at a
concentration of between 0.125 and 0.5 mg I-I was
found optimum. He and Yang (1987) reported that
picloram promoted embryoid differentiation in rice
ovary culture. With improvement in the culture tech
nique. ovary culture in unfertilized rice appears to be
a potential tool for hapJcJld and dihaploid production
for utilization in crop improvement (Zhou et at. 1986).

Somatic Embryogenesis and Regeneration

Shoot and plantlet regeneration has been achieved
from different somatic tissues in rice (Le et aI. 1989;
Rush 1987; Gupta et aI. 1989; Mikami and Kinoshita
1988), in wheat (Purnhauser et at. 1987; Bapat et aJ.
1988; Redway et al. 1990; Quareshi et at. 1989), in
barley (Abarbanell and Breiman 1989; Breiman et aI.
1987; Coppens and Devitte 1990). and in maize (Dun
can et at. 1985; Swedland and Locy 1988; Pareddy
and Petolino 1990).

Abe and Futsuhara (1986) examined 60 rice culti
vars, and reported that only a few of the indica and
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showed shoot regeneration potential. Strong gerJO
typic effect on the capacily and frequency of plant
regeneration was also observed in wheat (Carman ct
al. 1987; Dapat et al. 1988), and in maize (Close and
Ludesmon 1987). A considerably reduccd level of
2,4·0, or substilution by weak auxins such as IAA or
NAA, favored shoot formation in rice (Le et al. 1989;
Rush 1987; Jun 1987; Ling and Yoshida 1987; Gupta
et al. 1989), in wheat (Quareshi et al. 1989), and in
maize (Swedland and Lacy 1988; Pareddy and Pc
tolino 1990). The frequency of shoot, bud, and plant
let differentiation could be further increased in the
Kin-supplementcd medium (Ling et al. 1984). Ling
and Yoshida (1987) reported that 2,4-0 (1 mg (.1) and
Kin (I mg I-I) arc necessary for somatic embryo
genesh and a lower concentration (0.2 mg I-I) is
needed for explant development. Addition of 0.136
mg 1.1 ABA in subculture medium maintained embryo
genic calli. Mutagenic treatment with diethylsulphate
and N-methyl-N.nitrosourea reduced regeneration
frequency (Maddumage et al. 1989). Addition of tryp
lophan (50 or 100 mg 1.1) or dicamba (1 mg 1.1) in
duced a high frequency of grcen-plant regeneration.
Songstad et al. (1988) suggested the use of ethylene
inhibitors (norbornadiene and silver nitr~te) to in
crease plant regeneration. Carman et al. (1987a and b)
observed that 2,4-0 (3.62 llM) or dicamba (9.05 llM)
is required to induce and maintain embryogensis. Kin
at 4.65 llM together with 2,4-0 or dicamba increased
the embryoid formation significantly. Addition of ei
ther 6.furfuryl-aminopurine or CW incr;~ased preco
cioul' germination of both ~mbryo explants and
embryoids. Ling and Yoshida (1987) reported that 6%
sucrose was required for embry(\genesis. However,
Gupta et al. (1989) regenerated plants on a hormone
free N6 medium. Redway et al. (1990) observed that
"aged callus" supplemented with 2,4-0, CH, and glu
tamine upon further subculture, formed friable em
bryonic calli. Chu et al. (1987) regenerated plants
from I~ year-old callus culture via somatic embryo
genesis. Ozawa and Komamine (1989) established a
system for high-frequency embryogenesis from long
term cell suspension culture of rice. Sticklen et al.
(1989) reported the possibility of converting non·
embryogenic calli to embryogenic calli by media
conditioning.

The progress in cell and tissue culture research in
sorghum has been presented in detail in the reviews of
Smith and Bhaskaran (1986) and Kresovich et al.
(1987). In sorghum very youn'" >'sues close to a mer·
istematic state-immature pam..ie, immature·· mbryo,
and seedling-have proven responsive in culture.
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found thill tissueN like stcm phh, young leaveN, nodal
plate sl~ctions, anthers, und ovaries are also respun
Nive. Successful callus formation from immature em
bryos has becn reported by Galllborg clal. (1977) and
Drar et al. (1979). Kresovich cl al. (1986) and Smith
and Bhaskaran (19116) reporled call UN initiation from
young seedlings. Callus has also been initiated from
unemerged, immaturc inllorescenccs (Bretlel et al.
1980; Doyes and Vasil 19114; George und Eapen 1988;
Eapen and George 1990) and immature leaves (Wer
nicke and Brellel 1980; Wernicke et al. 1982).

An efficient and repeatahle, high-frequency regen
eration system is necessary 110t only to study the
changes occurring during in vitro culture but also for
genetic manipulation in crop improvement programs.
However, so far no medium has been found suitable
for regeneration of all varieties. Gamborg et al. (1977)
observed morphogenesis and plant regeneration from
immature embryos (10-15 days post pollination) of
sorghum hybrid 4004A. Brar et al. (1979) reported
somatic embryogenesis from immature embryos of
sorghum hybrids GPRI48, NK-300, and 4004A. Ma
et al. (1987) highlighted the responsiveness of
9-to-12·day-old embryos. Kres<>vich et al. (1987) re
ported that the overall embryogenesis across geno·
types ranged from 26 to 69%. The frequency of
resp<>nse for embryos from individual panicles within
a genotype was as high as 95%. Kr~sovich et al.
(1987) observed that a high degree of phenotypic
plasticity existed for in vitro responsiveness. Ma et al.
(1987) reported that the ability to differentiate plants
from callus was heritable and controlled by two gene
pairs and acted as a dominant trait. Regeneration
from mature embryos was reported by Thomas et al.
(1977) and El'Konin et al. (1986).

Bretlell et al. (1980) obtained somatic embryo
genesis from cultured immature inflorescences of
several sorghum cultivars and hybrids including
CK 60, Regular Hegari, Plainsman, WAC 692,
CS22DR, FS 302, and G83F. The inflorescence 10 to
20 mm in size, yielded the greatest frequency of em·
bryogenic cultures compared to those W to 50 mm.
However, it was not consistent across genotypes
(Breltell et al. 1980). Successful results of somatic
embryogenesis from young inflorescence was re
ported by Eapen and George (1990), Lusandi and
Lupollo (1990), and Cai et al. (1990). Wernicke and
Breltell (1980) and Wernicke et al. (1982) reported
somatic embryogenesis from immature leaves of
G522DR.

In sorghum, Kresovich et al. (1987) established
biochemical differences discriminating embryogenic
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rapid screening tool for responsive cell types. They
reported differences In esterase isozyme pallerns be·
tween embryogenic and nonembryogenic ,'alii of
RTx430 ond Regular Hegari. In our laboratory,
studies on peroxidases and isoeslcrases indicatcd the
change in the banding pallern during dedifferentia
tion and rcdifferentiation in the three genolypes stud
icd (CO 26, CO 27, and CSH 5). 80th peroxidase and
esterase markers for embryogenic calli were obtained
in all these genotypes (Kumllravlldivelu 1990). Ma
heswaran and Sree Rangasamy (1988) reporled that
esterase isozymes could be used as markers in
organoyenesis.

8ajaj and Dhanju (1981) and Haydu and Vasil
(1981) induced embryogenic callus from leaf frag
ments of P. purp/lrc/l1II aid obtained viable plants that
were cultivated in the glasshouse and in fields. Bui
Dang and Pernes (1987) have obtained a large number
of plams of the hybrid Massue x Ligai by m:·:rospore
culture. The results of in vitro responses in Pen·
niSClIIm are listed in Table I.

Finger Millet (Eleusine eomeana (L.) G;;;I.:/tn.)

In finger millet, callus has been induced from the first
leaf when 0.5-0.6 cm in length. The in vitro responses
of varities HPB 7-6 and ROH 2 were studied. The
medium suitable for leaf callus was B5 supplemented
with NAA (3 x 10-6 M). No organogenesis was ob
tained (Nandini and Mohan Ram 1980). Callus was
also produced from mesocotyl segments and coleop
tile cut ends but showed no differentiation. Mohanty
et al. (1985) successfully initiated callus from leaf
base segments of 3 to 4 day-old seedlings. Callus was
also derived from mesocotyl segments on MS and 85
with 2,4-0 (2.0 mg I-I) and casein hydrolysate (500
mg I-I). Regeneration was obtained from MS supple
mented with 2,4-0 (0.25 mg I-I). Enlarged apical
domes were developed (Wakizuka and Yamaguchi
1987). Callus was obtained on MS supplemented with
2,4-0 (3.0 mg I-I) and Kin (0.1 mg I-I) with casamino
acids (500 mg 1.1) and 5.0% coconut water. Rp.~enera
tion was obtained from MS + 2,4-0 (0.1 mg 1.1) + Kin
(0.2-0.5 mg I-I). Ramesh and Farook (988) devel
oped methods for callus culture from leaf explants
and obtained regeneration. Prasanna et al. (1990) re
ported induction of embryoids and plantlet formation.
Eapen and George (1989) reported somatic embryo
genesis and plantlet formation from seed callus.

Due to in vitro culture processes, abnormalities have
been detcctd in plams regeneraled from undlffcrenti
aled callus. There has been considerable imerest in
the assorted lliable genetic changes induced in these
plants. These herilable variations from somatic tissue
have been termed somaclonal vilrialion (Larkin lind
Scrowcroft 1981). The varialion from cell cultures
can be grouped illlo gameloclonal and somaclonal
variation.

In anlher, pollen, and ovary culture, different
types of chromosomal changes in in vitro regenerated
plants have been reported. The ploidy status of pollen
plants of indica rice was different from that of japo
IIica rice (Ying 1986). The frequency of haploids and
dihaploids was almost the same and, in some cases,
5Q.60% were dihap10ids (Oono 1978). However, the
frequency of other polyploids ranged from 5-10%.
Chu and Zhang (l9115) obtained 11.4% aneuploids;
6.7% were primary trisomic (2n+1), 0.7% were dou
ble trisomic (2n+1+1), 1.7% were tetrasomic (2n+2),
1.3% were monosomic (2n-1) and 1%, were nulli
somic (2n-2).

In addition to chromosomal variation, much ge
netic variability in pollen plants has been reported.
The rate of gene mutation was higher in haploid!>. The
recurrent variations observed in in vitro cultures were
earliness of growth, dwarfness, and changes in fertil
ity (Chen 1986b). Some morphological aberrations
such as dwarfness, twisty raches branches, and very
low fertility also ocl~urred in pollen plants derived
from FI hybrids (Ying 1986); and these traits were
l:~ritable in the A2 also. Phenotypic variation among
the plants regenerated from anthers has been reported
in rice (Ying 1986) and other cereals.

In somatic cell culture, the regenerants also
showed phenotypic variation. However, the rate of
variation is less than in anther/pollen culture. Several
cell lines resistant to salt have h~-en identified (Wong
et al. 1986; Abrigo et al. 1985). Somaclonal variation
for several biometrical traits has been reported in rice
(Raina et tl. 1989). Rush (1987) observed that the rate
of somaclonal variation was cultivar-dependent. Jun
(1987) observed that rile rice somaclones outyielded
their parent by 12%. Le et al. (1989) observed signif
icant variation for rice grain length, weight, and quali
ties such as gel consistency, amylose content, gelati
nization, cooking temperaturt, and chalkiness of en
dosperm. Jacquemin and Oubois (1988) observed
variation in yield and protein content in wheat. Ling et
al. (1985) screened somaclones for Helminlhospori/lm
oryzae toxin and identified one resistant variant.
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Table I, Itellulls or In "lIro cullure reNpoll8C 11I/'lnnl"tum.

Species Explalll Medium Culture Growlh Reference

P. Iyplw/tlc" Me8ocOlyi MS+2,4·0 (10 mg 1. 1) 25+2'C dlffuHc PlnnL~ Rungan (1976)
5 days old + CW (15%) + IAA IIghl

(0.2 mg 1. 1).

P. pl/rpI/rl'WII YOllIIg MS+2,4-D (5 mg 1,1) 2,4-0 frce PlallL~ DujaJ & Dhnllju
,;;;;; Inllorescencc medium (1981)

I'. Rial/L'IIIII Immalure MS+2,4·0 (2.5 mg 1.1) 27"C diffuse Sculellnr Vusll & Vusll
embryo +Thlnmille (5 mg 1. 1) IIghl16 h cnllus (l98Iu,b)
Callus MS+2,4-1J (2.5 ms (.1) 27'C in dark Embryoid

+ CS (5%) 8uspension
Embryoid MS+IAA (0.4 mg 1. 1) 27"C diffuse PlanL,

adenine (80 mg 1.1) IIShl16 h
+ Zcutln (I ms 1.1)

P. pl/rpl/rc//III Leuf MS+2,4-D (0.5 mg 1.1) Co 'ilS Hnydu & Vusll
Young + BAP (0.5 ms 1.1) I:mbryoids (1981)
inllorescence NAA (0.1 mg 1. 1)+

CM (0.5%)
Somatic embryogenesis
1'. Rlal/cl/III Immature LS+2,4-D (11.3 ms (.1) Somutlc V!lSii & Vnsll

embryo + CW (5%) embrycs & (I 980a)
plunts

P. Rlal/L'I/III Immature MS+2.4-D (2.5 mg I-I) Somnllc VlISll & VlISll
Inllorescence +CW(5%) embryos & (l98Ia)

plunlS
P. RlarlCl/fII x Immature MS+ABA (0.4 mg (-I) Plants VlISll & VlISll
P. pl/rpl/rl/1II1 inllorescencc (198Ib)
P. pl/rpl/rtlllll Leaf MS+2,4-D (2.3 mg I-I) Somatic Haydu & VIISll

NAA+(5-4 mg I·I)+BA embryos & (1981)
(2.3 mg 1·1)+cS (5%) plunlS

ProloplllSl culture
P. RlallCwlI Immature LS+2.4-D (2.5 mg I-I) 27"C in dark Callus VlISii & VIISil

embryo prolO· CW (5%) (I980b)
plllSt cell
suspension

P. glallCl/m Hypocolyl LS+2,4-D (0.25 mg 1.1) 27"C In dark Callus VlISll & VIISii
3 days old + NAA (7 mg 1. 1) + (1979)
prolOplllSl cell Kinelin (0.01 mg 1. 1)

suspension
Young Inllo· MS+2.4-D (2.5 mg 1.1) PlunlS
rescence pro- liquid medium
10pillSt cell
susp<'nsion

Disease Resistunce
P. RlallClutl Seed callus MS+2,4·D (5 mg 1.1) Collus grown Differen· Bajaj elal.

on culture Ilated (1980)
filtrate of callus
ergot growth

HB3 Diseased MS+IAA (3.5 ppm) Collus growth Few plant· Bhngyalakshmi- immature lets et aI (1984)
P. glarlClUIl Peroxidase IsoperoxidllSe Chahal et aI.

isozyme imparting (1988)
pattern resistunce

Salt tolerunce
P. RlolIClIIIl Young inllo- MS+2.4-D (2.5 • Collus grown on Salttolerunt Bajaj & Gupta

resccnce 5mgl·l ) medium cell lines. (1986) =-
containing P. purpurllll/l
NaCIO.I·I% more tolerani

-
Ihan P. RlallClIIIl

--
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leaf morphology by Gambol'S ct ul. (1977) lind Ma et
al. (1987). Plantll derived fmlll callull culture Inithllcd
from immature embryos exhibiled heritable variation
in height, waxy midrib, lind male lind female IIterilily.
In Chinesc sorghum genotypc C401-I, somaclonal
variation for seed number, chlorophyll conlcnt, shoot
weight, plant height, dayll to nowering, lind yield Willi

reported b}' Bhaskarnn et al. (1987).
MacKlnnan et al. (1986) evolved selection me

thods for dcrivation of Nael-tolerant plants of Regu
lar Hegari, Keller, and Rio. Many plantll were
obtained from selcctions 011 semi-llolid rather than
liquid medium. Bhaskarnn ctal. (1986) observed dif
ferenccs between sclected and non-selectcd progeny
wilh reference to cnhanced tolerance to 0.1 to 0.5%
NaCI. Plnnts tolerant to acid soil, AICI3, Nael,
and drought were reported by scielllists at Color:tdo
State University (TCCP 1987) and by Duncan and
Widholm (1989).

Protoplast Culture

Of late, protoplast isolation, culture and regeneration
is being taken up in an intensive manner. This tech
nique is very useful for transferring cytoplasmic male
sterility, for obtaining hybrid vigor through mit
chondrial recombination, and for genetic transforma
tion/enginecring in plants. Although limited success
in plant regeneration from protoplast culture of ce
reals has been obtained in the past d"cade (Vasil and
Vasil 198,H, in the past 3 years pI ,gress has been
achieved in plant regeneration frow ~.'Otoplasts of rice
(Abdullah ct al. 1986). In indica rice Kyozllka et al.
(1988) could not develop suspension cultures while
Dayuan et al. (1989) developed suspension cultures
from which pmtoplasts were isolated, but further cell
division could not be induced. Various reports of suc
cess on plant regeneration from rice protopillsts have
come from several countries (Raina 1989). The var
ious reports on protoplast culture in cereals are Iistr.d
in Table 2.

Research reports on sorghum protoplast culture
are very limited. Brar et al. (1979) reported the estab
lishment of sorghum protoplast culture. Karunarathne
and ScOIl (1981) obtained protoplasts from leaf tis
sues. Protoplast fusion studies were conducted be
tween ric".nd sorghum (Bajaj 1983) and sorghum
and con~ (iJrar et al. 1980). Murthy and Cocking
(1988) isolated protoplasts of sorghum, but no regen
eration was obtained. Wei and Xu (I~'90) isolated
protoplasts from embryogenic suspension cultures

'l'lIhle 2. J(cpurlll uf llllCCClllllitl culturc lind rCllcncmlluII
.11 ccrcllill.

Suurcc ur
Crop AUlhur prutuplUSIS I

Rice Fujhnurn clul. JI)ll5 CS
Ahdulluh clul. 19116 CS
Coullbaly & DClIlurly 19116 C
Toriyulllu clul. 19116 CS
Ya1nuda clal, 19116 (;(,'

.J

Kyozuka clul. 1987 CS
Finch claL 19119 CS
Hodgcs cllll. 19119 CS
Nayak and SC'I 19K9 CS
Tun cl al. 1989 CS
Zu Cl al. 1989 CS
Wa:lg cl al. 1990 C

Mnizc Ludwig ct al. 1985 C
I-lodges clal, 1986 CS
IllIbric-Millingan r.l al. 19K7 C
Rhodes el al. 1988 C
Sun ct al. 19K9 CS

Wheal Maddock 1987 rs
Hayashi and Shimamolo 1988 C
Adachi cl al. 1989 pp

Barley Luhrs and Lorz 1988 C

Sorghum Brar cl al. 1980 pp

Trilicale Slolarz el al. 1986 C

Rye Dallon 1987 C

I. C .. callu~; CS .. cell suspension; PP = plWll part.

derived from immature innorescences of two culti
vars of Sorghllm I'lIlgare. The cells divided after 4-5
days. Later procalli formed, followed by whole plant
regeneration. Sixty plants were obtained along with
only two albinos. The pll\nts were grown in soil to
maturity and produced seed. Transient gene expres
sion in sorghum protoplasts was reported by Qu-Lee
et al. (1986). In pearl millet, Vasil and Vasil (l98Ia)
obtained protoplasts from embryogenic cell suspen
sion cultures, that differentiated into callus and regen
erated. Regeneration was also obtained from cultures
of young spikes and immature embryos of P. ty
pllOides x P. p"rplrelUlI hybrids by somatic embryo
genesis. Lorz et al. (1981) also regenerated plants
from protoplasts obtained from embryogenic
suspensions.

93



I
University (TNAU)

Anther Culture

Our studies wilh rice IInthcr cullure have hecn con
cerned not ollly wilh the Illdlea parellls hut also with
japonlea lines, 'ndlea x 'ndlea hybrids and 'ndlea x
japonlea or japollica >< Illdlea derivatlvcs, The var
ious factors inl1uencing anther cullure have been In
vestigated. The results in our laboratory conllrm the
influence of gellotype on anther cullurllhility. In gen
cral, the rcsponse of the various genotypes is in the
following order: japolliea indica >< japoniea or jap
olliea x Illdlea illdlea x Indica Indica. The callus
induction frequency varied among the Illdleas
(11-30%), japonlcas (22·26%), Illdlea x Illdlea
(8-17%), illdiea xj~poniea (17-21%), andjaponica x
illdica (20·23%). The regeneration efficiency also
varied among illdleas (80-98%), Indica x illdlca
(79-83%), japonica x illdica (75-83%), and illdiea x
japolliea (62-89%). The frequency of albinos pro
duced also varied with genotype (Manimekalai and
Sree Rangasamy 1987; Narasimman et al. 1990) Plate
I. Th(' effect of six media-N6, modified N6, MS,
modified MS, 85, and potato extract medium-iln
callus induction was tried. The resulls suggested that
modified N6 medium gave the highest response
(28%), followed by N6 medium (20%). Oark incuba
tion was found to give better response (18.6%) than
light incubation (9.6%) (Manimekalai and Sree
Rangasamy 1987). Cold pretreatment at IO·C for
10-12 days gave better response (Manimekalai and
Sree Rangasamy 1987; Narasimman, 1989). Sucrose
al 6% was found optimum for callus induction and
green plant regeneration (Narasimman 1989). Among
the hormones, 2,4-0 (1.5-2.0 mg· l ) and Kin (0.5
mg· l ) have induced higher frequency of embryogenic
calli. IAA (1.0 mg I-I), BAP (1.0 mg 1.1), and YE (500
mg 1.1) were found essential for regeneration. Embry
oids were formed in MS medium supplemented with
coconut milk and thiamine. A higher level of cyto
kinin without auxins promoted faster and quicker
multiplication of cmbryoids. IAA and NAA were
found to favor shoot and root development from the
ernbryoids (Manimekalai and Sree Rangasamy 1987
and 1988). Androgenesis was observed in some of the
hybrid combinations (e.g.• IR 50 x ARC 6650) when
cultured in modified N6 medium with a low level of
BAP (Manimekalai and Sree Rangasamy 1988).
Among the regenerants. variations in chromosome
number from haploid to tetraploid were observed
(Manimekalai and Sree Rangasamy 1987).
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domhlllnl whilc in othem, haploids prcdomlnatcd.
Trisomic plllllls were ohscrved In very low frcqucncy
(1.0%) (Mllnimekalai lind Sree J{angllsamy 1911l,
19117, anll 1988). The dihaploids were slable IIl1d
hOIl\01.YBOUS as revcllied by progC'lIy tesls III the field
(Manlmckalal 1111(1 Sree Rallgasamy 19117). Signif
icant varilltion was observed In '1uanlillltlvc (rails such
as plant height, tiller number, panicle length, gruins
per panicle, IIl1d grain weight per plllnt (Srec Ranga
samy et al. 1987). TIle alllher·derived lines from
Ponni were found to be useful as an alternlltive ge
netic source for short stature in rice breeding (Sree
Rangasamy et al. 1988) (Plate 2). Three anther-de
rived cultures from F2s of Vaigai x CO 40 (developed
in a TNAU-IARI collaborMion) were semidwarf, me
dium duration, and photoperiod insensitive. Cultul'e
433-A-RI is resistant to blast and rice tungrovirus
(RTV); 433-A-R5 is resistant to blast and moderately
resistant 10 RTV and bacterial leaf blight (BLB); and
433-A-R6 is resislanl to bias tmd moderately resis
tant to RTV, BLB, and brown spot (Sree Rangasamy
et al. 1989) (plate 3).

In vitro culturability of sorghum anthers was stud
ied by Gnanam (1987). She reported that no visible
callus or embryogenic activity was observed up to 45
days after inoculation of uninucleate microscpores in
N6 medium with 2,4-0 at diferent levels.

Anther response to callusing, embryoid induction,
and regeneration of plantlet.~ was studied in sorghum
hybrid CSH 5 and fodder variety CO 27 (Kumara
vadivelu and Sree Rangasamy 1989). Successful
callus induction (16%) was obtained in N6 medium
with 2,4-0 at 2-3 mg 1.1• Incubation of anthers at an
elevated temperature of 30·C for 30 days triggered
callus induction and splitting of anther lobes. Haploid
and dihaploid plants were regenerated and transferred
to the glasshouse.

In the second generation of the dihaploid lines,
variability within lines was nonsignificant indicating
the immediate fixation of alleles. The homozygous
banding pattern for the esterases in the dihaploid lines
of the hybrid CSH 5 indicated the possibility of iden
tifying dihaploid lines in the plantlei stage. High
yielding lines were advanced for further testing.

Somatic Cell Culture

Mllheswaran and Sree Rangasamy (1989) reported
genotypic variation for callus induction from mature
seeds as well as for regeneration. Among the five
genotypes (0. spontanea, O. glaberimma, and O. sativa



tion efllciency runged from 0 (CO 43) to 21l.5%
(0..fpO/llalll'u). It. concenlratlon of 2.0 1lI1~ I-I 2,4-J)
lind 0.5 mg 1. 1 Kin WUH found 10 give beller culluH
induction (5!1.7 I)oi,) und flubflellucnt regcnr,rutlon
(40.9%) in MS medium Hupplemcmcd wllh 1.0 Illg I-I
NAA lind 1.0 IIIg I-I Kin.

Krishna [{uJ (l'JIl'J) und Naruyunlln and Sree
RllngaRumy (l990a and b) Htrcssed thc Hecd calli of IR
20 and IR 50 in vitro at 3(X)(), 60(X), and 9000 ppm of
Nael for 5 to 6 cycles and regeneratcd plams from the
resilltallt culli. We also Rucceeded in selection of re
wmerant progenies, from calli strellsed in salinlzed
medium, that survived screening at the R, seedling
stage at 6000 ppm Nael.

Among the different explants of sorghum -
young leaves, immalUre inflorescences and immalUre
embryos - callus induction varied from 50 to 55%
for young leaves of 45-day old sorghum plants, 80 to
85% callus induction from immature inflorescence
and immature embryos, and 20 to 25% from anthers
(Gnanam 19R7; Veerll Ragavan 19R8; Kumaravadi
velu and Sree Rangasamy 1989).

Callus induction depends on a reliable protocol
to overcome the exudation of phenols in cullure.
Gnanam (1987) reported that cold pretreatment of
explants for 3 days followed by I% ascorbic acid
Ireatment for 15 min and dark incubation for 4 days
arrested the exudation of tannins that interfered with
callus induction and plant regeneration. Presoaking
cxplants for I to Iliz h in liquid MS me6ium was found
to leach out the tannins and increase frequency of
callus induction in grain sorghum variety CO 26 and
hybrids CSH 5 and COH 3 (Kumaravadivelu 1990).
Addition of 0.2 to 0.4 g 1. 1 activated charcoal or doub
ling tbe quantity of Fe-EDTA and thiamine also in
creased the callus induction frequency (Kumaravadi
velu 1990). MS medium modified with 85 vitamins

mlnc WIIH lilllnd 10 givc thc bCllt rCIlJlolIllC (Gnunulll
11)1l7; KUlllllrIlvlldlvclu 11)1)0). The JlhylohorlTloncli,
purtlculurly lIuxlnH, pluy u II1UJor role in clllluH induc
tion when lidded ulong with vcry low conccnlralionH
of cytoklnlnll. 2,4-D ul 2 to 2.5 mg 1-', wllh 0.110 0.5
mg I-I of HAl' increllHcd the frcqucncy of culluli in
ullction in IIl1lhe explunlH (Gnunurn 19117; Vecra Rllg
uvun l?llll; Kumllravlldivclu 1990).

Rcgencrll1icm und elltubllHhmenl of plunw WIIH ob
tained from immnlure inflorescence (75-IlO%), young
leuf (50·7(v,*J), and Imlllaiure embryo (60%} (Gnullam
19117; Veera Ragavan ('Jllll; and Kumllrllvadivelu
1990). MorphogeneHis and rejCJiCmlioll of planllels
took 100 to 120 dUyll.

Pearl Ml1Iet

TIle in vitro response of different explant&-seed, im
mature embryo. and innorescence-of II genotypes
was studied on a range of media. Callus induction
frequency ranged from 40 to 80%, regeneration from
20 to 50%. The best callus-induclion medium was N6
supplemented 2,4-D (2.0 to 2.5 mg I-I) and Kin (0.5
mg I-I). The hl:Si Icgeneration medium was MS sup
plemented with HAP (I mg I-I) and NAA (0.5 mg I-I)
(Table 3, Plate 6). Addition of adenine increased
embryoid differentiation and regeneration frequency.
TIlree per cent sucrose was most suited for callus
induction, and 1.5% sucrose for regeneration. Geno
type and explant differences were observed for, '",1
lusing and regeneration (Table 4). Cold treatment of
the inflorescences at WOC for I to 7 days did not
improve regeneration frequency.

Studies on the in vitro response of seeds, leaves,
inflorescences, and roots of four finger millet vari
eties, CO 9, CO II, CO 12, and CO l3-revealed that

Table 3. Culture media used at TNAU for dirrerent explllnls In pearl,mllleL

Media composition

Explant

Seed

Immature embryo

Inflorescence

Callus induction

MS+2,4-D (2.5 mg 101 )

MS+2,4-D (2-2.5 mg 101 )

N6+2,4-D (2.5-5 mg 1.1)

+Kn (0.5 to I mg 1.1)

Regenemtlon

MS+BAP (2-2.5 mg I-I)

MS+Kn (1-2 mg 101 ) +
IAA (0.5 to I mg I-I)

MS+BAP (0.5 to I mgl· l )

+NAA (0.1100.5 mglol )

9S



Table 4. Regeneration efficiency In pearl millet.

ExplanlS

SI'.ed Immalure embryo Innorescence

Genolype CII% Regn2% CI% Regn% CI% Regn%

UCH II 60 40 65 39 80 60
PI' 3075 59 38 60 40 75 55
PI' 3095 55 35 53 38 74 50
PI' 1921 50 30 50 35 65 48

-

Pl'1890 48 30 45 28 60 40
ICMS 7703 48 40 45 28 60 40
C07 45 30 43 25 55 39
732 A 40 25 40 25 50 34
7328 43 27 43 25 55 35
81A 40 23 40 20 50 25
81B 45 25 40 23 55 30

I. Cl - Qillus induclion
2. Rcgn - Rcgcncrnlion

callus browning could be reduced by addition of
caseinhydroloysate. Callus induction occurred on
MS with 2.0-2.5 mg I-I 2,4-D and 0.4-1.0 mg I-I Kin.
Supplementation of MS medium wilh 1.5 to 2.0 mg I-I
of BAP and 1.0 mg I-I of IAA favored regeneration
(Table 5). Sucrose at 3% was suitable for callus in
duction and regeneration. More than 100 embryoids
were recovered from the callus. Roots were in<luced
on ~ MS basal medium. CO 11 responded well for
callus induction and regeneration (Kalamini et al.
1991).

Pearl Millet Napier Grass Hybrid
(P. gillucum x P. purpuroum)

The triploid illterspecific pearl millet Napier grass
hybrid is now an agriculturally established and com
mercially grown, multicut, perennial green fodder
crop that is sterile. Owing to the high sterility, it is
vegetatively propagated, and so variability obtained
can be easily preserved. Shirly (1985) investigated
pith, leaf, and young inflorescence for their morpho
genetic potential. It was found that the unemerged
inflorescence was more totipotent than other explants
studied MS medium was found to be the most suita
ble. Supplemental 2,4-D was effective for callus in
duction, NAA for rooting. and BAP for shooting. Of
720 regenerated plants, 542 were from inflorescence.
Distinct morphological. variations were observed for
leaf width. midrib color, waviness. and color of pani-

c1e. Cytological studies indicated 7 II + 1 I in a few
regenerants, which is due to selective elimination of B
genome. The study on quantitative traits such as plant
height, number of tillers, number of leaves, leaf size,
internode number, and stem thickness of regenerated
plants revealed a high degree of variation.

Among the 11 genotypes, UCH 11 responded very
well for callus induction and regeneration, followed
by genotypes Pf 3075, Pf 3095. and Pf 1921. Field
survival of the regenerants was 50%. Among the 3
explants tried, the immature inflorescence was found
to be the best fOi a high frequency of callus and
regeneration. Cold treatment of the inflorescence at
W"C for 1to 7 days did not improve the regeneration
frequency.

Somatic embryoid differentiation in the inflores
cence explants is such that 200-300 embryoids could
be recovered from each callus mass. Apart from this
indirect somatic embryogenesis, 25% of the inflores
cences directly differentiated into somatic embryoids
without passing through the callus phase. These em
bryoids also regenerated into plantlets. If dormancy
could be induced in somatic embryos, the possibility
arises that they could be incorporated into artificial
seeds either by coating or encapsulation. These artifi
cial units could then be handled like normal seeds and
stored, shipped, and planted. Because of their innate
properties as embryos, somatic embryos may prove
useful for long-term storage such as in germplasm
banks. The result of in vitro response in Pennisetum is
reviewed in Table 1.



Table S. In vllro response In finger mllleL

CI RM

Variely Explanl Best CII BesIRM2 Range Mean Range % Mean %

C09 Seeds MS+2.5 2,4-0 + 0-34 10.3
0.5 kin
MS+3.0 2,4-0 +
0.4 kin

Leaf MS+2.0 2,4-0 0- 27 2.8
Innorescence MS+2.5 2,4-0 0-49 5.7

CO II Seeds MS+2.0 2,4-0 MS+2.0 mg I-I
+0.5 kin BAP + I.. mg I-I 0- 38 16.0 0-48 28.1

IAA
Leaf MS+2.0 2,4-0 MS+2.0 mg 1-' BAP 0- 55 5.6 0-34 19.5 =-

+0.5 kin +1.0 mg 1.1 IAA
Innorescence MS+2.0 2,4-0 MS+2.0 mg I-I BAP 0-84 15.2 0-46 24.8

+0.5 kin +1.Omgl-IIAA

CO 12 Seeds MS+2.0 2,4-0 0-72 11.3
+1.0 kin

Leaf MS+2.0 2,4-0 0-27 :;.2
+1.0 kin

Innorescence MS+2.0 2,4-0 0-42 7.4

CO 13 Seed MS+2.0 2,4-0 0- 79 13.5
+0.5 kin

Leaf MS+2.0 2,4-0 0-26 4.4
+1.0 kin

Innorescence MS+2.0 2,4-0 0-45 7.1
+0.5 kin

t. CI .. callus-inducliOll medium.
2. RM .. n:genenllion medium.

Protoplast Isolation, Culture, and Regeneration
in Rice

At TNAU, 3-week-old mature seed embryogenic
callus was used to initiate cell suspensions. Subcultur
ing once a week was vital to maintain cell viability
and growth. One full growth cycle took 12 days. Pro
toplasts were successfully isolated on the 4th day of
subculture when cells were in an exponential growth
phase. Enzymes used we-e 1% Cellulase LS + 0.1%
Macerozyme R-IO, digested for 3 h on a 50 rpm
shaker followed by I h Gtationary digestion. The pro
toplast yields were 1.05 x 1()6 ml-I• Ninety-eight per
cent of the suspension cells were viable and 92%
of the protoplasts isolated from them were viable
(Reena, 1990).

Protoplasts were cultured by the feeder layer tech
nique. Feeder cells used were Norin 6, Norin 8, IR 50

and Paspalum scorbiculatum. Protoplast division was
first seen on the 5th day of culture and microcalli
were seen within a month. Several techniques en
hanced protoplast division; these were: eXJIOsure to a
shock at 45"C for 5 min before culturing, presence of
feeder cells, reduction in osmotic pressure of the me
dium, culturing in 0.8% agarose solidified medium,
reducing ammonia and ferric ions, and addition of
bovine serum albumin (BSA~. The maximum plating
efficiency achieved was 7%. Microcalli were nur
tured in proliferation media for i5 days and were then
transferred to regeneration media and plants were re
covered (plate 11).

Protoplast Culture In Finger Millet

Seeds of CO 11 were used for callus induction and
protoplast isolation. Among the various media tried
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for suspension culture of seed calli, AA and MS me- laboratories in an intensive manner. Improvea prolo-
dia wilh 2.0 mg I-I 2,4-0 was found to be most plast techniques will help to study gene cloning,
suitable. Good suspensions were established in 5 to 6 transformation, and expression. "-

months. Protoplasts were isolated from callus, sus- Initiation of organogenesis in vitro is a complex -
pension cultures, and leaves. High protoplast yields morphogenetic phenomenon in which extrinsic and
were obtained from callus when treated with 2% Cel- intrinsic factors play a role. Studies over the past
lulase RS and 0.5% Macerozyme RIO on a shaker for years have indicated that regulatory mechanisms op-

.- 4 h. Stationary incubation for 6 h was adequate to get erate at various levels, e.g., explant selection, medium --
a maximum number of protoplasts when these were components, exogenous hormone level, physiological
treated with 4% cellulase RS and 1% macerozyme status, cytological changes, and at the biochemical
RIO. Protoplasts isolated from suspension cultures of levels, but manipulation of medium or cultural envi-
cultivar CO II and plated on a feeder layer in proto- ronment and proper selection of material has resulted
plast-cultllre medium (KPR medium) gave rise to in great progress in the regeneration of cereals. We
micro-colonies. Colonies· transferred to MS with 2,4- are still far from an understanding of how the organo-

~
0(2.5 mg I-I) +Kin (0.5 mg' I-I) showed slow growth. genetic process is regulated. There are perhaps two

major reasons ior this slow progress. One probable
reason has been the lack of truly suitable experimen-

Conclusions tal systems for such studies; and the second reason
has been the lack of synchrony in the process oforgan

A number of potential techniques have been devel- formation in these systems (Thorpe and Bondi 1981).
oped and some are becoming economically viable Without a much better understanding of the bio-
and of proven benefit. Embryo-culture techniques are chemical, physiological, physical, and structural basis
now available for rescuing hybrid embryos from oth- of organogenesis, many recalcitrant species will re-
erwise unsuccessful crosses. In the case of recal- main as such, but biochemical and molecular ap-
citrant hybrid embryos, it is advisable to try indirect proaches will give us an answer that can enhance the
regeneration through callus cultures. The aother-r.ul- progress of in vitro modifications of cereals.
ture technique is useful in breeding new rice varieties
and several anther-bred varieties have been grown on

=a large scale in China. However, the anther-culture Acknowledgement ~-
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Field Performance of Somaclones and Androclones
in Sorghum Hybrid CSH 5

S.R. Sree Rangasamy and N. Kumaravadive~ul

,

We have standardized the protocols for high fre
quency callus induction and regeneration of the sor
ghum hybrid CSH 5 from yOwtg leaves, immature
innoresences and anthers. We have compared the pro
genies of the regenemnts from leaves and innore
sences of somaclones (SC2) and anther culture
derived plants, androclones (Az), with F2• In the pre
sent study on sorghum hybrid CSH 5. 300 plants from
10 families each from F2, SC2, and A2 genemtions
were analyzed for the frequency distribution, extent
of variability, h2, and GA for seven traits. The range
and variation for the biometrical tmits in SC2 was
wider than in F2• In A2, the distribution was still
wider than in SC2• In F2 genemtion, the plants were
more frequently centered and occupied higher values
of the tmits. A similar trend was noted in SCzalso. In
SC2, the wider mnge of variation than F2 Was due to

the addition of in vitro culture induced variations. In
A2, the recessive genes also expressed directly.

The number of plants that can be selected in A2
for high values of the economic traits was high com
pared to F2 and SC2 as is evident from the frequency
distribution in the high values. The present study
indicated (1) the possibility of in vitro generation of
useful or economic variations for biometric traits (2)
expression for the recessive genes in the immediate
generation enables the basic genetic research be
sides selection (3) widest range of variation in both
the direction in A2 generation helps the breeder to
select more efficiently for families with shorter du
ration and high LAI, DMF, HI, and gmin yield, and
(4) since the alleles are fixed in the Az itself, it
quickens the process of crop improvement in
Sorghum.
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8m llanpsalll1, S.R., and Kumaravadlwlu, N. 1992. Field performance of IOI11IIclllllCl and androclllllCl In sorsburn hybrid CSH 5. Plgcs
113 in Blolechnology and crop Improvement' In Asia (Moss, J.P.. ed.). Palanchcru, A.P. 502 324. india: 1n1e1'lll~lonaJ Crops Research lnstIlUtC for
the SemI-Arid Tropics.

• ~BlaDk 113



Tissue Culture and Regeneration in Legumes

W.A. Parrott, M.A. Bailey, R.E. Durham, and H.V. Mathews l

Abstract

Legumes are one of the most significant groups of agriclIllIIrally important plants, and have
consequently been the subject of widespread ejforts to improl'e desirable traits through in vitro
maniplliations. Milch effort has been expended to develop and optimize efficient regeneration
systems in order to facilitate development ofa variety oftechnologies. Despite th,- widely reported ill

vitro recalcitrance oflegumes, at least 75 spet'iesfrom 25 genera have undergone de nOl'o regenera
tion to date. and limited contriblltions to crop improl'ement have been realized. Successful regenera
tion has been accomplished in large part by species-specific determination ofparameters critical to
regeneration. such as e:r:plant source, genotype. and media constituents. In recent years, allention
has focused on the development of regeneration systems amenable to gene transfer technology.
Organogenic systems have been successflllly employed in transformation of some leglUlles. More
recently. indirect embryogenesis and direct secondary embryogenesis have shown great promise as
prolific regeneration systems amenable to gene-transfer for those leglUlles which do not regenerate
via organogenesis. The indllction ofembryogenesis in these systems generally reqllires the applica
tion ofexogenolls auxin. Initially. limitations in efficiency were a resllit ofminimal conversion. as
manifested by the inability of somatic embryos to develop, germinate, and progress to seedling
growth. Improvement in the conversion ability of somatic embryos has been achieved for some
species by limiting exposllre to inducing auxins and incillding a desiccation period in the embryo
maturation process. Presently, sufficient knowledge exists to design and optimize de novo regenera
tion systems for most leglUlles

-1IiJ

Introduction2

Legumes are rivaled only by the grasses in terms of
diversity and economic importance, and are grown
throughout the world as sources of food, feed. oil.
forage, fuel, wood, and even fiber. Legumes are also
used as ornamentals, as green manure, and as ground
covers to help control erosion. Not surprisingly, many
species within this family have been the subject of
efforts towards nonconventional plant improvement
using cell-culture techniques. These efforts have re
sulted in a large array of in vitro protocols for
legumes.

Legumes exhibit a diversity of responses when
cultured in vitro. Depending on several factors, re
generation occurs via organogenesis and/or embryo
genesis. either directly from explanted tissue or
indirectly after an intervening callus phase. While
several species are limited to either organogenesis or
embryogenesis, others regenerate via both. Meth
odologies leading to the diversity of in vitro re
sponses are a relatively new accomplishment. With
few exceptions, legumes were commonly described
as recalcitrant species with regard to tissue culture
a comment especially true of the large-seeded le
gumes. Today, there are reports of regeneration from

t. Depanment of Agronomy. University of Georgia. Alhens. OA 30602. USA.
2. Abbreviations: 2,4-0 .. 2.4-0ichlorophenoxyacelic acid: 2,4·08 .. 2.4.0ichlorophenoxybulyric acid: 2.4,s·T. 2.4,s-Trichlorophenoxyacelic

acid: 2 j.p .. 2-tsopenlyladenine .. 6(y.y.Dimelhylallylamino)·purine; ABA .. (±)-2·<'!s.4-lrans-Abscisic acid: BA .. N6-Benzyladenine ..
5·Benzy1luninopurine: OAJ .. Gibberellic acid: IAA .. Indole·3·acetic acid: IBA .. Indole·3·bulyric acid: KT .. Kinetin .. N6·furfuryladenine
.. 6-furfurylliminopurine; NAA .. a·Naphlhaleneacetlc acid .. Naphlhylacetlc acid: pCPA .. p.Chlorophenoxyac:etic acid: PIC .. Plcloram
(Tordon). 4·Amino-3,s.6·lrichloropicolinlc acid: Z. Zealin .. 6-(4-Hydroxy-3·melhyl bUI-2-enylaminolpurine

Parrott. W.A.. Bailey, M.A., Durham, R.E., and Mathews, H.V. 1992. Tjs.~ue culture and regeneralion in legumes. Pages 115-148 in
Biotechnology and crop improvemenl in Asia (Moss. J.P•• ed.). Patancheru. A.P. 502 324. India: International Crops Research Inslitule for lite
Semi·Arid Tropics.
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at least 75 species from 25 genera in the Lcgu
minoseae (Table I). With the exceptions of Enst In
dinn wnlnut, Albizia /ebbeck (L.) Benth., A. ric/lar
diana King, red bud, Cerc:is canadensis L., nnd sensi
tive plant, Mimosa pl«1iea L., all reports of regenera
tion are confined to the Papilionoideae, the legume
SUbfamily of greatest economic importance.

The first legumes regenerated from CUlture, such
as Crota/aria (Ramawat et al. 1977), Cieer (Mukho
padhyay and Bhojwani 1978), anel fndigo (Bharal and
Rashid 1979), were those that could be induced to
undergo organogenesis from various vegetative ex
plants. Other early attempts achieved regeneration
from legumes that formed somatic embryos after a
callus phase. Notable in this group were alfalfa, Medi
eago salim L. (Saunders and Bingham 1972; Sau
nders and Bingham 1975; Bingham et al. 1975), and
red clover, Trifolium pratense L. (Phillip!l and Collins
1979b; Beach and Smith 1979).

Several important achievements led to the devel
opment of efficient regeneration systems for large
seeded legumes that have not regenerated from callus
or via de novo organogenesis, such as soybean, Gly
cine max (L.) Merr. These developments centered on
the selection of appropriate genotypes and the use of
relatively high auxin concentrations for induction of
somatic embryogenesis from immature zygotic em
bryos. Other advances have resulted in simple proto
cols for embryo maturation and conversion into
plants. Application of these principles, which will be
discussed at length in the section on somatic embryo
genesis, may serve as guidelines for experimental ap
proaches leading to regeneration ofother legumes.

This review focuses on the main points of whole
plant regeneration and crop improvement. Our discus
sion disting'Jishes between organogenic and embryo
genic systems. However, this distinction is not always
easy, particularly when regenerating tissues are suffi
ciently abnormal as to defy classification (Bingham et
al. 1988). In addition to the problem of precisely de
scribing and categorizing regeneration systems, over
lapping and conflicting terminology have often been
used. For clarity and simplicity in this review, the
word "regeneration" will refer only to de novo regen
eration, that is, formation ofshoots (organogenesis) or
embryos (somatic embryogenesis) in the absence of
preexisting meristems. We will use the terms shoot
proliferation and micropropagation to describe shoot
formation from apical meristems, axill2ry buds, or
cotyledonary nodes, even though the use of the term
organogenesis to describe this phenomenon is, unfor
tunately, common in the literature. Finally, the term
germination will refer to enlargement and develop-
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ment of roots from somatic embryos. Since germina
tion need not lead to further development, the term
conversion is used to describe the recovery of a plant
from a somatic embryo.

Organogenesis

Definition

Organogenesis is the process by which a cell, or
group of cells, differentiates to form organs. Organo
genesis refers equally to the formation of roots or
shoots, but sipce recovery of plants is usually the
objective, the formation of shoots is of greater inter
est. Organogenesis is commonly induced by manipu
lations of exogenous phytohormone levels and occurs
either directly from explanted tissue or from callus.
Often, what is referred to as direct organogenesis is,
in fact, shoot proliferation or micropropagalion from
preexisting merislems instead of de novo formation of
a meristem. Even in callus-mediated organogenesis,
organ-forming capacity limited to "primary" callus
indicates the potential existence of meristems embed
ded in the original explant.

The distinction between de novo organogenesis
and shoot proliferation from preexisting meristems is
nol trivial. Aside from the distinction that de novo
organogenesis requires a redetermination of existing
genetic programs expressed within a cell, the applica
tion of these two processes differs. Micropropagation
of meristems is more easily achieved whenever at
tempted than is the induction of de novo organo
genesis. However, Agrobacterillm-mediated trans
formation of preexisting meristems is unsuccessful or
very inefficient, which is perhaps due to the low num
ber of attachment sites for Agrobacterilll1l in the cell
walls of meristematic cells (Matthysse and Gurlitz
1982). Nevertheless, micropropagation techniques are
amenable to microprojectile-mediated transforma
tion, as evidenced by recent work in soybean (Mc
Cabe et al. 1988; Christou et al. 1989. 1990). Micro
projectile-mediated transformation of preexisting
meristems followed by micropropagation has severol
advantages over de novo organogenesis: it can be
used in species where de novo organogenesis does not
occur, it is less subject to somaclonal variation, and
less time is required than when regeneration from
callus is necessary (Christou 1990). In general, the
same media used to induce organogenesis are effec
tive for micropropagl\tion. A list of legumes that have
been propagated from meristems, including ShOOI



Table 1. Explant source and type or regeneration observed ror various species or legumes rrom which whole plants have
been obtained.

Type of
Species regeneration I Explanl2 Reference

Albi:ia lehheck (L.) Org. H.R Gharyal and Mnheshwnri 1981: Tomar and Gupla 1988
Benth

Emb. H Gharyal and Mnheshwnri 1981; Tomar and Gupta 1988

A. richardiana King Emb. H Tomar and Gupla 1988
Org.

Arachis c/wcoe1lse Krnp. el Org. L Piltman et aI. 1983
Greg.

A. hypogaea L. Org. A.C. Mroginski and Fernandez 1980: Mroginski et al. 1981;
E.H. Bhatia el aI. 1985: Alreya el aI. 1984; lIIingworth 1968.
L,ZE 1974; Martin and Rabc!chault 1976; Nnrnsimhulu and

Reddy 1985; Pittman el al. 1983: Reddy and
Nnrnsimhulu 1989: Rugman and Cocking 1985;
McKenlly el aI. 1990

Emb. A,C.CN, Bajaj 1983b: Bajaj el al. 1980; Ozins·Akins 1989;
S.ZE Sellars el aI. 1989

A. paraglwrietlsis Emb. A,ZE Sellars el aI. 1989; Still el al. 1987
Chad. el Hassi.

A. pintol Kmp. el Greg. Org. L Burtnik and Mroginski 1985

A. villosa Benlh. Org. A Bajaj el aI. 1981b

Emb. A Bajaj 1983b; Bajaj el aI. 1981b

A. villosll/icarpa Hoehne Org. L Pittman el aI. 1983. 1984

Caja/llts cajon (L.) Ml11sp. Org. Kumar el aI. 1983

Ccrcis canadensis L. Emb. ZE Gcneve and Kester 1990

Coronilla \'aria L. Emb. ea. Duskova el aI. 1990;
loR Arcloni and Manolll 1982

":
Crolalaria jlU/cea L. Org. A,CP, Mohan Ram elnl. 1982; Ramawnl el aI. 1977; Ramanuja

loS Rno el al. 1982

Emb. cJf Ramanuja Rno el al. 1982

? A Mohan Ram el al. 1982

'.
Dalbtrgia sissa Roxb. Org. R'o Mukhopadhyay and Mohan Ram 1981

Glycine argyrea Tind. Org. C,CP, HlIIllm:Ill et al. 1989
L,P

Conlinlled
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Table I. Continlled

Type of
Species regeneration I Explanl2 Reference

G. callescellS F.S. Herm. Org. C,CP. Myers cl 01. 1989: Newell and Luu 1985: Kameya and
H,HP, Widhalm 1981; Hamman el al. 1987b
L, P,R

Emb. C Granll984

G. cialldestilla Wendl. Org. C,CP. Myers el 01. 1989: Hamman el 01. 1987c: Hymowitz cl
H,L 01.1986

G.falcata Benlh. Org. C.L,P Hammall el 01. 19870

G.latrobeana (Lnbill.) Org. C.L, Hnmmall cl al. 1987a
Benth. P

G.ma.t(L) Mm. Org. CP Wei 1988

Emb. C.EA Christianson et al. 1983: Lnzzeri et al. 1985; Li et nI.
H.1.0. 1985; Ranch et nI. 1985: Ghnzi el al. 1986: Barwnle el

al. 1986; Tt!IU el nl. 1987: Lnzzeri et al. 1987a; Haromatl
and Davey 1987; Parroll el 01. 1988; Hartwcck et nI.
1988; Lazzeri el al. 1988; Finer 1988; Finer and
Nagasawa 1988: Komntsuda and Ohyama 1988;
Shoemaker and Hammond 1988: Xin-Hua el al. 1989:
Kien el al. 1989; Buchheim el al. 1989: Pnrroll el nI.
1989; Komatsuda and Ko 1990

G. tomellfella Hayata Org. H Kameya and Widhalm 1981

G. tomentosa Benth. Org. H Kamcya and Widhalm 1981
(=G.lomentel/a)

Indigolera tnneaphyi/a L. Org. C,H Bharal and Rashid 1979

lAlhynlS salivllS L. Emb. ST Gharyal and Mnhcshwari 1983

/..ellS clli/naris Medik. Org. E.L Polanco et al. 1988: Williams and McHu5hen 1986

Emb. EA Saxena and King 1987

lAlononis baillesli Bak. Org. C.L Wier et aI. 1988

lAlllS comiclllalllS L. Org. Swanson and Tomes 1980a

Emb. L Arcioni and Marioni 1982

? LP Ahuja et nl. 1983b: Webb el al. 1987a

UqJilll1S angllSlifolius L. Org. H Sator 1990

L. polyphyllus Lindl. Org. A,H Sator 1990

Medicago arborta L. Org. R Mariani el aI. 1984

Continued
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Table L ColII/lllU!d

lYpeof
Species regeneration I Explanl2 Reference

M. bortalis 1.. Org. P Kuchuk et aI. 1990

M. coerulea Less. Emb. LP Artioni et al. 1982

M. difalco/a Sinsk. (=M. Emb. LP Gilmour et al. 1987
saliva spp. dlfalca/a)

M. falcata Arcengeli (=M. Emb. LP Gilmour et al. 1987
sat/I'" spp.falcata)

M. glut/nasa M.B. (=M. sat· Emb. LP Gilmour et aI. 1987: Arcioni et al. 1982
/m spp. 8Im/nosa)

M. hemicycla Grossh. (=M. Emb. LP Gilmour et aI. 1987
sat/va spp. hemicyc/a)

M. media Pers. Emb. R.H Nagarajan and Wallon 1987

M. sat/I'D L Org. L.LP. Bianchi et al. 1988: Walker etal. 1979; Dos Santos etal.
O.P.S 1980; Skotnicki 1986

Emb. C.H. Hartman et aI. 1984; Reisch and Bingham 1980: Yu et
L.LP. al. 1990; Bianchi et al. 1988: Walker and Sato 1981;
O,P, Meijer and Brown 1987a; Senaratna et aI. 1989; Fujii et

..;;;
S,SC, aI. 1989; Meijer and Simmonds 1988: Meijer 1989: Xu
Sf etal. 1982: Strickland et aI. 1987: Kao and Michayluk

1981: Latunde-Dada and Lucas 1988: Meijer and Brown
1988: Dos Santos et aI. 1980; Kao and Michllyluk 1980;
Johnson et al. 1981; Nov4k and Konecn4 1982; Stuart
and Strickland 1984b: Artlonl et al. 1982: Lupotto 1986:
Meijer and Brown 1987b; Strickland el aI. 1987: Bianchi
et aI. 1988; Mitten el aI. 1984: Seltz Krls and Bingham
1988

? A,CaP Bingham and McCoy 1977; Stavarek el aI' 1980; Lu et
H.l.0 al. 1982: Bingham and McCoy 1986
P

M. tnmc:alllia Oaertn. Emb. L Nolan el aI. 1989

M. varia Man. (=M. sativa Ernb. LP Gilmouret aI. 1987
spp. varia)

OnoblJ'chLr vlcllfolla SCap. Org. H,L Artioni and Mariotti 1982; Hamill el aI. 1986

? LP Ahuja et aI. 1983a

Phosl!olus QCUllfollus Gray Ernb. L Kumar el aI. 1988b

Psophocarplls tetra- Org. C.E,EP. Wilson et al. 1985; Gregory el aI. 1980; Kao and
gonolobus C.D.C. I,L.P Mlchayluk 1980; Gill 1990

P/sum sat/vum L Org. L Mroginski and Kartha 1981a; Rubluo el al. 1984

Con/lnltl!d

--~-_.
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Table L CO/llill~d

Type of
Species regcnerntlonI Explanl~ Reference

Emb. LP.sr, Kysely el al. 1987; Lehmlnger·Mertens and Jacobsen
ZE 1989: Kyselyand Jacobsen 1990

Robinia pseud-acacia L. Emb. ZE Merkle and Wlecko 1989

Sesbania rostraw Brem. el Org. C.H. Vlachova el al. 1987
Oberm. ZE

Stylosa/llhu gl/iantllSis Org. H,L. Godwin el nt. 1987; Gregory et al. 1980; Meijer and
(Aubl.) Sw. LP.R Broughton 1981: Mroginski and Kartha 1981b; Szabados

and Roca 1986

S.1uJnuJta (L.) Taub. Org. Ra Scowclbl't and AdaJrson 1976

S./uunUlsH.B.K. Org. C.L. Manners and Way 1989; Manners 1988
R

Trifolil/m africanllm Ser. Org. C Webb etal. 1987b

T. aTVtllSt L. Emb. H Bhojwani el al. 1984

T. ale.randrinl/III L. Org. A.H Barukal 1990; MokhlllrZlldeh and Constantin 1978

T. alpestrt L. Emb. C.H.R Yamada and Higuchi 1990

T. ali/abUt Humb•• Bonpl. et Emb. C.H. Yamada and Higuchi 1990
Kunth R

T. apertlun Bobrov Emb. C.H. Yamada and Higuchi 1990
R

T. balmanicum Katzn. erg. C Webb ctal. 1987b

T. caucasicum TallSCh Emb. C,H. Yamada and Higuchi 1990
R

T. cherlerl L. Emb. C,H. Yamada and Higuchi 1990
R

T. heldrtlclumiun ·Hausskn. Emb. C.H. Yamada and Higuchi 1990
R

T. incainatllm L. erg. H Beach and Smith 1979..
Emb. H Pederson 1986

T./wtulat erg. C Webb et aI. 1987b

T. laevigatllm Poiret Org. C Webb ~ nt. 1987b

T. !'IIaSitllSe Gillett Org. C Webb et nt. 1987b---_....•.

Continl/ed
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Table I. Contlnlled

~ Type of
Species regeneration I Explant2 Reference

T. medllm/ 1.. Emb. P Chao 1988

Org. P Chao 1988

T. mlchel/anllm Savi Org. C Webb etal. 1987b

': T. montanwn 1.. Emb. C,H,R Yamada and Higuchi 1990
-

T. lIanllm Torr. Org. C,H,N Webb et aI. 1987b

T. lIigresctns Vivo Org. H Webb et aI. 1987b

T. pralense 1.. Org. E,H,R.S Bench and Smith 1979; Phillips and Collins 1979b

Emb. A,ca. Keyes et aI. 1980; Collins and Phillips 1982:
H,P, Maheswaran and Williams 1986b; Phillips and Collins
SC,ZE 1980; Bhojwani et aI. 1984; McOee et aI. 1989

? H,O,P Broda 1984; MncLean and Nowak 1989

T. radios/un Wnhlcnb. arg. C.H Webb et aI. 1987b

T. ~ptns1.. Org. c,ca.CaP, Oresshoff 1980; Yamada 1989; Webb et aI. 1987b;
H,LP,P.R Ahuja et aI. 198381 White 1984; Oswald et aI. 1977

Emb. H,L. Maheswaran and Williams 1986a: Bhojwani et aI. 1984
ZE

? C,H,I., Bond and Webb 1989; Webb et aI. 198781 Pelletier and
LP.51 Pelletier 1971; Bhojwani et aI. 1984

T. ~supinaJ/11II 1.. arg. C Webb et aI. 1987b

Emb. ZE Maheswaran and Williams 1986b

T. rubtns 1.. Emb. H Parrou and Collins 1983

T. sublerra~wn 1.. arg. CoH Webb et aI. 1987b

Emb. ZE Maheswaran and Williams 1986b

T. trldtntaJIIIII Undl. Org. C,H Webb et aI. 1987b

T. Wlijlonun 1.. Org. CoH Webb et aI. 1987b

T. vuiculoswn Savi Emb. H Pederson 1986

Viclalaha 1.. Emb. Zh Taha aIld Fl'IIIlcls 1990

V. norbonensis L Emb. ST Pickardt el aI. 1989

Contlllll«l
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Table I. Call/ill/led

Type of
Species regeneration I

Vigna aeon/ifai/a (Jacq.) Org.
Mnrechnl

V. acolI/ilolia Emb.

V. glabrescens x V. radio/a Emb.
(L.) Wilczek .

Org.

Explant2

p

L.LP

ZE

ZE

Reference

Krishnnmurthy et nl. 1984

Shekhnwat and Golston 1983: Kumnr et 01. 19880

Chen et 01. 1990

Chen et 01.1990

V. radla/a (L.) Wilczek Org. C Mathews 1988; Mnthews et nl. 1986; Mathews 1987:
Mnthews and Rna 1984

I. Org... organogenesis. Emb... embryllgencsis. ? .. unknown
2. A .. onlhc:r. C • cOlyledon. CN .. cocyledonary node. CP • cOlyledon prOloplasl. Ca • callus. CaP • callus prOloplllSl. E .. eplcolyl. EA •

embryonic axis. H .. hypocOlyl. HP a hypocolyl proloplost.t. imemodc. L .. leaf. LP aleafprOloplasl. 0 a ovary. p. pcliole, R.. root, Ra.
radicle, 5 • SlCm. 5C • suspension cullure. ST a shool lip. 51 .. slDlon, ZE .. zygolic embryo

tips, cotyledonary nodes, and axillary buds is pro
vided in Table 2.

Beach and Smith (1979) defined a three-step cul
ture system for successful regeneration of red and
crimson clover, TriJoli/un incama/urn L., as follows:
(I) callus was initiated on BS basal medium with II
JlM NAA and 10 JlM each of 2,4-0 and KT. (2) For
shoot development, callus was transferred to a me
dium with a lower auxin to cytokinin ratio, achieved
by removal of the 2,4-D, and use of IS JlM adenine as
the cytokinin. (3) Roots were induced on a rooting
medium containing 1.1 JlM NAA. These three steps,
callus initiation, shoot differentiation, and root differ
entiation, are common to indirect organogenic sys
tems. The main factors that appear to control organo
genesis in legumes are explant type and age, auxin!
cytokinin concentra1ions and combinations, and ge
netic effects among and within species.

Explant. Organogenesis in legumes has been re
ported from several tissue types, including coty
ledons, leaves, petioles, hypocotyls, stems, roots, and
anthers. As the information in Table 1reveals, leaves
have been used most frequently in organogenic sys
tems. In most cases where use of different explants
has been reported, only leaf explants have consis
tently given rise to shoots. Nevertheless, there appear
to be some limitations to the use of leaf tissues.
Shoots derived from leaf explants of indigo, indi
go/era enneapllylla L., died, while shoots from coty
ledon and hypocotyl explants developed into plants

122

(Bharal and Rashid 1979). Both the age of the leaf
and the growth regulators used can affect the success
of regeneration (Rubluo et al. 1984), with younger
leaves responding to a wider range of growth regula
tors. In addition, genotype is important. Genotypes
within Glycine canescens FJ. Herm., G. Jalcata
Benth., G.latrobeana (Meissn.) Benth., G. tomen/ella
Hayata (Hamman et al. 1987a), and G. argyrea Tind.
(Hamman et al. 1989) differ in their regeneration ca
pacity from leaf tissues. Finally, species differences
are also evident. Pittman et al. (1983) cultured leaflets
from several Arachis species, but only achieved re
generation in the Arachis and Extranervosae sections
of the genus.

The use ofcotyledon tissues tends to be successful
whenever attempted, but not to the extent to which
leaves are successful. Cases in which organogenesis
from cotyledon explants was not obtained include
G. tomentella and G. canescens (Kameya and Widh~

olm 1981), and 59 of 72 Trifolium species evaluated
(Webb et al. 1987b). Atreya et al. (1984) observed /1

gradient in regeneration potential, such that proximal
regions ofcotyledons gave rise to shoot regeneration.
In this study, de novo shoot formation was confirmed
since the proximal cotyledon regions were distinct
from the node. Organogenesis from cotyledons hilS
been reported in the absence of growth regulators.
For example, peanut plants were regenerated by plac
ing whole or segmented cotyledons on moist filter
paper in the absence of nutrient media and hormones
(Bhatia et al. 1985; Illingworth 1968), although the



Table 2. Ileporls of successful mlcropropagallon of various leguminous species.

Specics Explant l Rcfcrcncc

.: Acacia koa Oray RS.ST Skolmcn 1986

Aracllis IIypogaca L. CN, EA. ST NlII'llSimhulu and Rcddy 1985; Atrcyo. ct al. 1984; Bajaj ct al.
1981 u: Karlha ct al. 1981; Bravcrman 1975; Russo and Varnell
1978: Mhatrc et al. 1985; Oelck et al. 1982: Oclck and Schieder
1983

Clecr OrICIIIJI/1II L. CN.ST Bajaj 1983a: Karthaetal.1981: Bajaj and Dhanu 1979
Ii

Glycille lIIax (L.) Mill. AB.CN. Wright ct al. 1986: Freytag et al. 1989; Omybosch et al. 1987:
E.EA. Cheng et al. 1980: Kartha ct al. 1981: Bmverman 1975; Oclck

ST and Schieder 1983

La,IIyrtLf sOlil'lls L. ST Oharyal and Maheshwari 1983

"J LellS cllllllaris Medik. E.SN.ST Polanco et al. 1988: Williams and McHughen 1986.-

L. esclllellllull Moench ST Bajllj nnd Dhanu 1979

Medicago saliva L. ST Cheyne and Dnlc 1980

Meii/olllS officillalls Willd. SN Oelck nnd Schieder 1983

Mimosa plldica L. CN.ST Oharyal and Maheshwnri 1982

PllaseoirlS arClLf Roxb. ST Bajaj nnd Dhanu 1979

P. coceille/IS L. ST Ruiz ct al. 1986

P. /IIIII/go L. ST Bnjnj and Dhanu 1979

P. vlligaris L. ST Kartha et al. 1981: Ruiz et al. 1986

PiSIUII salivlull L. ST Blljaj and Dhanu 1979

Robillia pse/Jacacia L. SN.ST Chalupa 1983: Barghchi 1987

Trifoli/Ull alpeslre L. ST Parroll and Collins 1983

T. amabile Humb.• Bonpl. CN.ST Webb etnl. 1987b
etKunth

T. armellillm Willd. CN.ST Webb et 01. 1987b

T. orvcnse L. CN.ST Webb et 01. 1987b

T. holmol/lcum Katzn. CN.ST Wcbb etal. 1987b

T. cllerlerl L. CN.ST Webb et 01. 1987b

T. cllrvi.fepallUlI CN.ST Webb et al. 1987b

COlllilllled
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Table 2. CO/Ilill//ed

Species Explanl l Reference

T. IIeldreid/iall/ulI Housskn. CN,ST Webb cl oJ. 1987b

T. II/rlllm All. CN,ST Webb el 01. 1987b

T. IIylJr/d/UIt L. CN,ST Webb el 01. 1987b
-

T. /lIcamalWlI L. ST Parroll WId Collins 1983

T. kotllioc CN,ST Webb el al. 1987b

T. laere/gat/VII Poirel CN,.!lT Webb el aJ. 1987b

T. logopus Pourr. et Willd. CN,ST Webb et al. 1987b
--- T. Iig/lSlic/VlI Balbis et Loisel. CN,ST Webb et al. 1987b

T. masaie/lSe Gillen CN,ST Webb et aJ. 1987b

=
T. med/IVII L. CN,ST Webb et aJ. 1987b; Parrott nnd Collins 1983

T. michcl/omVlI Savi CN.ST Webb et aJ. 1987b

r. molllOIlWlI L. CN.ST Webb et al. 1987b

T. lIomVlI Torr. CN,ST Webb et al. 1987b

T. lIigrescel/s Vivo CN,ST Webb et al. 1987b

T. parvijlortVlI F.E. Ehrh. CN,ST Webb et al. 1987b

T. paucijlorWlI D'Urv. CN,ST Webb et al. 1987b

T. pllleo/des Pourret eL Willd. CN,ST Webb et al. 1987b

T. pill/lare Boiss. CN,ST Webb et al. 1987b

-. T. prolellSe L. E,FH,SN,Sf Skucinska and Miszke 1980; Broda 1984; Phillips and Collins
1979a. 1979b; Cheyne and Dale 1980; Parroll and Collins 1983;
Collins and Phillips 1982; Webb et al. 1987b; Cunpbcll and
Tomes 1984; Oelck and Schieder 1983

T. rodiosllnt Wahlenb. eN,Sf Webb et al. 1987b

T. reptlls L. CN,SN,ST Parrott and Collins 1983; Cheyne and Dale 1980; Barnett et aI.
1975; Bhojwani 1981; Webbetal. 1987b

T. resupillolWlI 1.. CN,SN,ST Webb et al. 1987\); Oelck and Schieder 1983

T. rubellS -ן ST Parroll and Collins 1983

T. scobrwn L. eN,Sf Webb et al. 1987b -.
T. stoloniferum Muhl et. Eaton ST Sinpet aI. 1988

Continued
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Table 2. COlli/lilted

Species Explant I Reference
-- r. sir/ulllm L. CN,ST Webb et 01. 1987b

r. slIl1lerrallellm L. CN,ST Pnrroll and Collins 1983: Wcbbcl 01. 1987b

r. lomellloSllln L. CN,ST Webb rt 01. 1987b

r. tr/delllallull Lindl. CN,ST Webb et 01. 1987b

r. IInlf/orllm L. CN,ST Webb et 01. 1987b

Vlclafa/JO L. ST Busse 1986

V. 1I/1I1I1/clI/ala (L.) Wl1lp. ST Knrtha et 01. 1981

t. AD .. axillary bud, eN .. cOlyledonary node. E .. epicolyl, EA .. embryonic axis. FH .. Rower head. RS .. rool sproulS. SN .. shOOI node, ST ..
Shool tip

addilion of BA increased the frequency of regenera
tion (Bhatia et al. 1985). Likewise, in mung bean,
Vigna radiata (L.) Wilczek, direct shoot formation
occurred on MS basal medium without hormones
from cotyledon explanlS with the embryonic axes
removed (Malhews 1987).

As with cotyledons, Ihe use of hypocotyl explanlS
has generally been successful, except for the sensitive
plant (Gharyal and Maheshwari 1982), and 68 of 72
Trifolillm species (Webb et al. 1987b). Various factors
appear to affect regeneration from hypocotyls. High
frequency of direct organogenesis from hypocotyl
segments was reported in G. canescens (Kameya and
Widholm 1981). The frequency of organogenesis was
dependent on seedling age and length and position of
the hypocotyl explant. When sections about 5 mm in
length were placed on medium containing NAA and
BA, the acropetal end of the explant produced nu
merous shOOlS.

Regeneration from root explants has been sporadic
at best. Successful regeneration has been reported
in Indian teakWood, Dalbergia sissoo Roxb. (Mukho
padhyay and Mohan Ram 1981), Brazilian lucerne,
Stylosanthes gllyanensis (Aubl,) Sw. (Meijer and
Broughton 1981), East Indian walnut, Albizia lebbeck
(Gharyal and Maheshwliri 1981), and Medicago arbo
rea L. (Mariotti et al. 1984). Alternatively, regenera
tion from root explanls has been obtained in only one
of 72 Trifolium species tested, and has been unsuc
cessful in G. tomentella and G. canescens (Kameya
and Widholm 1981), sensitive plant, Mimosa plIdica

L. (Kameya and Widholm 1981). and groundnut, Ar
achis hypogaea L. (Narasimhulu and Reddy 1985).

Auxins and cytoklnlns, The use of the cytokinin,
BA, has been widespread for the induction oforgano
genesis in legumes and most studies to date have used
BA exclusively. A few studies suggest that BA can be
the more effective cytokinin. but comprehensive
studies comparing the effectiveness of BA to that of
other cytokinins are lacking in legumes. Regeneration
frequencies of Brazilian lucerne were higher with the
use of BA than KT (Meijer and Broughton 1981),
although these two cytokinins were not compared at
lhe same auxin level, making it difficult to draw infer
ences on their relative effectiveness. Kinetin was
equal (Narasimhulu and Reddy 1985) or superior
(Martin and RIoWchault 1976) to BA for organo
genesis in groundnut. and Z was equal to BA in birds
foot trefoil, Lotus cornictllatllS L, (Ahuja et al.
1983b). The use of BA was more effective than both
KT and 2,i-P in the regeneration of berseem (Egyp
tian) clover, Trifolillm ale.mndrinlll1l L. (Mokhtar
zadeh and Constantin 1978), and pea, PiSIWI sativlWI
L. (Mroginski and Kartha 198Ia). In this last species,
both BA and KT induced regeneration, although with
differing effectiveness, while Z and 2,i-P did not
(Rubluo et al. 1984). In the case of indigo, BA effec
tively induced organogenesis, but KT and Z did not
(Bharal and Rashid 1979).

Similar observations apply to the use of auxins
during organogenesis. although no single auxin ap-
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pears to be used most often. In the most complete
evaluations carried out in legume tissue culture, the
effectiveness of different auxins depended on the ma
turity of the explant tissue which consisted of pea
leaves (Rubluo et al. 1984). The youngest leaves re
sponded to NAA, IAA, and IBA, while leaves of
intermediate maturity responded to NAA and IAA.
The most mature leaves responded only to NAA, and
no leaves responded to either 2,4-0 or PIC. TIle use
of NAA was superior to IAA for rcgeneration of ber
seem clover (Mokhtarzadeh and Constantin 1978),
and superior to 2,4-0 for the regeneration of Bra
zilian lucerne (Meijer and Broughton 1981) and G/y
cine canescens (Newell and I:.uu 1985). This last
report was in conflict with another report on the same
species (Hammalt ct al. 1987b), in which only IBA,
and not NAA, IAA, or 2,4-0, induced organogenesis.
Similar conflicting results have been reported for
winged bean, PsopllOcarplIs tetragon%blls (L.) OC.,
in which NAA was ineffective (Gregory et al. 1980),
or superior to IAA (Wilson et al. 1985). In other
reports in which auxins have been compared with
each other, 2,4-0 and NAA were unable to substitute
for IAA for the regeneration of indigo (Bharal and
Rashid 1979). In alfalfa, 2,4-0 was more effective
than KT in a Schenk and Hildebrandt basal medium,
while KT was more effective in a Linsmaicr and
Skoog medium (Stavarek et al. 1980). For regenera
tion of Indian teakwood, NAA induction produced
more shoots than IAA induction, but shoots induced
with IAA were more normal (Mukhopadhyay and
Mohan Ram 1981). In the sensitive plant, the use of
2,4-0 or NAA gave more primary shoots, but IBA
was more effective in the multiplication of primary
shoots (Gharyal and Maheshwari 1982).

In addition to the type of auxins and cytokinins
used, the ratio of these growth regulators is important.
The conventional usc of high auxin-cytokinin ratios
for root-induction, low ratios for shoot-induction, and
intermediate ratios for dedifferentiation is applicable
to legumes. Various auxin to cytokinin ratios have
been used effectively to induce organogenesis. At one
end of the spectrum, cytokinin alone has been used to
induce organogenesis. Concentrations of 0.05 mg I-I
NAA and 0.5 mg I-I BA have been effective for shoot
induction in both Medicago arborea (Moriotti et al.
1984) and in various clover species (Webb et al.
1987b). Much lower auxin:cytoltinin ratios have been
used for other species, with perhaps a 1:10 au
xin:cytokinin ratio being successfully used the most
often.

In conclusion, several factors must be considered
for the selection of appropriate growth regulators in

organogenic systems. These include species, geno
type, explant, and even the composition of the basal
medium. The use of balanced faclorial designs in fu
ture experiments should help to further deline the
relative imporlance of these faclors. Critical studies
evaluating the relative efficiencies of various cyto
kinins arc especially needed.

Genotype and species limitations. Explams show
a pronounced inter- and intraspecific diversity of or
ganogenic response, which renders the selection of
genotype among the most imporlant factors in estab
lishing successful in vitro regeneration protocols.
Some examples have already been discussed. In an
other example, callus and organogenesis from cotyl
edon explants we~e observed in various accessions of
G. canescens. Accession G1l71 was the most respon
sive of all the accessions investigated, undergoing
organogenesis in over 70% of cultures, while other
accessions underwent organogenesis at low fre
quency. Hypocotyl sections of G. canescens and
G. tomentella underwent organogenesis. In contrast, it
was not possible to induce organogenesis from hypo
cotyls, roots, or cotyledons of G. soja Sieb. and Zucc.,
G. fa/cata Benth., G. tabacina (Labil1.) Benth.,
G. lati/olia (Benth.) Newell and Hymowitz, and soy
bean (Kameya and Widholm 1981).

Cultivar dIfferences were also observed for initia
tion of organogenesis from groundnut cotyledons
(Bhatia et al. 1985). Reddy and Narasimhulu (1985)
noticed genotypic differences in seedling explant cul
ture in groundnut. While it was possible to regenerate
plants from seedling explant calli of ICG 4367 :iod
TMV 2, the cultivars TG-196 and US-48 did not re
~,ond under similar conditions. Similarly, shoot-bud
regeneration from immature leaves was obtained in
only 5 of 10 groundnut cultivars (Mroginski et al.
1981). Culture of seedling leaves from all groundnut
cultivars tested produced callus, but the frequency of
organogenesis was highly cultivar dependent (John
son 1981; Pittman et al. 1983).

Organogenesis and gene-transfer systems. In
general, de novo organogenic regeneration systems
have been amenable to the standard leaf-disc method
of Agrobacterillm-mediated transformation (Horsch
et 01. 1985) or modifications thereof. The legumes
transformed by this method so far include birdsfoot
trefoil (Jensen et al. 1986), lotononis, LOlOnoll;s hain
esii Baker (Wier et al. 1988), Townsendstyl0, Sty/o
santlzes 11Iullilis H.B.K. (Manners 1988; Manners and
Way 1989), and pea (Puonti-Kaerlas et a1. 1989).



Somatic Embryogenesis

General Considerations

Somatic embryogenesis is a process whereby a cell or
group of cells from somatic tissucs form an embryo.
In general, development of somatic embryos parallels
that of zygotic embryos. As wilh organogenesis, so
matic cmbryogenesis in legumes is not inherently dif
ferent from somatic embryogenesis in other plants
and the same fundamental principles appear to apply
in all ca!:'1s. Depending on the species, somatic
embryogenesis can occur indirectly from an interven
ing callus phase, or directly from explanted tissues.
Indirect somatic embryogenesis is best characterized
by alfalfa, while direct embryogenesis from explants
is characterized by soybean. It is the laller that has led
to the successful development of tissue culture and
regeneration systems for recalcitrant species.

Indirect Systems

Two genera of small-seeded legumes that have re
ceived considerable attention are Trifolium (the clo
vers) and Medicago (alfalfa, lucerne). In fact, both
genera have been considered at various times to be
model systems for somatic embryogenesis among le
gumes, but indirect embryogenesis has not become
common in legumes. Both Medicago and TrifolilulI
tissue culture in general, and somatic embryogenesis
in particular, have been recently reviewed elsewhere
(Bingham et al. 1988; Williams et al. 1990), so only
the salient poims are considered here. Clovers are
considered first, since multiple modes of regeneration
are found within this genus.

Somatic embryogenesis of clover. The clovers
have perhaps been the subject of the greatest number
of reports on tissue culture and regeneration in le
gumes and provide examples of both direct ~nd indi
rect embryogenesis. The greatest amount of work has
been done on white clover, Trifolium repells L., a
species that is amenable to the greatest diversity of
regeneration techniques used for a leguminous spe
cies. Sporadic recovery of shoots from callus cultures
of white clover has occurred with diverse protocols
based on the use of various combinations of auxins
and cytokinins (Pelletier and Pelletier 1971; Oswald et
al. 1977; Gresshoff 1980; .'~;:aja et aI. 1983a; Bond
and Webb 1989; Webb et a1. 1987b). While the mode
of regeneration in white clover has been reported to
be somatic embryogenesis from callus tissues (Bhoj-

wani et al. 1984), the mode of regeneration is not
always clear in other cases. A recent report of regen
eration in white e10ver clearly is direct organogenesis
(Webb et al. 1987b). In all cases, genotype is impor
lant, wilh efficient regeneration limited to a few geno
types wilh high regeneration capacity. Once identi
fied, these genotypes have been used for regelleration
studies from cell or protoplast culture (Bhojwani et a1.
1984; While 1984; Webb et at. 1987a; Yamada 1989).

Pederson (1986) was able to obtain somatic em
bryos in culture from callus tissues of white clover,
but these failed to develop. Nevertheless, indirect
somatic embryogenesis from callus induced on auxin
cytokinin combinations leading to the recovery of
plants has occurred in severnl species of the genus
Trifolium, including red clover (Phillips and Collins
1980; Bhojwani et al. 1984; McGee et at. 1989),
T. ruhells L. (Parrolland Collins 1983; Cui et al. 1988;
McGee et at. 1989), rabbitfoot clover, T. arl'ellse L.
(Bhojwani et al. 1984), crimson clover, and arrowleaf
clover, T. l'esic/llosum Sa\'i (Pederson 1986).

The first reports of direct somatic embryogenesis
in white clover (and other clovers) resulted from ex
posure of very immature zygotic embryos to RA at
0.2-2.0 mg I-I without the presence of an auxin in
the medium (Maheswaran and Williams 1984, 1985,
1986a). Most recently, somatic embryos have been
obtained directly from immature cotyledons of white
clover upon exposure to high levels of 2,4-0 (Parroll,
unpublished results). Given that a large number of
zygotic embryos respond to either auxin or cytokinin,
and that each zygotic embryo represents a different
genotype, one can infer that a larger number of clover
genotypes have the ability to regenerate via direct
embryogenesis than have the ability to regenerate via
indirect embryogenesis. Thus, white clover can re
generate via organogenesis or somatic embryogene
sis, and the laller can be stimulated by either auxins or
cytokinins, and be either direct or indirect.

Somatic embryogenesis in alfalfa. Alfalfa was
first regenerated from callus tissues in 1972 (Saunders
and Bingham ]972). Regeneration has occurred from
callus induced from virtually any part of the plant
(Bingham et al. 1988). Regeneration in alfalfa was
initially improved by the realization that the induction
and the development of somatic embryos were sepa
rate processes. Induction was accomplished by the
presence of 2,4-0 in the medium, while development
occurred upon removal of auxin from the medium
(Walker et al. 1979). The basic callus induction with
auxin-cytokinin combinations followed by transfer of
tissues to hormone-free medium has become standard
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in alfalfa tissue culture, and somatic embryogenic
protocols in general.

Different genotypes of alfalfa differ in the amount
of callus they form prior to the initiation of somatic
embryos (Meijer and Brown 1987a). The presence of
at least 12.5 mM NH4+ in the medium has also been
found to be required for somatic embryogenesis to
occur (Walker and Sato 1981). Recently, desiccated
somatic embryos of alfalfa have been proposed for
use as artificial seeds. Senaratna et aJ. (1989) found
that treatment of somatic embryos with ABA prior to
desiccation improved desiccation tolerance and con
version of desiccated somatic embryos sown directly
to soil. Embryos were more responsive following a
slow desiccation treatment than a fast treatment.
Stress pretreatments prior to desiccation tended to
improve desiccation tolerance, but reduced successful
conversion of embryos into plants. Of treatments that
included low temperature, high temperature, and wa
ter and nutrient shock, only heat shock was compara
ble to ABA treatment in improving desiccation
tolerance without negative effects on conversion.
Desiccated alfalfa somatic embryos were stored for 8
months without any loss in viability.

Errect ofgenotype In Indirect systems. Genotypic
influence on embryogenic capacity has been docu
mented in virtually all studies that have addressed the
subject. For example, caIli from different plants of
crown vetch, Coronilia varia L., and birdsfoot trefoil,
Lotus corniculatus L.-two outcrossing and self-b
compatible specie~xhibited different embryogenic
capacity (Arcioni and Mariotti 1982). Genotype was
also considered as the most important factor in estab
lishing successful in vitro cultures of alfalfa and clo
ver (Williams et al. 199U; Arcioni et aJ. 1990). In
alfalfa, the creeping rooted cultivars Rambler, Roamer,
and Drylander are better regenerators as a group than
noncreeping cultivars. The cultivar Rangelander,
from which essentially all genotypes regenerate (At
anassov and Brown 1984) is the best regenerating
cultivar currently known in alfalfa. Mitten et aJ.
(1984) studied regeneration capacity of 35 tetraploid
alfalfa cultivars representing all the nine germplasm
sources (If U.S. alfalfa. CaIli derived from hypocotyls
from 20 genotypes of each cultivar were tested for
regeneration. Ladak, Norseman, Thrkistan, and No
mad were clearly superior sources of regenerating
genotypes while the remaining cultivars possessed a
much lower frequency of regenerating genotypes. It
has been possible to breed genotypes of clover
(Mezentsev et aI. 1982) and alfalfa (Bingham et al.
1975) characterized by a high capacity for regenera-

tion. After two cycles of selection in alfalfa.•cgenera
tion frequency was increased from an h.iilal 12% to
67% (Bingham et al. 1975). This alfalfa germplasm,
known liS Regen.S, has facilitated a broad range of
studies, including: (I) physiological aspects of so
matic embryogenesis (Walker et al. 1979; Walker and
Sato 1981; Stuart and Strickland 1984a; Stuart and
Stricklano 1984b); (2) in vitro selection and subse
quent recovery of plants resistant to the toxin pro
duced by Fusari/ml oxyspor/lm f. sp. mcdicagincnsis
(Weimer) Snyd. and Hans.; (3) recovery of plants
regenerated from protoplasts (Johnson et al. 1981; Di
jak et al. 1986); and (4) transformation of alfalfa
plants (D'Halluin et al. 1990). Diploid alfalfa has also
been bred for regeneration capacity and is now avail
able (Ray and Bingham 1989).

The genetic control of regeneration has been best
studied in alfalfa. Two dominant genes, Rnl and Rn2,
were originalIy found necessary for a high level of
regeneration to occur (Reisch and Bingham 1980).
Since then, two dominant genes were also found to be
necessary for regeneration in other populations of al
falfa, and were named RII3 and Rn4 (Wan et al. 1988)
nnd Rna and Rnb (Hern4ndez-Permtndez and Christie
1989). These gene pairs, although given different
names, have not been tested for alIelism, so the possi
bility that they are the same genes in all populations
has not been eliminated. In contrast to alfalfa, the
regeneration capacity of red clover has been attrib
uted to a recessive gene, rg, while the ability to form
callus prior to the formation of somatic embryos is
due to a single dominant gene, C (Broda 1984).

Direct Systems

The following discussion details the factors important
for soybean somatic embryogenesis in those- species
in which embryos do not originate from callus, and
reviews aspects of somatic embryogenesis in other
leguminous species using soybean as a model.

Somatic embryogenesis In soybean. Soybean is
the most extensively grown and economically impor
tant legume in the world, and has been the subject of
widespread efforts to develop tissue culture and reo
generation systems for nonconventional crop im
provement. Soybean is offered here as a model
system for other recalcitrant legumes for several rea
sons. First, several regeneration protocols are avail
able that provide options for future research. Second,
current regeneration protocols are remarkably simple
and efficient. Embryos induced on basal medium with
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auxin subsequently require no exogenous growth reg
ulators for continued differentiation, maturation, ger
minalion, and plant establishment (Parrolt et aJ. 1988;
Buchheim et aJ. 1989). Third, soybean somatic
embryogeny mirrors the developmental events of zy
gotic embryogeny. For example, maturation and des
iccation clearly enhance conversion of both zygotic
and somatic soybean embryos (Hamman and Davey
1987; Parrolt et aJ. 1988; Buchheim et aJ. 1989;
Rosenberg and Rinne 1986; Rosenberg and Rinne
1988). Finally, the development of successful embryo
genic systems for soybean represents a historical pro
gression from extreme recalcitrance to efficient in
vitro regeneration of normal plants. In early studies,
the recalcitrance of soybean to in vitro manipulation
was widely reported, and at one time the crop was
referred to as "the archetype of material recalcitrant
to the induction of differentiation" (Mroginski and
Kartha 1984). From this perspective, successful ef
forts to overcome recalcitrance in soybean may prove
useful when applied to other legumes. Already, the
development of regeneration systems for other le
gumes has been based on aspects of soybean regener
ation. A recently described system for somatic em
bryogenesis in groundnut was based entirely on a
protocol developed for soybean (Sellars et al. 1989).
This review will not cover the various reports of
organogenesis in soybean, as these most often hinge
upon the presence ofa meristem in the explant tissue.
As such, these are best considered cases of micro
propagation, not de novo organogenesis.

Development of embryogenic systems in soybean.
The first evidence of culture-induced differentiation
that could be interpreted as somatic embryogenesis in
soybean was reported by Beversdorf and Bingham
(1977). These authors described the development of
"growth centers", "embryo-like structures", and
"calli with leafy protrusions". No plantlets were ob
tained from any of these structures. Subsequently,
Phillips and Collins (1981) developed a reproducible
system for the generation of numerous globular and
heart-stage embryos from suspension culture, but re
covered no plants. Several genotypes of both soybean
and G. soja responded differently in the number of
somatic embryos produced per ml ofculture medium.
Cultivar Essex was the most prolific of five commer
cial cultivars, with a frequency of 0.2 embryos ml-I
while PI 81762 was the highest of three G. soja geno
types at 3 embryos ml-I. Embryogenesis occurred at
the highest frequency with 2,4-0 as the inducing au
xin, while other auxins (NAA, IAA, IBA, and PIC)

were inferior (Phillips and Collins 1981). Gamborg et
al. (1983) generated somatic embryos in suspension
cultures from hypocotyl-derived calli. Again, 2,4-0
was effective for the production of embryos, but em
bryos were also induced with PIC. The auxins NAA,
IBA, and IAA were again ineffective. Consistent with
the findings of Phillips and Collins (1981), cv Essex
was the most prolific of seven soybean genotypes
tested, and PI 81762 was the most regenerable of
three genotypes of G. soja. No embryos were de
tected in cultures of G. canescens, G. c1andestina
Wendl., G. fa/cata, G. lahadna (Labill.) Benth., and
G. tomenlella.

Christianson et al. (1983) reported the first inci
dence of plant recovery via somatic embryogenesis.
Immature embryonic axes (1-2 mm) were routinely
subcultured on medium with 5 mg I-I 2,4-0. By re
placing the nitrogen salts of MS medium with ammo
nium citrate, one piece of tissue w:th numerous
embryos was produced. These embryos were either
maintained by serial subculture in liquid N-amended
medium supplemented with 2,4-0, or were induced to
develop shoots by transfer to a medium containing
0.005 mg I-I IBA and 0.2 mg I-I BA. Since root
formation in these cultures was extremely rare,
shoots were transferred to a standard root-inducing
medium (0.1 mg I-IIAA) for the recovery of pIamlets.
Lippmann and Lippmann (1984) next reported the
induction of somatic embryos from immature zygotic
embryos. Embryos arose directly from explants of
immature cotyledons cultured on medium supple
mented with any of several auxins (NAA, IBA, 2,4,5
T, IAA, 2,4-0, pCPA). Consistent with earlier studies,
strong auxins (2,4-0 and pCPA in this case) were the
most effective for inducing embryogenesis. The addi
tion of BA, Z, or KT at 0.5 or 1.0 ~M to the auxin
supplemented induction medium strongly inhibited
embryogenesis. The developmental stage of zygotic
embryos was an important parameter affecting the
frequency of induction ofembryogenic tissue and em
bryos. Cotyledons 4-5 mm in length provided maxi
mum production of somatic embryos. Embryos failed
to develop further when subcultured onto induction
medium. Transfer to a medium containing 0.5 ~M Z
resulted in occasional root and shoot formation from
the same embryo, but no plants were recovered. In
retrospect, these studies (Christianson et al. 1983;
Lipmann and Lipmann 1984) established critical fac
tors that were to become important for reproducible
and efl1cient somatic embryogenesis. Virtually all
subsequent reports have described auxin-induced
embryogenesis from a specific developmental stage of
immature embryos. A concurrent, independent study
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described a similar protocol for G. callcscells (Grant
1984).

Li et al. (1985) described a novel protocol for soy
bean somatic embryogenesis. Pods were immersed in
liquid n!lrogen for 20 minutes, then thawed at 60'C
for 20 minutes. Immature embryos were excised from
unbroken pods and cultured on a medium supple
menled with 1-2 mg I-I 2,4-D. A suspension was de
rived from the resulting callus and maintained on 0.5
mg I-I 2,4-D and 5% coconut milk. Hanging drop
cultures of single cells divided to form colonies con
taining small somatic embryos that were then sub
jected to various growth·regulator treatments for
further development. "Differentiated calli" containing
globular and heart·shaped embryos were transferred
to liquid regeneration medium supplemented with 0.5
mg 1.1 2,4-D and 5% coconut milk. Mature embryos
and plantlcts were detected in liquid culture after 6
months.

Lazzeri et al. (1985) induced somatic embryos
from immature zygotic embryos, either whole or with
the embryonic axis removed, on medium containing 5
mg 1.1 2,4.D or 10 mg I-I NAA. Seeds of 3-6 mm in
length provided the most responsive embryos. A div·
erse range of genotypes were responsive to the proto
col, ineluding 30 cultivars and 10 G. soja genotypes.
Embryogenic cultures could be maintained by peri.
odic subculture to fresh induction medium. The auxin
2,4-0 was superior for maintaining the embryogenic
capacity of subcultured tissue and for producing the
highest frequencies of somatic embryos. However,
somatic embryos induced with 2,4-D were more ab
normal than those induced by NAA. Development
and regeneration of somatic embryos was accom·
plished by transfer to a medium supplemented with
0.15 mg I-I NAA and 0.033 mg I-I each of BAP, KT,
and Z. Embryos were subcultured on this medium
for 20-30 days until outgrowth of the shoot apex was
observed. Embryos not induced to germinate from
this treatment were transferred for 5-15 days to a
similar medium but with 0.05 mg I-I NAA ar.1 0.33
mg I-I each of BAP, KT, and Z. Plantlets with pri
mary leaves were transferred to half·strength MS me
dium with 0.0005 mg I-I IBA. Rooted plants were
transferred to sterilized soil and covered for acclima·
tization.

Ranch et al. (1985) described a similar regenera.
tion system with substantial and important differ·
ences. Again, embryogenic tissue was derived from
whole, immature zygotic embryos or immature coty·
ledons in the presence of an inducing auxin, and
embryogenic tissue was maintained and increased by
subculture onto the induction medium. Embryos 0.5
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to 4 mm in length were more responsive than those
4·8 mm long, while embryos of less than 0.5 mm
length did not survive the culture protocol. Consistent
with the previous findings, morphologically abnormal
embryos were produced upon induction with concen
trations of 2,4-0 below 45.2 IlM. Increasing the con
centration of 2,4-D reduced the growlh rate of
embryogenic tissue, but resulted in the most normal
and developmentally responsive globular-stage so·
matic embryos. Maturation was accomplished by
transferring somatic embryos to a medium containing
6 IlM IBA and I or 10 IlM ABA. For conversion,
mature somatic embryos were transferred to 0.6 IlM
IBA +0.3 IlM GA3• Embryos exhibiting development
of the apical region were then transferred to a me
dium containing 0.6 IlM IBA for establishment of
plantlets, and plants were then grown to maturity in
the greenhouse. Considerable variation in response
(percentage of explants with organized structures)
among genotypes was observed (the lowest was
12.5% of explants with organized structures and the
highest was 67.1%) yet "no detrimental genotypic ef
fect upon initiation, proliferation, and plant regenera
tion from immature embryo-derived organized callus
cultures of soybean" was observed.

Consistent with these findings, Barwale et al.
(1986) reported regeneration from 54 soybean geno
types with only minor differences in percent regener·
ation. As with earlier studies, 2,4-0 was superior for
the production of embryogenic cultures, but somatic
embryos were abnormal from cultures induced from
20 JlM 2,4-D and were produced at low frequencies
on 45 JlM and 67 IlM 2,4-D. Raising the level of
thiamine-HCI and nicotinic acid in the basal medium
increased the percentage of embryogenesis. Embryo
genic cultures were maintained and serially propa·
gated on 21.4 JlM NAA in the dark with no loss of
embryogenic capacity over a period of 12 months. For
"germination", torpedo·stage somatic embryos were
transferred to either MS basal medium + 1.7 IlM BAP
+ 0.2 IlM IBA or MS basal medium + 9.8 JlM IBA +
5.0 nM BAP + 5 IlM GA3 and then to MS basal
medium without growth regulators. For efficient plant
recovery, rooted plantlets were grown' in liquid Hoag·
land's before transplantation to soil in the green·
house. All regenerated plants and their progeny were
fertile.

Although no genotypic differences in percent reo
generation were reported in the previous study, a
concurrent study (Kerns et al. 1986) reported that
genotypes with a high capacity for cotyledonary shoot
proliferation were also found to have a high capacity
for somatic embryo development. Somatic embryos



were produced from cotyledon or hypocotyl-derived
callus in liquid suspension cultures containing 0.4 mg
I-I 2,4-D as the sole growth regulator. Cultures were
evaluuted for average number of somatic embryos per
two culture vessels, resemblance to normal embryos,
and relative numbers of additional "clusters of prolif
erating embryos". These three characteristics were
positively correlated, i.e., flasks with the highest
number of embryos also had the most normal em
bryos and the highest number of embryonic clumps.
As with earlier systems that utilized callus-derived
suspension cultures (Beversdorf and Bingham 1977;
Phillips and Collins 1981), somatic embryo develop
ment was incomplete and no plant regeneration
occurred.

All reports subsequent to that of Kerns et a!.
(1986) have described auxin-induced somatic em
bryogenesis from immature zygotic embryos. Ghazi
et al. (1986) induced the most responsive somatic em
bryos from immature cotyledons 6 mm in length in
the presence of 10 mg I-I 2,4-D and 0.264 mg I-I
ABA. Hamman and Davey (1987) found heart-stage
embryos to be more responsive than globular or co
tyledonary-stage immature embryos. In this study,
genotypes differed in percentage of explants produc
ing somatic embryos [Fiskeby (38%) AP 120 (18%)
ACeO 101 (9%)]. To improve germination rates, so
matic embryos were cultured for a total period of 8
weeks, then desiccated in empty petridishes for 1-4
weeks until somatic embryos had shrunk to 40-50%
of original volume. While only 5% of all nondesic
cated embryos germinated upon transfer to fresh me
dium, 35% of Mitchell and 72% of AP 120 embryos
germinated after the desiccation treatment. Germi
nated embryos also developed viable apical mer
istems. Other reports have substantiated the improve
ment ofconversion rates after maturation and desicca
tion of soybean somatic embryos. Parrott et al. (1988)
found that conversion was substantially improved
when somatic embryos were matured for I month on
hormone-free medium and then desiccated for I
week. Buchheim et al. (1989) expanded on these
studies by desiccating somatic embryos in atmo
spheres with defined relative humidities. A 4-day
desiccation period in a relative humidity of 75% was
superior to either 40% or 93% relative humidity for
embryo viability and conversion.

Embryo morphology has been an important indio
cator of maturation, germination, and conversion abil·
ity. Lazzeri et al. (l987a) found that embryos of
normal morphology were most likely to germinate,
regardless of the growth regulator content of the ger
mination medium. Likewise, Ranch and Palmer

(1987) reported that morphologically normal em
bryos were the most developmentally responsive, reo
gardless of the induction or propagation medium. The
influence of morphology on conversion was system
atically evaluated by Buchheim et al. (1989). Somatic
embryos were classified in nine morphological cate
gories and evaluated for conversion frequency and
rate. Normal somatic embryos converted at higher
frequencies than any of several abnormal embryo
types.

Several recent reports have characterized and im
proved upon auxin-stimulated somatic embryogenesis
from immature cotyledons. The first report describ
ing the origin and mode of formation of somatic em
bryos was that of Hartweck et aJ. (1988). Using the
system of Lazzeri et aJ. (1985), it was found that 95%
of somatic embryos were formed on cotyledons with
the abaxial surface oriented on the culture medium.
Somatic embryos were observed to arise directly
from a "compact green rim" on the perimeter of the
explant. A friable callus also formed along the pe
riphery of the explant, but no differentiation from this
tissue was observed. This study also reported an au
xin-orientation interaction for frequency lind nor
mality of somatic embryogenesis. The highest num
ber of embryos were induced with 2,4-0 on explants
with either their abaxial or adaxial surface in contact
with the medium. The greatest number of normal em·
bryos arose from either NAA-induced explants with
the abaxial surface on the medium, or from adaxially
oriented explants induced with 2,4-0. Embryos aris
ing from the margin of the cotyledon were more nor
mal than those arising from the center. NAA-induced
embryos were more likely to arise from single or
small cell groups than embryos induced with 2,4-D.
A sucrose-auxin interaction also has been observed
(Lazzeri et al. 1988), such that normalcy of embryos
increased as sucrose levels decreased and auxin levels
increased. Finally, there appears to be an inverse cor
relation between the length of induction on an auxin
and the normalcy of the resulting somatic embryos
(Parrott et al. 1988).

Prolific suspension cultures have been derived
from globular-stage somatic embryos induced on 2,4
D (Finer and Nagasawa 1988). Secondary embryos
proliferate from terminal or apical areas of primary
somatic embryos (Finer 1988). This mode of prolif.
eration is markedly different from the secondary pro
liferation described by Ranch et aJ. (1985), who
observed secondary embryos arising from the base of
primary somatic embryos in a rosette-like fashion.
The use of microprojectile acceleration techniques in
conjunction with repetitively embryogenic suspension
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cullures is currently the most promising system for
the transformation of soybean (McMullen and Finer
1990). This system may prove useful for legumes in
which embryogenic suspensions can be obtained.

Komatsuda and Ohyama (1988) detected differ
ences in somatic embryogenesis and conversion abil
ity among a number ofJapanese genotypes. In another
evaluation of genotypie effects on regeneration, Par
rott et al. (1989) found all genotypes evaluated were
embryogenic, but genotypes with 'Manchu' or 'A.K.
Harrow' in their pedigree regenerated at higher fre
quencies. A cross between Shiro (a very low regener
ator) and Manchu (a high regenerator) resulted in FI
progeny with intermediate regeneration capacity. Re
cently, 290 genotypes of soybean and 5 genotypes of
G. max subsp gracilis Smartt were evaluated for re
generation capacity. An accession from South Africa,
cv Brownie, was found superior to all other genotypes
(Komatsuda and Ko 1990).

The current soybean regeneration -protocols are
summarized in Figure I. Several factors important for
the induction, maturation, and conversion of normal
somatic embryos are clear from the body of literature
on soybean tissue culture. Explant source is of utmost
importance as immature embryo explants are the only
tissue from which regenerated plants have been re
covered via direct somatic embryogenesis. Orienta
tion of immature cotyledons is also critical as ex
plants with the abaxial surface oriented on the culture
medium produce considerably greater numbers of
more normal embryos than explants with the adaxial
surface on the culture medium (Hartweck et al. 1988).
Although no genotype is completely recalcitrant to
somatic embryogenesis, genotypes differ by 200x in
embryogenic capacity, and also differ substantially in
conversion ability. With the most recent and efficient
protocols, growth regulators are required only to in
duce embryogenesis (Parrott et al. 1988; Buchheim et
al. 1989). The greatest number of embryos are pro
duced from explants induced for a short time by 2,4
O. In early studies embryos induced with 2,4-0 were
generally abnormal, presumably due to carryover ef
fects. The use of activated charcoal in the maturation
medium has apparently reduced auxin carryover, in
creasing the recovery of normal somatic embryos
(Buchheim et al. 1989). For optimal conversion fre
quencies and rates, soybean somatic embryos require
a maturation period that is approximately equivalent
to maturation times required by zygotic embryos. An
other similarity to zygotic embryos is the fact that
desiccation markedly enhances germination and con
version rates (Hammat and Davey 1987; Parrott et al.
1988).
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General Considerations for Direct Embryogenic
Systems

Explant age. Immature embryos have becn utilized
for the induction of somatic embryogenesis from a
number of legumes (Table I). The developmental age
of the explant has proven important for most species.
In red bud, Cercis canadensis L., the highest numbers
of somatic embryos were produced from zygotic em
bryo explants collected from pods that were 75 and
82 days postanthesis (Geneve and Kester 1990). In
black locust, Robinia pseudoacacia L., somatic em
bryos were initiated from a single culture colleeted
and cultured 4 weeks after anthesis. As only one ex
plant regenerated, this response cannot be unequivo
cally attributed to explant age. However, immature
seed collected 1-2 weeks after anthesis exhibited no
growth and those collected 8-10 weeks after anthesis
simply germinated. In each case, the response would
likely preclude embryogenesis (Merkle and Wiecko
1990). With groundnut, the age of the explant appears
less important since somatic embryogenesis has been
reported from developmental stages ranging from
late-heart-stage zygotic embryos (Sellars et al. 1989)
to nearly mature cotyledons (Ozias-Akins 1989). Em
bryonic axes ranging in size from 3 to 6 mm have also
proven responsive to the production of somatic em
bryos (Hazra et al. 1989).

Auxin. Auxin type, concentration, and exposure
time have also proven important for the initiation of
somatic embryogenesis in legumes other than soy
bean. As with soybean, 2,4-0 has proven superior to
NAA for initiating greater numbers of embryos per
explant. In one experiment, zygotic embryo explants
of red bud were the most embryogenic when induced
with 2,4-0, rather than NAA (Geneve and Kester
1990). Normal embryo morphology for this study was
not correlated with auxin type (NAA or 2,4-0), and in
contrast to soybean, explants cultured on low levels of
2,4-0 (5 J.lM) produced the greatest numbers of nor
mal embryos. The optimum exposure time for so
matic embryo formation in this study was 20 days.

Grouudnut appears to be resportsive to a variety of
synthetic auxins. Sellars et a!. (1989) reported the
highest frequency of somatic embryos resulted when
PIC was used in the inducing medium, alihough lower
frequencies were observed with either NAA or 2,4-0.
Another study (Ozias-Akins 1989) reported success
ful initiation of somatic embryogenesis using PIC, but
little success when NAA was used. Hazra et al. (1989)



Figure 1. Generalized scheme for auxin-stimulated somatic embryogenesis from immature cotyledons of
soybean. (A) Induction with high levels (>20 mg I-I) of 2,4-D for 30-60 d results in proliferation of
primary and secondary somatic embryos. These may be serially propagated in suspension culture
containing lower levels of 2,4 -D (5 mg I-I) or transferred to hormone-free solid medium (MSO)
containing activated charcoal for development and maturation. After a maturation period equivalent to
that necessary for their zygotic counterparts, somatic embryos are removed to a dry vessel for partial
desiccation, then transferred back to hormone-free medium for germination and seedling growth. (B)
Induction with 10 mg I-I of NAA for 10 d results in formation of embryogenic tissue around the distal
periphery of the explant. Transfer of induced expiants to MSO allows development of somatic embryos.
Further maturation Is achieved by isolation of embryos and transfer to fresh MSO. Separation of
embryos from embryogenic clumps can also be used for maturation of somatic embryos from suspen
sion as depicted in (A). Desiccation promotes germination and seedling growth from any of these
protocols. [Protocols modified from Buchhelm et al. (1989); Parrott et al. (1988); Finer and Nagasawa
(1988)].
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found 2,4·D to be superior to NAA for inducing so
matic embryogenesis from embryonic axes.

Cytokinin. As mentioned previously, very young
zygotes exposed to a cytokinin form somatic em·
bryos, an ability lost to older embryos. Cotyledonary
stage embryos, however, respond to auxins. These
results can probably be explained in terms of the
concept PEDCs (Pre Embryogenically Determined
Cells) of Sharp et al. (1982). Very young zygotic em
bryos consist of PEDCs, and only a mitotic stimulus
is required for cells within the embryo to form addi
tional embryos. On the other hand, slightly older
embryos have lost some of their PEDC property, pre
sumably due to termination of embryogenic develop
mental programs within the cells and their
replacement by other developmental programs. Such
cells must be exposed to an auxin to restore their
embryogenic potential. While the presence of a cyto
kinin in the growth medium is required to obtain
vigorous callus growth, the rationale for inclusion ofa
cytokinin if the objective is to obtain somatic em
bryos from immature cotyledons is not evident. Use
of an auxin is all that is necessary. In those cases
where both auxins and cytokinins were used, the
presence of the cytokinin either had no effect or had a
detrimental effect.

Role of Tissue Culture in Legume
Improvement

In the following section we will draw examples from
the literature to highlight some of the areas where
tissue culture has proven useful to legume improve
ment. These areas include loog-term storage of ger
mplasm, virus elimination, somaclonal variation, and
somatic cell selection. Much of the work to date has
involved alfalfa and clover since these were among
the first legumes to be manipulated in tissue culture.
However, similar approaches may prove useful in
other legumes in which tissue culture techniques have
been developed. An emerging area of importance is
the use of tissue culture in genetic transformation.
Since this area will be covered elsewhere in these
proceedings, we will not include it here.

Germplasm Preservation

While most cultivated legumes are seed propagated
and therefore amenable to long-term storage, some
wild species are perennial or reproduce poorly from
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seed and require clonal propagation for germplasm
maintenance and long-term storage (Mroginski and
Kartha 1984). Cheyne and Dale (1980) were able to
store shoot-tip cultures of red clover, white clover,
and alfalfa for IS to 18 months without subculture and
recover viable plants from more than 70% of their
cultures. Their storage regimes were either 2-4'C
with an 8-hour photoperiod, or 4-6'C under complete
darkness. Also, Bhojwani (1981) stored shoot cultures
of white clover for 10 months without subculture at
S'C in darkness. This treatment did not affect the
potential for rapid multiplication of the cultures. Fol·
lowing cryopreservation for 20 months in liquid ni
trogen (-196'C), meristem cultures of groundnut and
chickpea, Cicer arielinum L., exhibited 42% and 57%
survival (Nagarajan and Walton 1987). Examples of
other long-term storage regimes can be found in Bajaj
(1990).

Virus Elimination and Evaluation

When very small regions of rapidly growing mer
istems are isolated and cultured, resulting plants are
often free of viruses present in the original plant ma
terial. Virus elimination is particularly important in
the production of clover seed. Most clover cultivars
are synthetics, msulting from open pollination of sev·
eral source genotypes. The progenitor genotypes are
maintained through clonal propagation and are thus
susceptible to continued infection and spread of vi
ruses. The end result is a reduction in seed production
(Williams et a1. 1990). Barnell et al. (1975) used a
combination of cold treatment (lO'C for 13-15 wks)
and meristem-tip culture of white clover to success
fully eliminate viruses from plants. Also, Phillips and
Collins (1979a) found that two-thirds of the meristem
derived plants from red clover were virus free. In the
laller study, virus elimination was enhanced by using
smaller apical meristems to initiate cultures. Shoot-tip
or meristem culture offers both clonal propagation
and virus elimination to seed producers. The produc
tion of aseptic, virus-free plants in vitro expedites the
international transfer of germplasm since the aseptic
cultures are usually easily passed through quarantine.
Techniques for meristem culture have been developed
fer several other legume genera (Mroginski and
Kartha 1984) and should prove useful for virus elim
ination from these species as well.

Jones et al. (1981) investigated the ability of cell
cultures of several clover genotypes to support virus
replication in vitro. They found the in vitro response
closely approximated the response of the genotypes



when inoculated in situ, indicating that selection for
virus resistance is possible using tissue-cuhure tech
niques. This finding is important since it would allow
pathologists to evaluate viral resistance in vitro and
thus reduce or eliminate the risk of accidental viral
release into previously uninfested regions.

Somaclonal Variation

Plant breeders arc continually searching for new ge
netic variability that is potentially useful in cultivar
improvement. A portion of plants regenerated by tis
sue culture often exhibits phenotypic variation atypi
cal of the original phenotype. Such variation, termed
somaclonal variation (Larkin and Scowcroft 1981),
may be heritable, i.e., genetically stable and passed
on to the next generation. Alternatively, the variation
may be epigenetic and disappear following sexual
reproduction. The heritable variation is potentially
useful to plant breeders.

Somaelonal variation in legumes has been studied
most in alfalfa (Bingham and McCoy 1986) and, to a
lesser extent, in soybean (Barwale and Widholm
1990). In alfalfa, the most common type of somaclo
nal variation derived from tissue culture involves
changes in chromosome number. Saunders and Bin
gham (1972) observed octoploid and albino plants
among the first alfalfa regenerants, and numerous
other studies have also indicated chromosomal changes
ranging from spontaneous doubling of chromosome
number to aneuploidy and translocations (Binarova
and Dolezel 1988; Taha and Francis 1990; Nagarajan
and Walton 1987; Reisch and Bingham 1981; Groose
and Bingham 1984; Johnson et al. 1984). Among
these studies, no difference in number of variants was
observed in plants regenerated from suspension or
callus culture (Groose and Bingham 1984; Shahin et
at 1986; Binarova and Dol~zel 1988). The work of
Nagarajan and Walton (1987) indicates that frequency
of aneuploidy in alfalfa tissue cultures may be geno
type dependent. The number of aneuploids observed
during development of Regen-S, a line bred for high
regeneration capacity (Bingham et al. 1975), was
probably minimized since selection for vigor and fer
tility were performed after each regeneration cycle.
In a study specifically designed to evaluate the fre
quency of somaclonal variation, Groose and Bingham
(1984) constructed two tetraploid lines of alfalfa that
were heterozygous for four simply inherited traits.
One culture resulted in 116 regenerated plants of
which 21% were variant for one or more of the char
acters. Sixty percent of variant regenerants exhibited

a change in chromosome number. However, they ob
served that variation induced by tissue cuhure did not
result in major rearrangements in either the alfalfa
chloroplast or mitochondrial gcnomes.

In another study with alfalfa (Reish et al. 1981),
cell suspensions of a diploid cultivar, HG2, were
mutagenized with methane sulfonic acid ethylester
(EMS) and selected for resistance to the toxic effect
of ethionine (an analog of methionine). Two types of
variants were observed in the regenerated plants:
those that were resistant to ethionine, and those that
exhibited phenotypic variation in morphology, fertil
ity, and herbage yield. Few variants were observed
among plants regenerated from mutagenized cultures
that were not treated with ethionine, leading the au
thors to suggest that the mutagenic effects of eth
ionine may have been responsible for the appearance
of the additional variants (Reisch and Bingham 1981).
One variant, a spontaneous tetraploid (NSI) arising
from a control culture, yielded threefold more her
bage dry matter than diploid or tetraploid comrols. A
subsequent experiment (Pfeiffer and Bingham 1984)
confirmed these results and indicated significant im
provement in fertility of NSI. However, the yield in
crease realized in NSI was not equal to thatllchieved
through selection during inbreeding of HG2, the di
ploid progenitor or NSI (Pfeiffer and Bingham 1984).

Barwale and Widholm (1990) described three
types of variants that arose after cotyledonary-node
culture of soybean: traits exhibiting simple inheri
tance, traits with stable inheritance but aberrant seg
regation ratios, and epigenetic traits. Among the
variants observed were chlorophyll deficiency, partial
or complete sterility, numerous abnormalities in leaf
morphology and number, twin seeds, changes in de
velopmental growth habit, and multiple shoots. Al
though not as common as in alfalfa, changes in ploidy
were also observed among soybean regenerates (Bar
wale and Widholm 1990). Variations in quantitative
traits have been observed as well. Greybosch and
coworkers (1987) reported decreased yield (2 fami
lies) and increases in height (3 families) among 89
families derived from plants regenerate" from coty
ledonary nod~s of soybean. Changes in maturity date
and increases in oil content among regenerates have
also been reported (Barwale and Widholm 1990).

Somatic Cell Selection

Somatic cell selection, or in vitro selection, is a pro
cess by which variant cells or cell lines are selected in
vitro for the ability to grow in the presence of selec-
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tive agents, such as fungal filtrates, herbicides, or high
salinity, which inhibit the growth of nonvariant cells.
For the technique to be successful, spontaneous or
induced mutations must be present in the cell cul
tures, and the resistance reaction must be active at the
cellular level (Bingham et al. 1988). This procedure
has the advantage-over selection imposed following
plant regeneration-of increased efficiency of screen
ing for rare variants among large numbers of cells in
culture.

There are three major areas where somatic cell
selection has been practiced with legumes: selection
for resistance or tolerance to fungal filtrates, selection
for tolerance to phytotoxic levels of herbicide~, and
selection for salinity tolerance.

In vitro selection for resistance to several fungal
diseases in alfalfa has been attempted. Selection for
resistance to fusarium wilt was achieved by adding
culture filtrates from the fungus into the plant-culture
medium (Hartman et al. 1984). Resistance was ob
served in regenerated plants under greenhouse condi
tions, and these plants gave rise to resistant cell
cultures. However, there are no reports of progeny
evaluated for resistance. In the previous study, selec
tion for resistance among long-term cultures resulted
in plants with elevated ploidy (hexaploids and octo
ploids), but selection from short-term cultures yielded
tetraploid plants that were also resistant. Other studies
have also indicated success in selecting for Fusarium
resistance (Binarova et al. 1990; Arcioni et al. 1987).
While the resistance obtained in these studies has
been stable through asexual propagation, reports are
lacking as to whether the resistance is heritable. At
tempts to select for resistance to Verticil/illm wilt in
alfalfa were unsuccessful (Latunde-Dada and Lucas
1988; Yu et al. 1990). When selecting for resistance to
Verticillium, toxic levels of culture filtrate apparently
selected for cells that were incapable of regeneration.
When selection was carried out with levels of the
filtrate that allow regeneration, there was little evi
dence of increased resistance to the fungus among
regenerated plants (Latunde-Dada and Lucas 1988).
Mezentsev et aI. (1982) found a direct correlation
between resistance in red clover at the seedling and
cellular level to Sclerotinia trijo/ionU1l using culture
medium. Selection for resistant cell lines was suc
cessfully achieved in irradiated cultures, but resis
tance in regenerated plants was not tested.

Several attempts have been made to select for in
crealled tolerance to phytotoxic levels of phenoxy
analog herbicides (2,4-D, 2,4,5-T, and 2,4-D8) in clo
ver. Oswald et aI. (1977) reported increased tolerance
of cell lines to all three analogs following a 5.day
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exposure of suspension cultures to phytotoxic levels
of the herbicides. Selecting for tolerance to 2,4-D8
alone also conferred tolerance to the other two her
bicides. Tolerance was maintained through subse
quent cell generations and the report indicated that
plants were regenerated from selected cells although
response to the herbicides at the whole plant level in
these regenerates was not discussed. In another study
(Taylor et al. 1989), in vitro and field responses to
2,4-D of eight diverse clover populations were cor
related (r=O.77) and increased tolerance to 2,4-D was
selected in several callus lines, but plants could not be
regenerated from the callus. In birdsfoot trefoil a pos
itive correlation was found between whole plant and
callus tolerance to 2,4-D (Swanson and Tomes 1980b)
and selection for 2,4-D-tolerant cell lines was suc
cessful (Swanson and Tomes 1980a). However, the
level of tolerance achieved through in vitro selection
did not equal that exhibited in a cultivar previously
selected for field resistance to 2,4-D (Swanson and
Tomes 1980b).

Selection for salinity tolerance has been largely
unsuccessful in alfalfa. In two separate studies (Mc
Coy 1987; Smith and McComb 1983), there was no
correlation between in vitro and whole plant re
sponse. One study (Smith and McComb 1981), how
ever, identified a cell line with increased NaCI
tolerance. This cell line originated from a cultivar
previously selected to perform well in tissue culture
(Bingham et al. 1975).

Mlscel1&neous Uses

Correlations have been noted between whole-plant
and callus tolerance to stress factors, such as salinity,
in legumes. Such a correlation for tolerance to salinity
and acidity has also been identified in alfalfa (Me
zentsev et al. 1982). Therefore, callus cultures have
been proposed as sensitive assays for evaluation of
whole plant tolerance (Smith and McComb 1981). Re
cently, Parrott and Bouton (1990) have exploited this
relationship and used callus assays to identify alfalfa
planL~ most tolerant to toxic levels of aluminum in
acidified media; and Stephens et al. (1990) were able
to detect differences in iron efficiency between soy
bean cultivars by using a callus assay. Finally, geno
typic differences In the capacity for tannin production
are evident in tissue culture (Lees 1986), raising the
possibility that programs breeding for low tannin con
tent can use callus assays to identify plants with low
tannin contents to use as parents in the breeding
program.
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Conclusions

General conclusions about legume tissue culture.
modified from those of Bingham et al. (1988), appear
to be generally npplieable, whether regcmeration is vln
organogenesis or embryogenesis.
• Some species of legumes arc amenable to regener

ation by both organogenesis and embryogenesis.
• Regeneration is genotype-specific.
• Most genera or species which have been seriously

addressed contnin genotypes capable of regenera
tinn via one mode or anothl~r.

• Media combinations will probably need to be opti
mized for each Ilpecies.

• Explant type llnd uge can affect regeneration
cnpacity.

• Genotypes or populations with a high regeneration
capacity can be developed through conventional
breeding.
Tissue-culture llystems for legumes have been and

continue to be developed to mcet thc challcnging de
mands of plant improvement and genetic engineering.
Various options for the design of regc:ncration sys
tems arc currently available. The desirability of the
mode of regeneration is contingent on specific goals.
The mode may be irrelevant if one simply needs to
recover plants from protoplasts or following in vitro
selection. Simple shoot proliferation is all that is nec
essary for virus elimination or germplasl11 conserva
tion. Organogenic regeneration systems have tradi·
tionaIJy been more effective for the purposes of ge
netic transformation, but transformation techniques
have now Ibeen adapted to exploit the unique features
of somatic embryogenesis. This is important since de
novo regeneration occurs exclusively via somatic em·
byrogenesis in several species.
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In Vitro Culture Techniques for Forage Genetic Resources

J. Hanson and T.J. Ruredzo l

Introduction

Inadequate nutrition in livestock, resulting from feed
shortages and the poor quality of available feed
throughout the year is the major constraint to in
creased livestock production in sub-Saharan Africa.
Forage crops play an important role as animal feed
resources and germplasm is being tested to select
adapted forages for further development and use by
small-holder farmers in Africa. A large pool of germ
plasm, which can be used for evaluation and selec
tion, is essential for development of improved forages
for animal feeds.

Many native forages show considerable potential
for further development and incorporation into small
scale farming systems for livestock production. For
age grasses of the genera PCllllisetunl, Cognition, Dig
itaria. PaniclI11I, Chloris, Cenchrus, Setaria, and
Brachiaria, which form the major components of na
tive African pastures, are a major feed resource. In
digenous tree legumes such as Sesbania, Erythrina,
Faidlzerbia, and Acacia, together with introduced
genera sueh as Lem:aena, have considerable forage
potential in the African environment.

Although conventional management of forage
germplasm relies on seeds, some important species of
forage grasses rarely produce seeds and other slow
growing trees may be outcrossing or take several
years to produce seeds, thus inhibiting rapid dissem
ination of selected germplasm. Plant in vitro culture
techniques have provided solutions and alternative
approaches to overcoming constraints in the manage
ment of these genetic resources.

An important constraint to the rapid development
of these forage species for utilization is the long time
they take to reach maturity and produce seeds or, in
the case ofgrasses, inadequate production of seeds for
collection, multiplication, dissemination, and utiliza
tion. In vitro culture techniques have a potential use
for those tropical forage legumes and grasses that

cannot be conveniently handled by conventional
methods for gelletic resources management.

Use of In Vitro Culture for Germplasm
Management

Over the last decade in vitro plant culture has proved
invaluable to crop plant improvement, providing solu
tions and alternative approaches to overcoming con
straints in management of genetic resources. In vitro
techniques have been used for germplasm collection
(IBPGR 1984; Withers 1987), disease elimination
(Kartha 1981, 1986), micropropagation (Hussey
1983), and germplasm dissemination and conserva
tion (Withers 1980). In vitro techniques have also
been used for the creation of variability through
somaclonal variation (Larkin and Scowcroft 1981;
Scowcroft 1984), in vitro pollination, fertilization,
embryo culture, somatic hybridization (Melchers
1982; Melchers et al. 1978), and genetic transforma
tion (Wullems et al. 1982). Haploid plants which are
invaluable for plant breeding can be produced from in
vitro anther and pollen culture (Sunderland and Cock
ing 1978; Sunderland 1979). Forage species have re
ceived much less attention but investigations in in
vitro methods for management of forestry species
(Hartney and Kabay 1985; Bonga and Durzan 1982)
and on forage grasses at the Welsh Plant Breeding
Station (Dale 1978, 1980) and at the International
Livestock Centre for Africa (ILCA) (Ruredzo and
Hanson 1990) have shown that these techniques are
equally useful in management of forage genetic re
sources and plant improvement.

Many of the early concerns about the stability and
genetic integrity of plant in vitro cultures have now
been resolved. Plants that are recovered from the non
adventitious growth of shoot tips, axillary buds, mer
istems, embryos, and gametes have been found to be
genetically stable (Scowcroft 1984). Plants that are

I. Forage Genetic Resources Section. International Livestock Centre for Africa, Addis Ababa. Ethiopia.

Hanson, J.. and Ruredzo, T.J. 1992. In vitro cullure lechniques for forage genetic resources. Pages 140.-151 in Biotechnology and crop
improvement in Asia (Moss, J.P., cd.). Patanchcru. A.P. 502 324, India: Inlernational Crops Research IrUilule for the Semi-Arid Tropics.
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directly rcgcnerated from nonaxillary regions of the
plant arc also slable, although their genotype will de
pend on the mother tissue (D'Amato 1975). Indirect
regeneration through a callus stage is believed to re
lease somaclonal variation giving rise to genetic vari
ants from the same tissue, which can include
enhanced desirable characteristics (Larkin and
Scowcroft 1981). Plants that arc recovered from these
therefore need to be assessed for genetic stability and
enhanced dcsirable charactcrs.

In Vitro Research at ILeA

Work on in vitro culture technology has been in pro
gress at ILCA since 1986 whcn the International
Board for Plant Genetic Resources (IBPGR) and
ILCA agrecd to collaborate in a 2-year project to
develop minimal facility methods for in vitro collec
tion and in vitro slow growth methods for the conser
vation of Cynodon aelhiopiclIs, C. dacrylon, and
D;gilaria dec/lmbens. A suitable basal medium for
grass species was identified for the growth of these
species in vitro and suitable exogenous growth :;ubs
tances (auxins, cytokinins, and gibberrellins) and car
bon source for normal ratcs of growth in vitro were
determined. Cultures of the forage grasses Cynodon
and D;gitaria were successfully initiated, multiplied
and rooted, and slow growth conservation techniques
using low temperature were developed for these spe
cies (Ruredzo and Hanson 1990). It is now possible to
maintain cultures at IS"C for up to 18 months without
subculturing and to recover them into normal growth
conditions. A minimal facility method for the transfer
of these species to soil was developed and a minimal
facility method for the collection of C. dacrylon using
locally available sterilizing agents, antibiotics, and
fungicides as supplements to the media to control
contamination was also developed and tested.

In 1989 the work was expanded to multipurpose
tree legumes in a project supported by the Interna
tional Development Research Centre (lDRC) to de
velop in vitro culture methodology for rapid
multiplication. Seshania sesban, leucaena leueo
cephala, and Erylhrina bruce; were successfully initi
ated in vitro from embryo-derived cotyledons,
hypocoryls, and embryo axes of Sesbania sesban
(Ruredzo and Hanson 1990) and from embryo-de
rived explants in Faidherbia albida and Acacia tor
tiUs. Nonadventitious regeneration was successfully
achieved from shoot tips in Erythrina brucei,
Faidherbia albida, and Acacia lorti/is•
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Plant Regeneration in Chickpea

V.K. Sheila, J.P. Moss, C.L.L. Gowda, and H.A. van Rheenen I

•

Micropropagation is one of the most widely used tis
sue culture techniques for rapid asexual in vitro prop
agation. Such techniques for grain legume crops have
been rare but are of recent interest. Chickpea (C;cer
ar;et;IIIU11 L.) is a major food legume in many coun
tries and is one of the most important pulse crops in
the world. A technique was standardized to propagate
chickpea and its wild relatives. A medium was devel·
oped to induce multiple shoots from excised shoot
tips of 15-day-old aseptically raised seedlings and 30
day-old greenhouse-grown plants. Shoot-tip explants
(2·8 cm long) of six chickpea genotypes (L 550,
K 850,ICCC 32 (ICCY 6), ICC 12237, ICCC 42, and
C 235) and four wild C;cer spp (C. bijllgllm No. 201,
C. ClIl/calllm SL 157, C. jllda;clU11 No. 185, and
C. p;'l1IatifidlU11 No. 188) were cultured under two
light regimes. Multiple shoots were produced from
shoot tip explants of all the genotypes tested on me
dium containing 2.0 mg I-I 6-Benzyl Aminopurine
(BA) and 0.5 mg I-I Indole Acetic Acid (IAA). All the
chickpea genotypes exceptlCCC 32 and ICC 12237
produced a greater number of shoots under 16 h than
24 h daylength. Explants of C. C/II/calllm SL 157 and
C.jlldaiclU11 No. 185 also responded better under 16 h
than 24 h daylength. Cicer bijuglU11 and C. pin
I/alifid/lm were not tested under 16 h daylength but did
produce shoots under 24 h daylength.

Shoots produced were excised and subeultured in
dividually on fresh medium at 6-week intervals to
ensure a high rate of multiplication. One shoot-tip
explant of the genotype K 850 produced a total of 134
shoots after three transfers. The shoots were excised
and transferred individually to a rooting medium sup-

plemented with Indole·3 Butyric Acid (IBA) or
Napthylene Acetic Acid (NAA). The IBA-supple
mented medium induced normal roots, while NAA
supplemented medium induced short, thick roots. The
plantlets were transferred to polythene bags or small
plastic pots containing sterile sand and then drenched
with an antimicrobial solution (Benlate® +Thiram®
+ Agrimycin® mixture) to reduce plant mortality.
Final1y, the plantlets were established in a sand +
Vertisol (3: 1) medium in pots and maintained in the
greenhouse. Normal pods were produced from such
mieropropagated plants.

Attempts were also made to regenerate plants
from callus. Callus was induced from a range of ex
plants (leaflets, mature cotyledons, immature cotyl
edons, immature embryos, hypocotyls, epicolyls,
shoot tips, and stems) of C. arielil/llm genotypes and
wild Ciccr spp. Callusing response varied with ex
plant, media, light, and temperature. Medium contain
ing 2,4-D, alone, or in combination with other
hormones, induced callus with embryogenic struc
tures that resembled embryogenic initials. Further
differentiation into embryo-like structures did not oc
cur. However, some of the calli produced roots.

Medium supplemented with BA and IAA induced
callus from the cut end of stem explants in contact
with the medium. Very few calli produced shoot buds
when maintained on the same medium. The callus
was transferred to medium without hormones for
shoot elongation. The regenerated shoots produced
roots on medium supplemented with IBA. This tech
nique will be standardized to improve the frequency
of regeneration.
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Tissue and Organ Culture and Regeneration
in Arachis hypogaea and its Wild Relatives

Nalini Mallikarjuna l , D.C. Sastri l , J.P. MOSSI, Amar Kumar2,

and W. Powell2

The ability to generate plantlets from in vitro cultures
of organs and tissues offers opportunities for in vitro
genetic manipulation besides several commercial ap
plications. A range of tissues and organs from Arachis
hypogaea and some of its wild relatives were cultured
on different media. Concentralions, type, and com
binutions of cytokinins and auxins used in the media
elicited different responses. Preliminary results of re
generation were pUblished in 1981 by Sastri et al.
Caulogenic callus was always obtained when the me
dium was supplemented with a combination of NAA
and OAP for culture ofa range ofseedling explants
root discs, shoot meristems, immature leaflets and
epicotyl, and cotYledons from mature seeds. All these
explants produced shoot-forming calli from A. hypo
gaea, A. pllsilla, A vil/osulicarpa, and A. correnlina
on MS semisolid medium with NAA (0.01-10.0 mg
1.1) and OAP (0.1-25.0 mg I-I).

The only exceptions, however, were roots of A.
hypogaea that did not respond similarly arid no organ
ogenesis was observed. Amongst the four Arachis Ity
pogaea L. cultivars, JL-24, TMV-2, Robut 33-1, and
MK·374, used for cotyledon cultures, JL-24 was su
perior with respect to the number of cotyledons giv
ing rise to shoot buds. Cotyledons from mature seeds
had a greater propensity to form shoot buds and
shools at the nodal end directly, or through a small

callus phase. Cotyledons formed shoots and shoot
buds on medium with Kinetin also. Amongst the dif
ferent combinations of NAA and OAP, NAA at 2 mg
I-I and BAP at 25 mg I-I induced the maximum num
ber of shoot buds from the cotyledons. All the buds
obtained on the above hormone combination did not
appeal' normal. Hence, to recover the maximum num
ber of shoots from those buds, they were either dis
sected into individual shoot buds and cultured on
NAA 0.1 mg I-I and BAP 1.0 mg I-lor the buds were
directly transferred to the induction medium, but with
a larger culture vessel. It was observed that the sec
ond method supported a greater number of buds to
develop into shoots. The shoots thus formed have
been successfully transferred to soil in high
frequency.
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Regeneration in Arachis hypogaea

J.P. Moss, M.J.T. Reena, N.R.G. DuU, and D.C. Sastri1

shoots and roots produced continued to increase with
pretreatment time when NAA + BAP were used, but
there was an optimum pretreatment time when Ki
netin was used (Table I).

These experiments indicate that cotyledons arc a
good source of shoots for in vitro manipulation, and
that their own nutrient storage is s'Jfficicnt for initia
tion of shoots in large number~. Addition of salts or
sucrose decreased ttle number of explants initiating
shoots and roots, and also the number of shoots ..nd
roots produced per cotyledon.

60 0--0 Distilled water
,-. o----a MS + INAA + IBAP +Suc + Agar
~ 50 6-._-' INAA + IBAP + Suc +Agar....
~ 0-.. -0 INAA + IBAP + water
0 ......... MS +4Kn + Suc + Agar0

40.r::
'" •....• 4Kn of- Suc +Agar
bl)
c:: ...---.. 4Kn + water'§ 30

.8
CIl 20

yo---....
E
'"0.
>< tot.Ll

-,-"
0 .-.,.,..

411 3 6 10 13 :....

Days of Pretreatment

Flgur~ 1. Effect of media constituents and hor-
mones and days of pretreatment on cotyledon
response.

Dc-embryonated cotyledons have Ix':n widely used
for in vitro regeneration because of their easy avail
ability and case of handling. A lur,ge number of shoots
can be regenerated from a single cotyledon within a
short time thus making them good candidates for usc
in genetic engineering. Although cotyleC:ons placed
on moist filter paper will produce shoots, responses
vary greatly when cotyledons arc placed on different
medill. The cotyledon is a storage organ that acts as
the source of nutrition for the germinating seedling.
In this study, de-embryonated cotyledons were placed
on a range of media to initiate shoots and/or roots and
transferred to basal medium after different periods.

The following phytohormones, a) NAA (Napthy
lene acetic acid) I mg L-r and BAP (Benzylamino
purine) I mg L-I, and b) Kinetin 4 mg L-., were
applied, in three formulations: (I) distilled water, (2)
with sucrose and agar, and (3) with MS major and
minor salts, vitamins, sucrose, and agar. The culture~

were maintained at 25'C under high light intensity
(2000-2500 lux), and on 16 and 8 h light/dark cycle.
After 0.6, 3, 6, 10, and 13 days of culture, the cotyl
edons were transferred from the differellt media to
MS (Murashige and Skoog) basal medium.

The duration of exposur~ and the composition of
the media had a marked effect on the response of the
cotyledons. NumJer of explants forming roots and
shoots were greatest when cotyledons were cultured
in distilled water with hormones; the presence of su
crose and agar or MS salts, sucrose, and agar de
creased the percentage of responding cotyledons
(Fig. I).

Pretreatment with hormones in distilled water pro
duced up to 39 shoots per cotyledon. The numbers of
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Effects of Physical Factors on Regeneration in ArachifJ

J.P. Moss, N.R.G. Dutt, and M.J.T. Reena l

Regeneration in Arachis has been reported. both in
the cultivated peanut and its wild relatives. but the
wild species regenerate more freely than the culti·
vated species.

Plant regeneration is influenced and controlled by
different chemical, physical, and genotypic factors.
To further understand the factors influencing regener
:aion, dc-embryonated cotyledons from two ge
nO'~I:-es were cultured on MS media with I mg I-I
NAA and I mg I-I BAP (MI) or 2 mg I-I NAA and 0.5
mg I-I BAP (M2), at two different temperatures
25'C and 30·C-with different light regimes-dark
and at low and high light intensities with a 16/8 h
light/dark cycle-and with two orientations-either
with the abaxial or the adaxial surface in contact with
the medium.

Analysis of variance indicated significant effects
of hormone level, temperature, light intensity, and
orientation on production of roots and shoots and on

callus formation, and also significant interactions bet
ween these factors.

Differences in temperature affected production of
shoots and root growth and callus production. Lower
temperature (25·C) induced more shoots than higher
temperature (30'C); however, higher temperature en
couraged root elongation and stimulated more callus
formation than the lower temperature. More explants
formed callus at nodal end at low temperature than at
a higher temperature.

Light levels significantly affected shoot produc
tion and growth, root numbers, and callus production.
High light intensity initiated more shoots and greater
shoot growth and callus induction than lower light
intensities. Incubation in dark drastically reduced the
shoot numbers, but did not affect the root formation,
although the roots that formed grew longer.

Explant orientation influenced root numbers and
growth and shoot growth.

Table I. Significant factors and Interactions affecting response of cotyledons cultured In vitro,

Dependent variable

Root Shool Rool Shoot
Callus

Source of variation Fonnation Fonnation Production

Media(M) •• •• •• ••
Temperature (T) • •• ••
Light Intensity (L) •• •• •• ••
Genotypes (G) • •• •• •
Orientation (0) • •• ••
MxT •• •• ••
MxL •• • •
TxL •• •• • ••
MxO • •
GxO •• •• •• ...
MxTxL •• • ••
MxTxG •• -

MxTxO •
TxLxG •• ••
TxGxO •
LxGxO •
MxTxLxG •
• P<O.05• •• P<O.OI
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When Robut 33-1 cotyledons were adaxially placed
on medium I at 30·C, an increase in light intensity had
little effcct on the number of explnnts fonning oolh roots
and shoots, but had a dramatic effect (approximately six
fold increase) when abaxially placed (Fig. I). On me
dium 2 at 30·C, response at low light intensity showed a
similar dramatic increase over the response in the dark
for ooth orientations, which further increased at high
light intensity for abaxially orientated cotyledons, but
decreased for adaxial orientation. However, responses
for the other genotype, JL 24, did not follow this pattern.

There were significant interactions of media with
temperature and different light intensities with re-

spect to shoot and callus formation and shoot growth
(Table I). Higher-order interactions werc also signifi
cant for certain combinations of faclors. Notably
among them, media, temperature, and intensity signifi
cantly innuenced shoot numbers, length, and callus in
duction. Light intensity, cultivdrs, and explant
orientation together affected only shoot formation.

These results indicate that changes in physical
conditions can greatly innuence response, and the
nature and magnitude of the responses differ for dif
ferent genotypes and media. These factors contribute
to the difficulty that has been experienced in regener
ation of Arachis.
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Figure L Percentage of RoJmt 33-1 cotyledons that formed both roots and shoots when cultured under
different conditions.
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Somatic Embryogenesis from Mesophyll Protoplasts
of Wild and Cultivated Species of Pigeonpea

v.v. Ramana Rao, S.N. Chary, and J.K. Bhallal

=

Pigeonpea, Cajanus cajon, has wild relatives that are
of potential value, through hybridization, in genetic
improvement of the cultivated pigeonpea. However,
limited success has been achieved using conventional
techniques since some of the wild species are incom
patible. Somatic hybridization offers new options that
could complement conventional breeding approaches.

In the present program, attempts have been made
to isolate, culture, and fuse the mesophyll protoplasts
of pigeonpea cultivars, e.g., UPAS I:W and Pant A2
and their wild relatives Atylosia platyearpa. Rhyne
hosia aurea, and RilYllcllosia visicidia. The proto
plasts were isolated from the leaves of axenicaI shoot
cultures using an enzyme mixture consisting of 1%
cellulase + 0.5% pectinase. The yield of protoplasts
was greater from both cultivars than from the wild
species. Freshly isolated protoplasts of all species
showed maximum viability and in such cells cyto
plasmic streaming was clearly seen. Differences in
cell size were observed between the cultivated and
wild species.

The purified protoplasts were cultured at a density
of 2 x 1()4 ml-' on modified B5, MS, and Blaydes
liquid media, with 5% sucrose (O.l5M) and 4.6%
Mannitol, I mg 1- 1 2,4-0,0.4 mg I-I BAP, 1.0 mg I-I
NAA, and 2 mg I-I glycine, at pH 5.8. After I week, a
fresh medium devoid ofphytohormones was added to
the cultures to lower the osmoticum. Cultures were
incubated in the dark for the first 2 weeks and thereaf
ter under continuous cool light.

Cell division was observed afler 6 days of culture
and subsequent development of small colonies was
noticed on modified B5 media, which proved to be
the most efficient among the media tested. Two spe
cies, Atylosia platycarpa and RhyncllOsia visicidia, as
well as the cultivar UPAS 120, gave good response.

The growth rote of the cells was fast and they turned
into clumps or protoclones afler 45 days. After 60 days,
the cell clumps showed large numbers of globular
structures. The cells constituting the globular structures
were isodiametric and compactly armnged with granu
lar cytoplasm, suggestive of being embryogenic cells.
Embryoids were observed on the surface of the irregu
larly shaped cell clumps. Embryoids were attached to
the clumps, and some such clumps also formed root
like structures. Both embryoids and root structures de
veloped by division of the cells within the cell clumps.
The protoclones developed into typical callus.

The fusion of protoplasts of cultivars and wild
species was carried out using polyethylene glycol,
and the fusion products were viable for several weeks.
The fused products were dispensed on to liquid B5
medium, and the growth of cells has bee:1 observed.

Although protoc1ones were obtained successfully
from mesophyll protoplasts of the cultivar UPAS-120
as well as Atylosia platyearpa and Rilynoclwsia vis
icidia, they did not differentiate into plantlets.

Experiments are in progress to identify the hetem
karyons and standardize the cultural conditions for
callus initiation and further differentiation.
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Tissue Culture and Wide Crosses in Pigeonpea

M.J.T. Reena, P.T.C. Nambiar, J.P. Moss, D.C. Sastri,
and M. Mohiuddin l

Wide Crosses in Pigeonpea

Table 1. Percentage or explants forming roots/shoots
from mature cotyledons or CaJan", cajon cv ICPL 87.

mation was observed only in five shoots on MS me
dium with 0.1 mg I-I NAA.

Hybrid embryos oblained from the interspecific cross
between Cajan/IS platycarpllS x Cajan/IS cajan were
cultured on MS with 0.6 mg I-I BAP (Table 2). Em
bryos that matured and formed both roots and shoots
were transfered to soil. These did not survive long.
Some of the embryos callused in culture and then
formed shoot buds that did not elongate beyond 0.5 to
I cm in length. Hybrid callus has been transferred to
different combinations of NAA and BAP for further
induction and growth of shoots.

o
o
o
7

20
14
20

% of explnnl8
forming shoals

10
8
7
o
o
o
o

% of explnnl8
forming roots'

I. 20 cOlyledons were euhured on each medium.
NAA - Naphthaleneacelic aeid
BAP - Benzylaminopurine

Hormones
(mgl· l )

1.0
I.ONAA
S.ONAA
I.OBAP
1.0 BAP+ I NAA
S.O BAP
S.O BAP + 1.0 NAA

In vitro regeneration of plants from different tissue
explants has been achieved in a large number of spe
cies. The availability of an in vitro regeneration tech
nique is a prerequisite for the application of most of
the biotechnological techniques. Tissue and organ
culture in pigeonpea have been attempted and regen
eration reported earlier (Mehta and Mohan Ram
1980; Kumar et al. 1984 and 1985). For plant propaga
tion or transformation high-frequency regenerability
and reproducibility arc important. Among the differ
ent explants like immature leaflets, root discs, hypo
cotyl, and epicotyl segments, cotyledons were chosen
for culture because of their high frequency of re
generation.

Cotyledons from mature seeds and seedlings from
two cultivars of CajallllS cajan, ICPL 87 and ICPL 4,
were cultured on Murashige and Skoog's (MS) me
dium with 3% sucrose, 0.7% agar, and supplemented
with different combinations of Napthalene acetic acid
(NAA) and Benzyl-aminopurine (BAP) (Table I). All
the cotyledons cultured from mature seeds and I-day
old seedlings revealed nodular green compact calli on
the media supplemented with I mg I-I each of NAA
and BAP and also with 5 mg I-I BAP and I mg I-I
NAA. Transfer of this callus to MS +0.5 mg I-I BAP
with or without 0.1 mg I-I NAA triggered the forma
tion of a large humber of shoot buds. Best elongation
of these buds was seen on MS with GA (Gibberellic
acid) I mg I-I. Elongated shoot buds were transferred
to the rooting media, which were comprised of half
strength MS with 0.1 mg I-I NAA or MS with 2 mg I-I
NAA and I mg 1.1 Indolbutyric aci(~'(IBA). Root for-

I. l"lemational Crops Research Inslilule for the Semi-Arid Tropics (ICRISATI. PaulQcheru, 502 324, A.P., India.
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Tuhlc 2. Itcsponse or hyhrld emhryos or Coja"u, plalycarpu, x Cojal/u, cojal/ cullured on MS + 0.6 mil 1.1 IIAP.

No. of
embryos No. of

Cross belween accession fonnlng embryos
of C(I}UlIII,I/,/lIIyc(lrpllJ ( No. of No. of No. of No. of mulllpic forming
uI/d gcnOlype of pollinullons pods embryos embryos shoOI buds both roOI
C'I}(l1/1I1 "(I}"" ( done fonned cullured responding from cullus and shool

ICPW 65 x ICPL 85030 45 3 6 6 6 0
ICPW 66 x ICPL 85030 43 8 II 10 4 21

ICPW 69 x ICI'L 115030 32 7 5 0 0 0
ICPW 70 x ICPL 85030 III 4 7 3 3 0
ICPW 72 x ICPI.. 85030 18 4 5 I I 0
ICPW 66 x ICPL 1I1lO14 41 15 18 6 4 41

ICPW 69 x ICPL 1111014 39 II 9 2 0 2\
ICPW 70)( ICPL 811014 46 19 7 0 0 0
ICPW 72)( ICPL 118014 II I I I 0 II

J. PlunL~ Imnsferred 10 soli bUI did nOI survive long.
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.0 and Crop ,.mprovemeot
in the Genus Arachis

D.C. Sastrit, A.K. Singh l, J.P. Mossl,
Nalini Mallikarjuna l, and X. Zhang2

Considerable progress has been made at ICRISAT in
genetic improvement of Arachis hypollaea using wild
relatives with resistances to late leaf spot and rust,
and which are easily crossable with the cultivated
species.

Hormone-aided polIination followed by in vitro
culture of immature ovules and embryos has been
developed for production of hybrids from intersec
tional crosses and also, for example, between sections
Arachis and Rhizomatosae and between sections Ar
achis and Erectoides, hitherto reported incompatible
by conventional methods.

A large number of hybrid plants from embryo cul
ture derived calli obtained from culture of hybrid
embryos (A. hypollaea x A. sp 276233 (Rhizo
matosae» have been transferred to soil but only one
has produced flowers. Flowers arc mostly sterile but
backcrosses with A. hypogaea hav!;: formed a few

pods containing immature seeds. Embryos from these
have been cultured in vitro and plantlets obtained.

Meiotic analysis of flower buds of this hybrid
plant rc:vealed a considerable variation in the pairing
behavior. Bivalents per p.m.c. ranged from II to 16
and univalents ranged from I to II. Trivalents and
quadrivalents were common. Anaphases I and II con
tained laggards and bridges.

Another hybrid, A. durallcllsis and A. sp 276233, has
good vegetative growth and has been established in soil.

This technique of hybridization has been suc
cessfully extended to reciprocal crosses between di
ploid species of seclion Arachis and those of section
Erectoidcs. A large number of hybrids have been pro
duced and lransferred 10 soil. Many have formed
flowers. Progress has been made in the analysis of
Ihese hybrids as well as in their use for introduclion of
resistances to early leaf spot and roselle virus.
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J. Divakar Rao and G.M. Reddyl

Chickpea (CiccI' arictillllnl L.) is an important pulse
crop, grown mainly for ils protein content. Establish
mem of callus cultures and subsequent whole plant
regeneration is essential for efficient utilization of
these in vitro techniques. The present investigation
was aimed at regenerating whole plants directly from
explants as well as callus cultures of hypocotyl ex
plams. Somatic embryogenesis could be initiated in
epicotyl and cotyledon callus cultures and its histo
logical development was followed through.

Multiple shoots were induced directly from the
different seedling explunts-hypocotyl, epicotyl, co
tyledons, and shoot apices-cultured on different
types of media with different hormonal concentra
tions. Multiple shoot formation from hypocotyls was
significantly higher compared to other explants. In
contrast, all the wild species of CiccI' gave higher
shoot formation as compared to cultivated species.
Micropropagation and production of somaclonal vari
ants in chickpea and its wild relatives will be very
useful for chickpea crop improvement. Efficient mul
tiple shoot formation, which could be induced in a
number of explants, is visualized to be useful for ge
netic transformation using Ti plasmids.

A combination of BAP and NAA in B5 medium
was found to be more effective in inducing callus
from both cultivated and wild species of CiccI'. Callus

induced on the above medium was transferred to the
regeneration medium (Blaydes medium) with BAP.
Differentiation of shoots was achieved with varying
frequencies from hypocotyl-derived callus cultures of
JG-62, C. reticlIlatlllll, and C. bijl/gum. These shools
were ronted in Gamborg's basal medium containing
IBA or NAA and transferred successfully to the pots.

Somatic embryogenesis and subsequent shoot de
velopment was achieved in cotyledon-derived cul
tures of C. arietill11m. Callus was induced on
Gamborg's basal medium supplemented with 3% su
crose and different concentrations of 2,4-D, but 2 mg
I-I was found to be optimum for the production of
embryogenic callus. The embryogenic callus was yel
low, smooth, and nodular in appearance. These nodu
Jar structures developed into globular and heart
shaped embryoids on the surface of the callus. So
matic embryos transferred were found to have a len
dency either to dedifferentiate or to form root-like
struetures upon transfer to B5 basal media (without
hormones). Somatic embryos transferred to B5 media
supplemented with BAP, however, produeed shoots.
Anatomical studies of embryogenic calli derived from
cotyledons revealed the presence of pro-embryonic
masses and early stages of globular and heart-shaped
embryoids. These results would be discussed in the
light ofrecent and relevant literature.

,...
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Production and Use of Haploids in Crop J.mprovement

G. Wenzel, A. Graner, F. Fadel, J. Zitzlsperger,
and B. Foroughi.Wehr l

Abstract

Haploid production is possible in principle either via partheno- or androgenesis. As androgenesis is
more efficient in most plam species tested, the chapter will concelllrate on haploid induction from
11Iicrospores. The regeneration of haploids from microspores has greatly increased due to three
main factors: selection ofgenotypes with high regeneration capacity, improvemem ofanther-donal'
plam growth conditions, and optimization of in vitro cllllllre conditions, particularly the change to
liqllid media. To avoid gametoelonal variation, considerable efforts have been made to obtain
regeneration via embryogenesis. This was successflll in rape seed, barley, wheat, and potato. Due to
these improvements the cost ofproduction ofone green doubled haploid line in barley droppedfrom
about U.S.$ 100 000 in 1973 to less than U.S.$ 2 in 1990. Today, in such successful crops the
qllestion is no longer how to prodllce haploids but how to incorporate them most efficiently into the
normal breeding procedures. For inbreeding barley, one or more haploid steps are recommended,
depending on the genetic natllre of the starting material (FI hybrids or selfed progenies in later
generations) as well as 01/ the breeding aims (comhination of11101/0-, or polygenically transferred
traits). It will be demonstrated that for breeding programs that inc:lude wild types or IInrelated
genotypes, recllrrent selection alternating with haploid steps is the most economic procedure for
combining quantitati,'ely-inherited characteristics. Such approaches are applied in a winter burley
breeding program, with the central aim of combining the qualitatively-inherited character of
resistance to barley yellow mosaic virus (BarMV) with qllantitatively-inherited complexes, partic
IIlarly yield. Two haploid steps are possihle in the tetraploid potato. Along with classical combina
tion breeding and protoplastfilSion. new hybrid clones have been prodllced. combining the complete
genome of the haploids. Besides looking at the direct application of haploidization procedures in
breeding programs, the lise ofhaploids in restriction fragment length polymorphism (RFLP) map
ping of the barley genome will be demonstrated as a more indirect use ofhaploids.

Introduction

Some tissue culture methods have become applicable
in crop improvement. The use of haploids is one that
does 1I0t demand very sophisticated laboratory equip
ment and, therefore, may be of immediate use in de
veloping countries. Techniques for most of the
SUbtropical and tropical plants are not yet adopted.
This review concentrates on cereals and potatoes,
where these techniques have been proved effective.
Other crops will be mentioned \/henever solid data
are available: for further information see reviews of

Nietzsche and Wenzel (1977), Dunwell (1985), or
Foroughi-Wehr and Wenzel (1991).

A plant breeder who is dependent on genetic vari
ability seeks to circumvent the diploidy of our higher
plants, at least in several steps of a breeding program.
Of course, the final product must be diploid again,
resulting in doubled haploid lines (OH). The princi
pal ideas about how to make use of the simpler hap
loid genomes are more than 50 years old; and very
few new concepts have been added since Blakeslee,
Belling, Farnham, and Bergner listed them in 1922.
The main advantage of using haploids is the rapid and
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Tabte J. Work on parthcnollcnctlc haploid production or
Important crop plants.

In some interspecific crosses, the phenomenon of
chromosome elimination during early embryo devel
opment has been reported. Due to a mechanism not
yet understood, the chromosomes of one parent were
partially or completely lost during the early divisions
of the young hybrid embryo. In nature such a loss of
chromosomes, normally coupled with failure of endo
sperm development, leads to failure of seed forma
tion. If all chromosomes of one parent are lost and if
embryo rescue in vitro is successful, the procedure
results in haploid plants of one, normally the female
parent. For barley this system was studied by Kasha
and Kao (1970) in crosses of Hordelml vlligare x H.
hulhoslml. They demonstrated that the method of
crossing diploid barley with diploid H. hllibosllm
could be used to produce high freqnencies of barley
haploids. Apart from crosses with H. bllihoslml, hap
loids of barley have been reported from crosses with
rye (Fedak 1977) or with Psathyrostachysjra8i1is, as
well as from crosses with other wild barley species
(Jorgensen and von Bothmer 1988).

The bulbosum system in barley has been practiced
for nearly 20 years. The first doubled haploid varierj
of barley 'Mingo' was licensed for sale in Canada in
1979 (Ho and Jones 1980). During the past decade,
the method has been remarkably improved by select
ing more compatible H. blllbosllm genotypes and by
optimizing different culture factors. Field studies of
DH lines obtained by the bulbosum method were
evaluated for agronomic characters. It was found that
there was no significant difference between single
seed descent lines and DH lines as far as grain yield,
heading date, and plant height were concerned (Choo

complete , because
l'henotype selection for quantitative characters, and
particularly for qualitatively inherited characters, is
much easier and therefore, breeding is more efficient.

It is no longer in doubt that the gametes arc the
most appropriate material for the production of hap
loids. Two principal methods exist, either andro
genesis, in which the male gamete develops into the
haploid, or parthenogenesis, when the female gives
rise to the haploid.

Artificial Induction of Haploids

Spontaneous haploid formation occurs at a low rate
and procedures for increasing haploid production
were developed. A breakthrough in 1964 was the suc
cessful induction of haploids from young anthers cul
tured in vitro (Guha and Maheshwari 1966). This
microspore androgenesis occurred only under artifi
cial in vitro conditions. The same was true for the
parthenogenetic method of haploid induction. Here,
techniques such as embryo culture or the more so
phisticated isolation of unfertilized egg cells and their
regeneration in vitro had to be made reproducible.

Since the first successes in in vitro regeneration of
haploids, considerable research effort has been di
rected toward improving the technique for economi
cally important plants such as the cereals. Today, the
methodology Jas reached a stage where private labo
ratories consider it economically viable to adopt this
technique at their own economic risk.

Parthenogenesis

It has been possible to induce parthenogenesis by in
vitro culture of unpollinated ovaries and ovules (re
viewed by Yang ar.d Zhou 1982). Attempts have been
made to culture unfertilized ovules or ovaries in dif
ferent plant species but growth of most of them
stopped at the callus stage; only some crop species
developed into haploid green plants (Table I). As in
all tissue culture procedures a different regeneration
response was seen depending on the genotype.

The practical application of parthenogenesis is
rare because of the low frequency of haploid induc
tion in most of the species except potato. Only in
plant species where anther culture has been unsuc
cessful as in sugar beet (Speckmann et al. 1986) or
onion (Murer. 1989) are isolated unpoHinated ovules
or ovaries .c;lill of practical interest.
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Species

Hordelllll VII/Rare
Tr/I/CIIIIl aestlv/IIII
N/col/aIlCl la/mCI/III
Oryza sal/I'a

Zea lIlays
C/lrtlS S/lIeIlS/S

Bela vlI/gar/s

Hevea iJras//iells/s
Ail/lUll cepa

AUlhor(s)

San Noeum
Zhu and Wu
Zhu and Wu
Asselin de
Bcauville
Aoet al.
Kochbllllnd
Spiegel.Roy
Hosemllnns and
Bossoulrot
Chen et al.
Mllren

Ycarof
publication

1976
1979
1979
1980

1982
1982

t983

1988
1989
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1988). However, since II is possible to make usc of the
grepter potential of the Ilndrogenetic system for hap
loid production, the bulbosum method is of decrells
illg value for pnl.i~ticlli plllnt breeding.

In potato the: cross bel.ween So/al/um luberosulll
(2n0:4x=48) and S. pll/lreja (2n=2x=24) leads to par
thenogenetic haploids of S. IIIherosulll (2n=2x=24).
The reason for the hllploid formation is that the sec
ond microspore mitosis is blockerJ in special S. I'lIu
rcja genotypes, resulting in only one sperm nucleus
that can either fertilize the embryo sac nucleus or the
egg cell. In the fiirst case, the egg cell remains unfer
tilized giving rise to a parthenogenetic haploid seed.
From successfull pollinations, up to 40% haploid
seeds can be dCJtected. Today, 2x potatoes can be
produced so efliciently that most pOlato breeders
make usc of them in their breeding programs. Since
the return from the 2x to the 4x level is not only
possible via mitotic doubling, but also via protoplast
fusion, the praCl.ical strategy is to combine charac
teristics first by dassical combination breeding at the
2x level and then to combine the heterozygotes via
fusion, to reach the 4x level. In the vegetatively prop
agated potato, such heterozygous fusion products can
be propagated immediately and may even already be
a new cultivar.

Within the I,egumes most success has been re
ported for Medicago sativa whc:re Binghllm and Dun
bier (1974) produced mafcmal haploidls of alfalfa
cultivaI's routinely by interploid cross ml~thocls (4x x
2x). These haploids are used lor transfer of marker
genes from the tl~traploid to the diploid h~vel. Further
experiments are in progresll to test whether breeding
Medicago saliva at the diploid II~vel might be of com
mercial value. At present, this approach does not look
as successful as in potato, but it has become possible
to combine wild species with cndtivated forms at the
diploid level. TIlis was of particular interest for the
incorporation of genes for resistances. This technique
would also be of value in interproidy cro!iSeS making
u.'.e of embryo Irescue such as those for red clover
(Phillips et aI. 1982) and for Arachis (Stalker and
Moss 19t17).

And~JeIlletlc I1[aploid Productf.oo

The most successful method of inducing DH Jines
today is microspore andl'(lgenesis. Pollen in lIiI early
developmentalllllage can b= induced in vitro to form a
plantlet. Figure I gives an example of haploid re
search in Gerrnllny, and shows how the methods de
veloped during the lust 20 yesrs have progressed to

commerciul utilization. Success in mlcrospore culture
is predominanlly dependent on Ihe genolype of the
anther donor material. In 011 plant species examined,
there arc draslic differences belween the anther re
sponse in differcnt genotypes under a set of culture
conditions. Culture conditions could probably be op
timized for each genotype, as proposed by Dunwell
(1981). We believe, however, that it Is less costly to
broadlm the genetic bar-es for tissue culture ability by
selection and combination breeding.

In barley lind potalo, high-responding genotypes
were crossed with agronomically important varieties.
The F1 generation showed an intermediate reaction
belween both parents, making it fellsible that a high
response in aniher culture is heritable. In winter bar
ley, the cultivar 'Igri' produced the highest percent
ilIJe l)f green stru~tures (Foroughi-Wehr and Friedt
1934). Similar results were reported for rye (Wenzel
et al. 1977; Wenzel and Foroughi-Wehr 1990), potato
(Wenzel 1980; Uhrig and Salamini 1987), and rape
seed (Siebel and Pauls 1989).

Even if the donor-plant genotype is excellent, the
response of microspores in culture is dependent on
the growth conditions of the donor parent. Dunwell
and Perry (1973) first pointed out the influence of the
photoperiod and light regime on the androgenetic re
sponse in anther culture of tobacco. In Brass/ca
napus, pollen embryogenesis was improved by pre
conditioning the donor plants at a low temperature
(Keller and Stringam 1978). In cereals, the influence
of the growing conditions of the donor material is
known in wheat, barley, rice, and I'ye. The cultivar
'rgri' regenerates no green plants at all if the growth
conditions of the donor plants are not suitable. In
most plant species, field-grown material during the
natural season was inferior to greenhouse-grown
material.

Anthers harvested at the early or mid-uninucleate
stage of the microspore are most responsive in vitro.
As soon as starch deposition has begun, no sporophy
tic development and, subsequently, no macroscopic
structure formation occurs. The size of the flower
buds that contain anthers in the right stage depends,
to some extent, on their position in the inflorescence,
on the genotype, and on the plant age.

After surface sterilization of the buds or ears, the
anthers are removed ~\Septically and planted on a liq
uid or solid culture medium. Certain pretreatments of
the inflorescences can have a positive effect on the
development of the microspore. The most effective
technique used in anther culture, especially for the
cereals, has been cold pretreatment. Periods of from
72 hours to 4 weeks at 4-1O·C are recommended. On
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Figure 1. Progress in the use of DH lines in Germany.

the other hand, several investigations showed a high
frequency of callus or embryo formation for good
responding genotypes-such as the cultivar 'Igri' in
barley-without any pretreatment (Powell 1988). In
wheat a negative effect of low temperature on the
anther response has also been reported (Marsolais et
al. 1984), and if the donor plants were grown under
optimal conditions, the promoting effect of pretreat
ment was minimized and the whole procedure could
be omitted.

The available literature does not allow recommen
dation of any anther culture medium for general ap
plicability. The basal media commonly used have
been mainly N6 medium (Chu 1978) or that of Mu
rashige and Skoog (1962). In China, a potato extract
medium on which wheat, especially, gave a high an
drogenetic response was developed and further im
proved by Chuang et al. (1978). Quite recently, a
major research effort was made for haploid produc
tion in barley by replacing the agar with barley starch
(Sorvari 1986). We were able to verify these results
for wheat where wheat starch gave a better response

than agar. Kao (1981) reported a considerable in
crease in the frequency of microspore regeneration
by adding Ficoll to liquid medium. FicoH prevented
small structures such as callus or embryos from sink
ing into the medium, and thus prevented them being
killed by anaerobiosis. Liquid media have been pre
ferred for pollen embryo induction. A carbon source
is obligatory for microspore embryogenesis, and in
most culture media, sucrose has been recommended.
Since Raquin (1983) found that maltose improves em
bryo induction and development in anther culture of
petunia, more attention is being paid to this sugar. In
potato anther culture, sucrose was found to stimulate
embryo induction more than maltose (Batty and Dun
well 1989; Zitzlsperger, personal communication), but
plant production was significantly increased in induc
tion medium containing maltose. In wheat (Fadel and
Wenzel 1990), and barley (Hunter 1987), maltose in
the induction medium increased the rate of regenera
tion. We were able to regenerate a high frequency of
green plants in barley in liquid Ficoll medium con
taining barley starch and maltose (Kuhlmann and
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Flgllre 2. Development of embryos and calli of
barley on the basal mcdlum of Chu (1978) with the
addition of 80 mg starch p1r pctrldl~h, 20 g I-I
moltose, or both (Kuhlmann 1991).

Poroughi-Wehr 1989), but we obtained comparable
results in a maltose-free medium; maltose, ho\"/cver,
speeds up the development (Fig. 2).

The effects of incubation conditions such as light
(quantity, quality, and duration) and temperature have
been investigated in a number of studies. Usually the
anthers were cultured in the dark at temperatures bet
ween 20'C and 30·C. For field-grown material, the
optimal culture temperature was generally 2'C higher
than for greenhouse-grown material. The orientation
of the anthers on the medium with regard to the loculi
had either a positive effect on response in Datura
(Sopory and Maheshwari 1976), in barley (Hunter
1985; Shannon et ar. 1985), and in maize (Tsay et al.
1986).

To date, the culture of isolated microspores has
been possible in many plants, such as potato (Uhrig
1985), rapeseed (Lichter 1982), barley (Sunderland
and Xu 1982), wheat (Datta and Wenzel 1987), rice
(Chen et al. 1980), and maize (Coumans et al. 1989;
Pcscitelli et al. 1989). The microspores were either
isolated mechanically from the anther or shed initially
irato liquid culture media. To improve the efficiency of
isolated microspore culture, it proved to be beneficial
to condition the liquid culture medium by llddition of
anthers or ovules (Kohler and Wenzel 1985). Siebel
and Pauls (1989) compared anther culture and micro
spore culture in Brassica napus and demonstrated a

Haploids in Plant Breeding

Since Wark (1977) obtained improved doubled hap
loid tobacco lines via anther culture, this technique
has worked in practice in potato, rapeseed, and the
cereals. Of particular interest in barley is the incor
poration of resistance to the soil-borne barley yellow
mosaic virus (BaYMV). The use of a haploid step in

crollpore culture. There were l\O differenceH betwecn
thc two populationH with rCllpcct to agronomic char
Ilclers in the lleld. Illolllled mlcrollporc culturcll offer II

more cffectivc Hylltcm of rcgcncruting II random Ram
pic from the microspore population thun doc II anther
culturc. Thill ill partiCUlarly important when the de..
Ilired trait is linked with low plallticity. In addition,
these cultures arc a good source for In vitro Releetlon
and gene transfer (Kuhlmann 1991).

Plants developed from microllporcs or ovaries
were either haploid, diploid, or tClraploid; a fcw were
aneuploid or mixoploid. In barlcy, potato, rap~seed,

and rye, the majority (70%) of the plants that dcvel
oped were diploid, whereas in maize (Nitsch et al.
1982) and in wheat, most of the regenerants remained
haploid. Various factors influence the ploidy level of
the regenerated plants. In Brassico "opus, this charac
ter seems to be under genetic control (Chuong et 01.
1988) and the ratio of diploids rose with increasing
duration of the culture period (Siebel and Pauls
1989). The same was true for potaloes, where the
monlJploid (x=n=12) formation was dependent on the
genotype; it ranged from 0 to 20%. Epigenetic factors
such as the pollen stage at the time of inoculation, the
hormones in the media, or the culture conditions that
influence androgenesis may also influence the ploidy
level of the plants.

Haploid plants have been doubled by colchicine,
as described by Jensen (1975). This has been done
without problems in most plant species. In potato and
maize, the efficiency of inducing doubled haploid
plants has been very low. But Wan et al. (1989) used
colchicine treatment of bn embryogenic haploid
maize callus initiated from anther culture and pro
duced fertile doubled haploid inbred lines at high
frequency. In rice and barley, the induction of dou
bled haploids has been improved to the extent that
colchicine treatment of the remaining haploids can be
omitted. Seed set without colchicine treatment could
be found in mf)re than 50% of haploid barley plants
under field conditions (Table 2). The reasons why
there are unreduced gametes are not known.

60
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!
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Table 2. The ploidy level and Ihe seed set or ml-progenles rrom dJrrerenll~1 crosses or winter barley.

= Ploilly level

2n=x=7 2n:::2x=14 2n=4x=28

No. No. No. No. No. No.
FI crosscs seed sci sterlle Rced flel slerlle seed sel sterile

I II 3 14 I I 0
2 2j, 10 88 I 9 2
3 16 6 15 I 2 0
4 45 15 207 4 17 2
5 67 35 164 0 26 0
6 10 10 44 I 9 0

"l TOIaI 171 79 532 8 64 4
j •

the breeding prvgram offers a rapid approacl' to in
corporating BdYMV resistance in commercial culli
vars (ForOl!l;hi-Wehr and Friedt 1984). In wll-::at (De
Buyser et a~. 1987) and rice (Huang et al. i988), new
cultivars were d""l':loped via tllis techr,lque. It is gen
erally accepted today that a stepwise reduction in the
ploidy level of potato offer~j the advantage of a sim
pler inheritance and also a better chance to combin"
qualitatively inherited characters (Wenzel et a!. 1979).
Data now available demonstrate that field resistance
to potato v;.JS Y (PVY) and potato leafroll virus
(PLRV) wus maintained and expressed at all ploidy
levels over a 5-year period, which means that both
monogenically ai1d polygenically inherited resis
tances were maintained during the successive haploi·
dization pro'.:ess. When a genome has passeJ the
monohaploid level, a homozygous additive character
can be transferred efficiently to the next generation
via classical crossing. Similar results have been ob
tained for polygenic nematode resistance (Uhrig and
Wenzel 1987).

In Brassica napus, quality characteristics were
emphasized in breeding techniques with haploids
(Keller 1984; Siebel and Pauls (989). Vigor of micro
spores was positively correlated with high glucosino
hale content in the androgen::tic regt ,Ieiants. More
than 70% of androgenetic plantlets tested had a much
higher glucosinolate content than did the original ma
terial (Horfmann et al. 1981). Since the aim of breed
ing was for low glucosinollite content, spontaneous
seleclion for this character worked against the pro
gram. Development of microspores with a high level
of glucosinolates-being chemically quite similar to
phytohormones-may have been favored. Very low
or very high glucosinolate levels are diverse qualities
needed either for human cons~\mption or ('1 industry.
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A s(mple screening for extremes would increase
areeding flexibility at an early stage.

Since regeneration is no longer a main obslacle in
using DHs, other questions are gaining importance.
Snape and Simpson (1981) already discussed the ge
netic effects when starting from different filial gener
ations. The question is: can DHs be used more
economically in an FI gr,eration, a preselected Fz or
F3, or should the haploid step be combined with other
breeding techniques? It could be demonstrated that
one haploid step followed by selection in the green
house and in the field during the first androgenetic
(A.) and two subsequent scifed generations (Az•A3)

is the most efficient procedure, if characters from
related varieties are to be combined. Haploids can
also increase the efficiency for the most complex
breeding problem: the transfer of quantitative:y in
herited traits from distant genotypes to cultivars. For
such complex breeding programs, a combination of
recurrent selection that guarantees variability, fol
lowed by haploid selection that guarantees secure se
lection, hilS been developed. This breeding technique
is called recurrent selection alterr13ting with haploid
steps, and is shown in Figure 3. The degree of rela
tionship of the two parents determines the number of
backcrrJsses needed. The necessary offspring size of
the DH population for quantitative characters depends
on th.. ctegree of linkage and on the number of genes
involved. The main advantage of using this method is
to speed up the breeding process and to make selec
tion of quantitatively inherited traits more effective
and reliable (Foroughi·Wehr and Wenzel 1990).

A rather recent application of DH lines is their use
in genome mapping. In most cases, there is no imme
diate need to always locate the gene directly respons
ible for a character expressed at the phenotypic level.
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Figure 4. A 1:1 segl'cgatloil (If l' single copy marker
In a DH pro~cllY "t' barlc,Y. The example showl;
part of a IYH lil\l~ IJ~'og~I1Y from the F. hybrid
'Igrl' x 'Fnt:llw' lifter cutting with DamHI alld
probing with MWG6H514.

haploids arc produced partheno- or androgenetically.
In a number of cases, haploid production has been
improved so mlJch that the numbers of DH lines nec
essary for applied work-normally around 100 per
donor genolype-can be produced, and it is economi
cally feasible to use haploidy. Using OH lines, the
production of the donor hybrids takes I year and costs
U.S.$ 200 000, production of 2000 DH lines takes 6
months and costs U.S.$ 20000, and subsequent yield
tesls take 6 ycars and cost U.S.$ 1200 000.

Compared to the costs of the classical procedure
this saves about U.S.$ 500 000. Though this is a very
rough calculation it shows the potential of a success
ful haploid step in modern breeding programs. This is
particularly true for most cereals and for the Brassi
caceae. In crops where there are still difficulties, e.g.,
legumes, a concentrated input might solve the
problem.

In those crops where the technical problems of
haploid induction are Ilolved, the question of their
incorporation into a breeding scheme needs further
investigation. For aims such as rapid im:o.rporation of
a monogenic trait, the time gain il; inl~resting, but
much more imporlant are stra~\lgjefj Ihat allow the
combination of quantitative:y inherited characters.
Here, haploids have their bigge~t potential because
they allow a very secure selection of polygenic traits
in a very early generation. That an AI is equivalent to
an F2 is probably the most far-reaching advantage of
OH lines, and this is true for crol' improvement all
over the world.

..._AI_...

=

..
• •

..... ...

Figure 3. Breeding scheme for the Introduction of
mono- or polygenlcally Inherited traits from dis
tantly related genotypes: recurrent selection alter
nating with haploid steps.

It w('uld be sufficient for applied breeding strategies
to detect characteristic restriction fragment length
polymorphisms (RFLP) correlated to phenotypes. For
such correlations, segregating plant populations are a
necessary prerequisite. In a population of DH lines
the identification of markers is much more secure, as
most intermediate phenotypic expressions due to het
erozygosity are excluded. A gene will segregate in a
1:1 ratio for both the molecular marker and the phe
notype at the plant level ('uraner et al. 1990). Figure 4
demonstrates such a l:l/.egregation between DH lines
from the FI hybrid 'Igri' x 'Franka'. This is ofpartic
ular importance when polYBenically inherited charac
ters need to be mapped for qualitative trait loci (QTL)
analysis.
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Backcross

-

51&t~j)
Haploid step--
Diploidization
Greenhouse test
Field testl :, Backcross

00000 Yield test in
several locations

Conclusions References

The use of haploids is a common step in modern
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Transgenic Plants: Agrobacterium-mediated
Transformation and its Application in Plant Molecular

Biology Research and Biotechnology

G. Angenon and M. Van Montagu l

Abstract

For several years it lias been possible to stably transform plants witll cloned genes of illterest to
agricllltllre and indllstry. Tllis ability to obtain transgenic plants offers tremendolls opportllnities
both for stlldying fllndamental processes in plant molecular biology and for engineering
agronomically useful traits into crop plants.

Tlte most widely used met/lOdfor tile genetic transformation ofplants is based on the interaction
between tlte plam patltogenic soil bacterilUn Agrobacterium tumefaciens and wOllnded plant cells. A
part of tlte bacterial tumor-indllcing (Ti) plasmid, tlte T-DNA. is transferred to tlte plant cell and
integrated into its nllclear genome. Expression of the T-DNA-encoded genes indllces the trans
formed plant cell to form tumorolls "crown gall" tisslles. However, none oftllese T-DNA genes are
required for T-DNA transfer or integration and tlley can be replaced by any other DNA sequence,
and tile Agrobacterium transformation system modified into a vector for tile introduction of any
desired gene sequence.

Many plants call be routinely transfarmed witll Agrobacterium, and, wltere possible, Agrobac
terium-mediated gene transfer is the transformation metllod of cltoice, becallse it allows stable
integration of a well-defined DNA segment in one or a few copies. However, many mono
cotyledonolls plants, including tlte cereals, remain recalcitrant to tltis type of DNA transfer. For
tltese plants, alternative transformatioll metltods IIave been developed. With some of these tech
niques,fertile transgenic rice and maize plants have been obtained.

Plant transformation contr;JllIeS enormously to progress in plant molecular biology research. By
introdudng reporter genes fused to plant regulatory sequences, many diverse processes can be
eillcidated. Overexpression or reduction ofexpression by tlte use ofantisense RNA yields valuable
information on the function of the encoded gene product whereas T-DNA or transposon insertion
mlllagenesis can be used to identifY new genes.

On tile otller hand, Agrobacterium-mediated gene transfer lias revolutionized plant bioteellllol
ogy. Several economically important traits have been introduced into crop plants.

Introduction

The last decade has witnessed rapid progress in gene
transfer technologies and a diverse range afplant spe
cies can now be stably transformed with foreign
genes.

The most widely used method for the genetic
transformation of plants is based on the conjugation-

like DNA transfer from the plant pathogenic soil bac
terium Agrobacterium tU11lejaciens to wounded plant
cells. This natural Agrobacteriu11l transformation sys
tem has been modified into a vector for the introduc
tion of any desired gene sequence in the nuclear
genome of plants. Many plants can be routinely trans
formed with Agrobacterium, including model plants
such as Arabidopsis, petunia, or tobacco, and impor-

I. Laboratorium voor Geoctica. Rijksuniverslteit Genl. 8-9000 Gent, Belgium.

Angenon, G., and Van Monlagu, M. 1992. Transgenic plants: Agrtlhaclcrlllm-medialCd transformation and its application In plant molecular
biology research and biotechnology. Pages 181-199111 Biotechnology and crop improvement In Asia (Moss, J.P., cd.). Pntancheru, A.P. 502 324.
India: tnternalionat Crops Research tnstitute for the Semi·Arid Tropics.
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tunt crop plunls Ruch UR pollllO, sugur beel, collon,
affulfa, und oilseed rape. Whenever possiblc, Awo
bacler/II/II-mediated gene trnnsfer Is the transforma
tion mcthod of choice. because it ullows slablc
integration of a well-defined DNA segmcnt in one or
a few copies. However, many monocotyledonous
plants, including the cereals, remain recalcitrant 10
this type of DNA transfer. For thesc plants. altcrnative
trunsformation mcthods have been developed, includ
ing microil1jection, direct DNA transformation of
plant protoplasts using polyethylene glycol or electro
porallon, and particle-gun bombardment. With some
of these techniques, fertile transgenic rice and maize
plants have been oblllined.

Plant transformation contributes enormously to
progress in plant molecular biology research: it al
lowed the development of techniques for unraveling
the organization of plant cells et the molecular level.
By introducing reporter genes fused to potential regu
latory sequences, transcriptional and pOSl-Il'anscrip
tional control mechanisms of gene expression are
elUcidated. Overexpression of a gene or reduction of
expression by antisense RNA is used to gather infor
mation on the function of the encoded gene product
and T-DNA or transposon insertion mutagenesis are
valuable tools for the identification of new genes.

On the other hand, Agrohaclel'illm-mediated gene
transfer has revolutionized plant biotechnology, be
cause it allows the introduction into crop plants of
specific characteristics that are of interest to agricul
ture and industry. Insect, virus, and herbicide resis
tance, genetically engineered male sterility, and the
ability to produce large amounts of biologically active
p¢ptides in transgenic plants are among the successful
applications of genetic transformation in plant bio
technology.

Stable Transformation of Plants with
Agrobacterium tumefaciens

Agrobaclerilml IlInlefaciens is a plant-pathogenic soil
bacterium causing tumorous "crown galls" on infec
ted plants. The basis of this disease is the transfer of a
segment of bacterial DNA to the nuclear genome of
the infected plant cells. The transferred DNA (T
DNA) is part of the large tumor-inducing (Ti) plas
mid, present in virulent Agrobaclerilml strains. The
T-DNA genes are equipped with the appropriate sig
nals for transcription and translation in the plant cell
and are thus efficiently expressed. Two kinds of en-
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zymcs arc cncodcd by the T·DNA genes: those form
ing IlII ullernative pathway for auxin and cytokinin
production, and those involved in thc synthesis of
specific metabolites culled opines, c.g., octopinc and
nopalinc, Thc first set of cnzymes induccs thc truns
formcd plunt ccll to form Ihc tumorous crown gall
tissue, which is capable of in vitro growth on hor
monc-free medium. The opincs that thcse tumors
synthesizc by means of the sccond sct of cnzymes CUll

be spccifically uscd by the inciting Ilgrobacteria liS a
carbon and nitrogcn sourcc. Awobacler/lI111 lilli/cia
dens can thus be considercd a parasite that obtains
uscful and specific metabolites by gcnetically engi
neering ils host pJants. A review on the molecular
g(metics of crown gall can be found in Gheysen et al.
(1985).

Elements Required for T·DNA Trunsfer

The genetic clements cncoded by AgrobaC:lel'illlll and
cssential for T-DNA transfer are the T-DNA border
sequences, the chromosomal virulence genes, and the
virulence (vir) genes present on the Ti plasmid, out
side the T-DNA.

The 25-base pair (bp) direct repeats nanking the
T-DNA (the T-DNA borders) (Yadav et al. 1982;
Zambryski et al. 1982) arc the only part of the
T-DNA important for transfer. The right border re
peat is an essential, cis-acting clement for transfer,
whereas the Icft bordcr repeat is thought to merely
signal where the transfer of DNA normally ends.

The attachment of Agrobaclerilllll to the jJlii!1l cell
during the infection process is mediateJ by the r;hro
mosomal virulence genes, chvA, cllvB, ar.a psc:A
(Douglas et al. 1985; Thomashow et al. IlJ87), which
arc constitutively expressed. Subsequent steps in the
T-DNA transfer process require the proteins encoded
by the vir region, which comprises six complementa
tion groups (virA, virB, vire, virD, virE, and virO).
AgrobaC:lerilml/llmelaciens infect:' only wounded, ac
tively dividing plant cells. These cells excrete wound
specific compounds, such as acetosyringone and
a-hydroxy-acetosyringone. These phenolic com
pounds act both as chemo-attractants for Agrobac
leri,ml (Ashby et al. 1987) and inducers of the vir
genes (Stachel et al. 1985). Both processes are pro
posed to be mediated by the gene products of virA
and virG (Staehel and Zambryski 1986a; Shaw et al.
1988). The constitutively expressed VirA protein acts
as a chemo-receptor sensing the presence of mole
cules such as acetosyringone and transmits this infor
mation to the VirG protein, possibly by a phos-
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phorylatloll mcchani:;m (Jin et al, 1990). VirG tran
scriptionally activates the virB, vire, virD. virE, and
virG loci. A number of sugars act synergistically with
phenolic compounds to enhance vir gene expression.
This induction pathway- requires the gene products of
clivE and virA (Ankenbauer and Nester 1990; Can
gelosi etal. 1990; Shimoda etal. 1990).

The lower DNA strand of both border repeats arc
then nicked by the virD gene products (Yanofsky et
al. 1986; Stachel et al. 1987) and a linear, single
stranded DNA (the T-strand), corresponding to the
bottom strand of the T-region, is released, probably
by strnnd displacement DNA synthesis (Stachel et al.
1986). The T-strand, which is probably the intermedi
ate transferred to the plant cell, is at the 5' end cova
lently attached to the VirD2 protein (Herrera-Estrella
et al. 1988; Young and Nester 1988) and possibly
covered by the single-stranded DNA-binding protein
VirE2 (Christie et al. 1988; Citovsky et al. 1988; Das
1988). These proteins probably protect the T-strand
from nucleolytic attack during the transfer. VirD2
might additionally function as a plant nucleus-target
ing protein (Herrera-Estrella etal. 1990). Finally, sev
eral virB gene products are associated with the
membrane or localized in the cell envelope (Thompson
et al. 1988; Ward et al. 1988, 1990; EngstrOm et al.
1987), suggesting they might form a transmembrane
structure through which a T-DNA/protein complex is
transported to the pIMtl:ell.

In view of the many analogies between T-DNA
mobilization to the plant cell and bacterial conjuga
tion, it has been proposed that T-DNA transfer is an
adaptation of the conjugation mechanism (Stachel and
Zambryski 19860).

Transformation of Plants with Ti-pIasmid-based
Vector Systems

The development of plant transformation systems
using Agrobacterillm wmejaciens is based on the fact
that, apart from the border repeats, none of the
T-DNA sequences is required for transfer and inte
gration. This means that the T-DNA genes can be
replaced by any other DNA of interest, which can
thus be transferred to the plant genome. Also, as a
consequence of the removal of the plant hormone
biosynthetic T-DNA genes, the transformed plant
cells do not proliferate into tumorous tissues, but can
regenerate into normal plants.

The first developed vector systems were of the
cointegrate type and made use of Agrobacterium
strains with nononcogenic Ti plasmids, e.g., vector

pGV3H50 (Zambryski et al. 1983). pGV3850 is a Ti
plasmid derivative that still carries the vir genes and
the T-DNA borders, but from which most of the
T-DNA genes have been removed and replaced by
pBR322 sequences. The genes to be transferred to
plant cells are cloned in II pBR322 derivative that can
then be mobilized to Agrobacterill11l and cointegraled
into the T-DNA of pGV3850.

The knowledge that the T-DNA and the vir region
do not have to reside on the same plasmid allowed the
development of binary vector systems (An et al. 1985;
Klec et al. 1985; Van den Elzen et al. 1985a; Simoens
et al. 1986; Deblaere et al. 1987). The binary vectOl:s
contain a broad host range origin that allows them to
replicatc in both Eschericllia coli and Agrobacterillm,
and appropriatcly positioned T-DNA border se
quences betwecn which thc DNA of interest can be
cloned. These vectors are introduced in Agrobac
terillm strains containing a helper Ti plasmid from
which the complete T-DNA region, including the bor
der repeats, has been removed. The helper plasmid
providcs the vir functions in trans.

To be able to select those cells that are trans
formed, a chimeric gene, consisting of a bactcrial
antibiotic-resistancc gene or a hcrbicidc-resistance
genc fused to plant pro'11oter and 3'-processing sig
nals, is incorporated in the T-DNA of thc transforma
tion vectors. The most common selectable marker
genes are the neomycin phosphotransferase II (nptll)
genc (Herrera-Estrella ct al. 1983; Bevan et al. 1983),
the hygromycin phosphotransferase (IIp/) gene (Van
den Elzen et al. 1985b; Waldron et al. 1985), and
phosphinothricin acetyl transferasc (bar) gene (Dc
Block ct al. 1987; Thompson et al. 1987). These genes
can also be uscd as quantifiable markers, since en
zymatic assays for measuring thcir gcne products
have been described (Reiss et al. 1984; De Block et al.
1987; Datta et al. 1990).

The transformation procedure itself involves the
cocultivation of wounded plant cells with thc agro
bacteria. The wounded plant material can either be
single-cell protoplasts (Marton et al, 1979; Dc Block
et al. 1984) or explants derived from leaves, roots,
stems, hypocotyls, cotyledons, tubers, etc. (first de
scribed for leaf discs by Horsch et al. 1985). After the
cocultivation step, the transformed plant cells are al
lowed to proliferate on selective medium and trans
genic plants are regenerated through organogenesis or
somatic embryogenesis, usually with an intervening
callus phase. The procedure using explants is gener
ally the preferred way of obtaining transformed
plants. However, the protoplast cocultivation method
has the advantage that very large numbers of transfor-
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mantll can be obtained, allowing lIeleetion for infre
quent evenlll. With thill method, sequences wilh plant·
promoter activity could be selected frolll a pool of
random DNA fragmcnts (Herman et al. /986). Fur·
thermore, it allowed the determination of the frequen
cies of aberrant T·DNA insertions (I-rerman et al.
1990) and of mutations occurring in the T-DNA duro
ing transformation (unpublished resulls) and the rela
tive importance of the left and right T·DNA borders
for the transfer process (Herman et al. 1990).

Table I gives an overview of the species for which
Agrobactcrium-mediatcd transformation and regener
ation to transgenic plants has been demonstrated. ll1is
list includes several important crop species and model
plants for molecular and genetic studies. In some of
these reports the described transformation protocols
arc largely genotype independent, whereas in others
the procedure is specific for a certain variety or culli·
var. Although monocotyledonous plants arc generally
considered insensitive to Agrobacterium infection,
Agrobactcrillm-transformed Asparagus plants have
been obtained (Bytebier et al. 1987), as well as trans
formed callus or tumor tissue in the mono
cotyledonous crop plants Dioscorca (yam) and rice
(SchUfer et al. 1987; Raineri et al. 1989).

For plant species refractory to Agrohacteriunl
transformation, methods for delivery of free DNA are
available (sec Weissinger, this publication). These in
clude polyethylene glycol treatment or eleetropora
tion of protoplasts (Potrykus et al. 1985; Fromm et al.
1986), microinjection (Neuhaus et al. 1987), and mi
eroprojeclile bombardment (Sanford 1988). Fertile
transgenic rice and maize plants have been recovered
with these methods (Shimamoto et al. 1989; Datta et
al. 1990; Gordon-Kamm et al. 1990).

Integration and Stability of the T-DNA
in the Plant Genome

If Ti.plasmid-based vectors are to be used to obtain
transgenic plants for scientific or commercial pur
poses, then knowledge on how and where the T-DNA
integrates in the plant genome and on the stability and
inheritance of the T-DNA are of great importance.
Contrary to the detailed information on how a trans
ferrable T·lJNA intermediate is generated in Agro
bacteritun, much less is known about the integration
of the T·DNA in the plant chromosomes.

The chromosomal localizations of the T-DNA in
tegration sites seem to be randomly distributed (Am
bros et al. 1986; Chyi et al. 1986; Wallroth et al.
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19116). Tagging cxperimentll with T-DNAs containing
a promolCrless selectable marker lit the right border
(Koncz et Ill. 19119; Hermlln et Ill. 1990) indicllte II

prefercntial inscrllon in transeriptionully-active plant
DNA, witncssed by expresllion of the marker gene.
The T·DNA usually integrates in one or II few copies
per transformed plant. It is still unclear what govcrns
the number of T·DNA insertions.

The integrated DNA is usually an exact copy of
the T-DNA present in the bacterium. The right cnd of
the integrated T-DNA corresponds most often exactly
with the nick in the right border repcat, whereas the
left end poir.l CUI~ vary slightly more (Oheysen et al.
in press)..A.~~~l ~rom normal T-DNA copies, trun
cated inst:.rtions missing one, or both, of the T-DNA
ends have been observed. These truncation events are
indepc;nJent of the nature and the length of lhe
T-DNA sequence and arc only observed when the
right borda is present in cis (Herman et al. 1990).
Furthermore, sequence analysis of the T-DNA~~lant

junctions has shown that the T-DNA breakpoints arc
randomly distributed and do not show homology to
one another or to the border sequences (Ghcyscn et al.
1990). Thcrefore, truncated T-DNA insl'nions are
probably generated by breakage during the transfer or
integration process after the formation of a normal
T-DNA intermediate in the bacterium.

Sequence analysis of plant targct sites before and
after T-DNA insertion has shown that the integration
process is accompanied by rearrangements of the
plant DNA such as small deletions, insertions of
"filler" sequences, and large duplications of target
DNA (Gheysen et al. 1987, in press). These observa
tions led to a model for the T-DNA integration pro
cess analogous to illegitimate recombination in
animal cells and involving host functions such as
DNA nicking, exonuclease activity, and DNA repair
synthesis (Gheysen ot al. in press). The genes intro
duced via the T·DNA appear to be stably maintained
and inherited in a Mendelian fashion through several
sexual generations (Budar et al. 1986; Chyi et al.
1986; MUlier et al. 1987), which is a very important
property if T·DNA transformation is used for crop
improvement.

Transgenic Plants in Plant Molecular
Biology Research

One of the most important consequences of the gene
transfer te..:hnology is the development of completely
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Tublc J. Specl,~s ror wl~lch tran.sllerllh: plllntli hllVll been obtllifinli!'d with the Agrob,letIJrlulII tumelue/ella vector
sylltem. •-----------------------_._---,
SpecIt!" r~elcrcllcc----._---_._._----------•._--------------_._---
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Apll/m' Ht'll'lIeolen.r (celery)

AralJidopNI.r thallalla

Afparagwi offit'IIIalls

Beta vlligarl.r (~ugllir belli)

Braulca napILr (oilseed rape)

Brasslca oleraeca

CUCllmls mclo (muskmelon)

CII"","is .ralivlLr (cucumber)

FroRoria x ananassa (slrawberry)

Glycll/(! max (soybean)

Gos.r)'pilUlllllrSll/llm (calion)

Heliafllhus (1IIIIUlIS (sunllower)

Juglans regia (walnut)

LoclIlCa sativa (Iellucc)

Llnum IlSitatissimum (lIax)

L)'copersieoll escllientllm (Iomalo)

MaillS pI/mila (apple)

Medieago sativa (alfalfa)

Medlcago varia (alfalfa)

Nicoliana pilunbaginlfolia

Nlcotialla talJUeum (Iobacco)

Petullia

Pisllm SOtil'lun (pea)

Populus alba x P. tremula (aspen)

Populus alba x grandidelllata(poplar)

Populus trichocarpa x P. deltoides (poplar)

Solalllm melangena (eggplant)

Solamun IIlherosum (potato)

Vitis rupestris

Qlllln cl ul. 19811

Lloyd et ul. 1986; Vlllvckcns ctlli. 1988

Il3ylcbler cl 01. 1987

1(, D'Halluln, personal communication

Dc Block el 01. 1989; Moloney elal. 1989; Thomzlk and Hain 1990

Dc Block el ul. 1989

Fang and Orumel 1990

Chee 1990

Nehru ci ul. 1990

HinchC'.l elaJ. 1988

Umbeck elal. 1987

Everell ct al. 1987

McGranahan et n1. 1988, 1990

Michelmore et ul. 1987

Baslmn elal. 1987; Jordan and McHughen 1988

Horsch et al. 1985; McCormick et aJ. 1986

James cl aI. 1989

Shahin et aI. 1986; O'Halluin et al. 1990

Oeak etal. 1986; Chabaud etal. 1988

Horsch et al. 1984

De Block et al. 1984; Horsch et aI. 1985

Horsch et aJ. 1985

Dc Kathen and Jacobsen 1990; Puonti·Kaerlas el aI. 1990

Dc Block 1990

Fillaui et 01. 1987b

Dc Block 1990

Filippone and Lurquin 1989

Dc Block 1988; Sherman and Bevan 1988; Stiekema etal. 1988

Mullins el al. 1990

new tools to study the organization of plant cells at
the molecular level. Firstly, introduct.ion in plants of
reporter genes fused to potenthi regulatory sequences
made it possible to analyze all aspects ofgene ex.pres
sion: transcription and the influence ofenhancerc and

silencers, transcript processing, translation initiation
and termination and secretion, and targeting of pro
teins to subcellular locations. The same techniques
demonstrated the intricate regulation of gene ex.pres
sion by internal stimuli, such as hormones and devel-
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opmcllilli pUllcrnfl, und cXlcrIIlllfltimuli, Iluch Ull light,
udvcrsc cnvironmcnllli conditions, Ilnd pilihogcn ul
tuck. Apart from the prcvloullly menlioncd lIlurkcr
gcncll (111'11/, "1", Ilnd bar), flomc other lw.ful rcporlcr
gcnt..:11 IIrc thc E. coli Il-g:ucuronidIlHc (Illl,~) Ilnd
p-gaiactosidullc (lacZ) gcncll (Jcffcrllon ct Ill. 1987;
Tccri ct 01. 1989) and thc fircfly lucifcrIlIlc gcne (Ow
et 01. 1986). Transformation with chimeric R'/.!' und
lacZ genell, in combination with hilllochcmlcul tech
niqucll, is particularly ullcful to study organ-, tissuc-,
and cvcn cell-spcciflc gcnc cxprcssion.

To gain insight ilIIo Ihe function of u particular
protcin, thc Icvcls at which that prolcin is present can
be modulatcd in transgenic plams. In this respect, two
complementary strategies can be envisaged:

• Overproduction of a protein by placing its coding
sequence under the control of a slrong constitutive
or induciblc promotcr.

• Reduction of expression by using antisense COIl

structs (Lichtenstein 1988) or possibly ribozymes
(Collen 1990).

Finally, the introduction into plants of insertional
mutagens is becoming a very useful tool for the isola
tion of new plam gp.nes. The advanlage of this tech
nique is that lhe mutated gene is molecularly tage-:d
by the insertion that allows the gene to be cloned. The
T-DNA itself can serve as the insertional mutagen
(Feldmann et al. 1989; Koncz et 01. 1990: Yanofsky et
al. 1990; Van Lijsebellens ct al. in prcss). Alter
natively, transposon tagging can be used. However,
usefultransposon systems have not yet bcen identified
in genetically well-characterized plant species such as
Arabidopsis. Therefore, maize and snapdragon trans
poson systems have been introduced in heterologous
hosts by Agrnbaclerium-mediated gene transfer (Bal
cells et al. 1991). Some examples of the applications
of these techniques in molecular biology research are
detailed below.

A Test System for the Molecular Analysis of
Mutants Induced by Tissue Culture and
Mutagenic Treatment

Genetic variation is known to occur in many plant
species dllrillg tissue culture and plant regeneration
(Scowcroft 1985) and has been termed somac1onal
variation (Larkin and Scowcroft 1981). In many cases
it has been shown that the regenerated variants are
really somac1onal mutants, i.e., the altered phenotype
is transmitted to the progeny. On the one hand,
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HOinuclonul vurlution if! conf!idercd u uscfllluddilionul
HOllrcc of gcnclic divcrHlly, which cun he cxploitcd for
crop implOvement (Lurkln und Scowcrof't 19111;
C~llllcff 1983: EvanH und Shurp 1986; EVUIIH 19H9). On
Ihe other hund, it III un unwuntcd phcnomcnon In
caHCH where clonal uniformity IH deHirlld, c.g., the in
vitro mlcropropugatlon of commerclul cultlvars, the
conHervutioJl of gerrnpillsm through tiHHue culture,
and the genellc transformation of planls that, for mOHt
methods, requireH a tlt>Hue culture slep. Many mechu
nisms have been implicaled as causes of somaclonal
variulion; transposition, DNA amplification, varia
tions in chromosome number, translocations, dele
tions, and point mutations are known to occur.

Somaclonal varialion hilS moslly becn Htudied at
the morphological, biochemical, karyological, and
genetical level. Molecular studics arc scarce and lillic
information is available on the frequency and the type
of changes that occur at the levcl of the DNA sc
quence. We tried to approach thesc questions by re
generation and selection of protoplasts derived from
tl'ansgenic tobacco plants. The transgenic plants were
obtained by Agrobacter/llm-mediated transformation
with construct:. containing inactivaled nplll genes.
Reactivation of these genes requires specific DNA
alterations such as a point mutation or a small dele
tion. Mutants with a reactivated nplll gene are se
lected on kanamycin-containing medium and ana
lyzed at the molecular level by Southern blolling and!
or sequence analysis of DNA amplified by poly
merase chain reaction (PCR). One of the constructs
used in this study, pGSFRI64, contains a dicistromc
transcriptional unit consisting of a plant promoter fol
lowed by the bar gene and the npllJ gene; both genes
are separated by an intercislronic region of 10 base
pairs (Angenon et al. 1989). The nptJl gene in this
construct, which is the downstream gene of the
dicistronic unit, is translated with a very low effi
ciency and hence plants transformed with this con
struct are sensitive to kanamycin levels higher than
25 mg I-I. One way to reactivate this nprll gene is by
a deletion creating a +1 framcshifl in the 3' end of the
bar coding sequence. Such a frameshift allows ribo
somes initiating at the bar start codon to skip the bar
stop codon, and to continue translation in the nprll
reading frame.

Protoplasts were prepared from several indepen
dent transgenic tobacco plants containing one copy of
the pGSFRl64 T-DNA and were cultured in the pres
ence of 500 mg I-I kanamycin. Mutants in which the
npllI gene was reactivated could be scored 8 weeks
after selection as small kanamycin-resistant calli.
These mutants were recovered with a frequency of
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IIbout two In H1' plnot cells. I'lnnts regcllcrulcd from
thesc clllli wcrc knnlllllycln-reHistllnl, cOlltained high
Ilwels of NflI'll enzyllllltic nctivlty, and, in tim cases
analyzed, transmlttcd the kllnurnycln rcslstuncc phe
notype in II Mendelian fashion to thc progeny. For
sevcn plants, the DNA region in which the mutation
was assumed to be located WIlS arnplilled by PCR and
sequenced. This ~Jhowcd that the mutants contain
small deletions in Ihe 3' end of the bar genc, ranging
from I to 34 bp and all causing 0+1 frumeshift (An
genon, G., Jacobs, A., Bruyns, A., and Deplcker, A.,
unllublishcd resulls). The deletions that we can select
for with this system have to be located within a 220
bp region and have to cause a +1 frameshift. If we
extrapolate the!>e data to the whole tobacco genome
(3.2 x 109 bp) and to the threc reading framcs, we
calculate that every regcnerated plant should contain
about 90 small deletions. Since we apply the selection
after the cells have divided 2 to 3 times, we only
measure mutations arising in the initial stages of the
regeneration process. Somaclonal variation is known
to increase with the length of time in culture. There
fore, our data represent a minimum estimate for the
mutations that occur.

In a similar way, but with other constructs, we will
analyze the type and frequency of other mutations,
e.g., base pair substitutions and larger deletions. This
type of analysis should lead to a better insight into the
mutations induced by tissue culture and the factors
influencing this process. It could also be used to study
the frequency and the type of mutalions induced by
chemical mutagens, UV, and y irradiation.

The Role of Superoxlde Dismutases In the
Protection Against Oxidative Stress In Plants

Reduced oxygen species such as the superoxide radi
cal (02'1, hydrogen peroxide, and the hydroxyl radical
(OH.,,) are by-products of oxidative metabolism.
Their deleterious effects cause oxidative stress in all
aerobic organisms. The hydroxyl radical, which is the
most reactive species known in chemistry, is espe
cially harmful for living cells because it causes DNA
mutations and damage to membranes and other cell
constituents. Hydroxyl radicals can be formed in the
Haber-Weiss reaction from the superoxide radical
and hydrogen peroxide, which are by themselves not
very harmful:

O2,-+ H20 2 - OH- +O2 + OH."
Aerobic organisms possess a whole range of defense
mechanisms to protect them against reactive oxygen
species, such as antioxidants, superoxide dismutases

(SOD), CllluluHCS, lind peroxlllllHes. Cleurly, Ihls de
fense sirutegy uimH III conlrol HlIperoxl(h: radlculs and
hydrogen peroxidc, rather Ihan their highly toxic re
aCllon liroducl, the hydroxyl radlcul. CatalaHcH lind
peroxldaseH remove hydrogcn peroxide whereas SOD
catalyzes thc conversion of sUJlcroxide radicilis to hy
drogen peroxide and oxygen. SOD thUlI controls the
concel1lration of the two Haber-Weiss reliction subs
tratesand probably pluys u centrill role in the defense
against oxidative slreRS.

Three types of SOD can be distinguished, accord
ing to their metal cofactor: copper/zinc (Cu(Zn), man
gancse (Mn), lind iron (Fe) SODs. In general, higher
plants contain a mitochondrial MnSOD, a cytosolic
Cu(ZnSOD, and a Cu(ZnSOD and/or a FeSOD lo
calized in the chloroplasts (for a review, sec Bowler et
01. in press). TIle SOD isoforms arc all encoded by
nuclear genes.

In plants, many stress conditions apJlear to exert
their damaging effects through the production of re
active oxygen species. Examples of such conditions
arc photoinhibition, exposure to herbicides, such as
paraquat, and to air pollutants, such as ozone and
502, recovery from anoxia, and infection by certain
pathogens. A higher tolerance to these stress factors
is often correlated with increased levels of SOD
(Bowler et al. in press). In general, it appears that
oxyradicals generated in a particular cell compart
ment lead to elevated SOD levels in that compart
ment. For ins~ance, in Nicotiana plumbaginijolia,
oxidative stress in the mitochondria results in induc
tion of the mitocht>ndrial MnSOD, whereas if such a
stress affects the chloroplasts, the chloroplastic
FeSOD is induced (Bowler et al. 1989; Tsang et al.
1991).

To further unravel the function of SOD and its
possible protective role towards stress conditions,
transgenic plants with increased SOD levels were an
alyzed. The N. p/umbaginijo/ia MnSOD was over
produced in tobacco plants and targeted to either the
mitochondria or the chloroplasts (Bowler et al. sub
mined). Incubation of leaf discs from the transgenic
plantll with paraquat was used to measure superoxide
damage. The amount of engineered SOD appeared to
be higher in older leaves than in younger leaves. This
allowed study of the effect of different levels of SOD
overproduction. High-level overproduction in a par
ticular cell compartment (chloroplasts or mito
chondria) conferred strong protection against damage
generated by superoxide radicals in that compart
ment. On the other hand, low-level overproduction
had no or sometimes even deleterious effects. Proba
bly high levels of SOD cause a total depletion of one
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of the sub~lrntes of the lIul}('~-Wciss rCllction (02),

thus prccluding hydroxyl rudicHI formation. A low
increase of SOD might only pHrllally remove super
oxide, thereby dislUrbing the normal balance between
superoxlde and hydrogen peroxide and cllusing dalJl
age if the hydrogen peroxide is not adequately re
moved (Bowler et al. submilled). In another sludy
(Teppermun and DUllsmuir 1990), u CuflnSOD was
overexpressed and turgeted to chloroplasls of tobacco
and tomalo plallls. Appurently, Ihere was no differ
ence in superoxide sensitivity between the transgenic
and the control plants. A possible explanation for the
different results with different forms of SOD might
be that CuflnSOD and FeSOO arc inactivated by
hydrogen peroxide, whereas MnSOO is not.

The effects of MnSOO overproduction at the level
of the whole plant and towards olher stress factors,
~uch as chilling. air pollutants. and high light inten
sities. rem.,in to be B.udied. However. the rcsults ob
tained so far demonstrate that SOD overproduction is
a pl'Omising stra!egy to engineer stress resistance in
plants. Furth;:rmore, it has become dear that the type
of SOD that is produced, the level of production. the
subcellular localization of SODs, and the interaction
with other detoxifying meclwnisms arc all important
factors in protection against oxidative stress.

Transgenic Plants Expressing
A~ronomically Useful Traits

Classical plant breeding programs have greatly im
pro-led the yield. quality, and disease resistance of
crop plants. The ability to genetically transform plants
flOW adds a new dimension to breeding because it
eliminates the barriers of sexual reproduction and
greatly extends the pool of genl;s that arc available for
crop improvement. Indeed, once the gene encoding a
particular trait has been isolated. ,his gene·-be it of
.,Iant. animal. or microbial origin-can be stably in
serted into the plan: genome. Furthermore, recombi
nant DNA techniques allow the existing genetic
material to be modified or combined. thus creating
new diversity that is not available in nature. Another
advantage of the genetic engineering approach is that
a strategy that has pi oven to be useful in one plant
species is readily applicable to all the crops for which
transformation methods are available. Since phe
notypes encoded by multiple genes are both difficult
to analyze and to introduce in transgenic plants, the
achievements of genetic engineering to date involve
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Hinglc-Bcnr. IruitH. Howcver. the dOlllulns In which the
genc tm.wler technology Is being applicd ure diversc
and Inclu.dc crop prolectlon, qualltutlve improvement
r-[ crops, productioll or mule-slerlle plumll. und syn
thesis in plants of high-value biological compounds.
Somc eXllmples of the progress in Ihese Ilelds willl'C
described in more derail.

Inscct·rcslstunt Transgenic 1'lacllJ

Bacil//lLf tllllriilgiellsis (Dt) is II gram-positive soil
bacterium which, during sporulation, produces pro
teinaceous crystalline inclusions with insecticidalac
tivity. The insecticidal crystal prole ins (lCPs or Cry
proteins) of differem Bt strains exhibit a striking dif
ference in their insecticidal spectra and arc not toxic
LO organisms olher than insects. The ICPs arc classi
fied according to their r,tructural simila~jties and in
secticidal spectra. Four major classes have been
identified: Lepidoptera-specific (CryI), Lepidoptera
and Diplera-specific (CryII), Coleoptera-specific
(CryIII), and Diptera-specific (CryIV) protein:>
(HOfte and Whiteley 1989). Bt crystalline inclusions
dissolve in the midgut of insect larvae and release one
or more ICPs. The ICPs arc usually protoxins, pro
teolyticlllly converted into smaller toxic polypeptides.
The active toxins bind to the midgut epithelial cells of
susceptible insects, leading to dis,'uplion of the cell
membrane. As a cO;lsequence, the epithelial cells
lyse, an;1 the insects stop feeding and eventually die.

Spore preparations of Bt have been used for many
years as a biological insecticide. However, the prop
erties ;)f the Bt toxins, i.e., their proteinaceous nature
and their proven safety and efficiency. make them
ideal for introduction into plants. Consequently. trans
genic plants expressing lCP genes '",ere one of the
first successful applications of plant transformation
technology for crop improvement. Modified lCP
gc:!es under the control of plant promoter and 3'
processing :;ignals were introduced into tobacco and
tomato plants via Agrobacterium-mediated trl'nsfor
mation (Vaeck et al. 1987; Fischhoff etal. 1987; Bar
ton et al. 1987). The transgenic plants expressed the
ICP. were toxic to larvae of Mandllca sexta (the to
bacco horn worm), and were protected against feed
ing damage by the larvae. SUbsequent greenhouse and
field trials with tobacco, tomato, potato. and cotton
plants expressing ICPs demonstrated that the trans
genic plants were protected against a range of lep
idopteran insect pests (Delannay et al. 1989; Perlak et
al. 1990; Plant Genetic Systems N.V. unpublished re
sults). These results demonstrate the feasibility of
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producing lrllnngcnic crop pluntll pro~cctcd from ill- 1101 hc spruycd for poslclllcrgcncc purposcs. 'Ib hc
'"ect dumagc us u commcrclully inlcrcllting uml cnvi- uble to usc lhcllc broud spcclrum hcrbicidc,q IIclcc-
ronmcntully lIafl: ultcrnalivc to chcmlcal insecliclden. livcly for crop prolcction, hcrbicidc rCllislUJlCC has

Conccrns ubout the dcvclopmcnt of insect rcsin- bccn cngincercd in plants, Two stralegics to obluin
tance IIgainlll Dt loxins havc fltimulatcd rcscarch illlo hcrbicidc-rcsisllllll plants call bc fbllowcd:
the prccisc modc of action of ICPIl, For different • Dccrclising Ihc IIClillilivily of thc pilint 10 Ihc hcr-
ICPII, IIpecific high-affinity binding-site:l (rcccptorll) bicidc by overproduction of the target em~ynK: or
havc been identified on brush border membranes in by exprcssion of a modified target that is inscnsi-
lhe midgut of susccptible insectll. Furthermore, it hall live to the herbicide but retains ils cm:ymatie
been Ilhown that ICPs lhat are toxic to a ccrtain insect activily.
/lpecicll bind lIaturably und with high affinity to mid- • Providing to the plant an herbicide detoxifying
gut receptors of that species, whereas nonsusceptible pathway.

- insects do not possess spccific ICP.binding siles Examples of the first approach are engineered re--
(Hofmann et al. 1988; Van Ric et al. 1989, 19900). sistance to glyphosate and sulfonylurea compounds,
This correlation between toxicity and binding sug- Glyphosate is an inhibilor of 5-enolpyruvylshiki-
gests that dlfferenccs in the insecticidal spectrum of male-3-phosphate syntha:;e (EPSPS), an enzyme in

= ICPs arc dctermined by the ICP receptors of the mid- the biosynthctic pathWilY of aromatic amino acids.
gut epithelium. Since the midgut can contain different ~ulronylul"ea hcrbicides inhibit acelolactate synthase
receptors, a particular insect species can be sensitive (ALS), an enzyme involved in the biosynthesis of
to different lypes of ICPs. branched·chain amino acids. The introduction of mu-

Van Ric et al. (I990b) studied lhe mechanism of tant EPSPS genes, encoding enzymes less sensitive to
resistance of a Plodia illterpwlctclla strain to an ICP. glyphosase (Fillatti et al. 1987a; Hinchee et al. 1?88;
P. illtcrpu/lctclla is normally sensitive to ICPs of lhe Comai et al. 1985) or rhe overproduction of a plant =-
CryIA(b) and CrylC types. A CryIA(b).resistant EPSPS (Shah et al. 1986) conferred tolerance to
strain (R-strain) was seleetcd in the laboratory by glyphosate in the transg~nic plants. Similarly, tmns-
rearing the insects on a Bt-treated diet. Resistance is genic tobacco plants expressing mutant ALS gencs
correlated with a 50-fold reduction in affinity of the were found to be tolerant to sulfonylurea compounds =-
membrane receptor for the CryIA(b) prolein. How- (Haughn el al. 1988; Lee et al. 1988). ,.;:

ever, the R·strain is not resistant to the CryIC l Ixin. High levels of resistance towards several her..
On the contrary, sensitivity to CryIC is incleased. bicides were oblained with the second app;oach. Le.,

~ Apparently, CrylC is recognized by a different Iccep- engineering of a novel deloxifieation pathway in
tor, the concentration of which is increased in the plants. Herbicide-detoxifying enzymes have been
R-strain. This result can be rationalizcd if olle as- identified in several piant species and in microorga-
sumes that the ICP receptors have an important func- nisms and are thus potential candidates for introduc-
tion in tile insect midgut. An altered CryIA(b) tion in crop plants.

"'! rcceptor with rcduccd ICP affinity could also have The herbicide glufosinate or I-phosphinothricin
lost its normal physiological function. This could be (PPf) is an analogue of glutamate and as such a po-
compensated for by an incrcase in the concentration tent inhibitor of glutamine synthetase (GS). Inhibition
of thc CryIC receptor. These studies also suggest that of GS lez.:ls to the rapid accumulation of ammonia
ICPs binding to different receptors could b.:: used in and eventually to dcath of the plant cells. Bialaphos,
combination or sequentially as a strategy to prevent or produced by Streptomyces hygroscopicus, is a tripep-

.;; to delay insect resistance. tide consisting of PPI and two I-alanine resitllles•
Bialaphos is converted into PPf by peptidnscs. PPf
and bialaphos are commercialized by Hoechst as

Herbicide-resistant Transgenic Plants Ba.sta® and by Meiji Seika Ltd. as Herbiace®. A
,?Pf-resistance gene, bar, v'as isolated from S. Izy-

.
]

Several newly developed herbicides combine some ll'oscopicus (Murakami et a1.1986) and was shown to
very interesting properties, i.e., low toxicity to men encode the enzyme phosphinothricin acetyl trans-
and animals, low persistence in the environment, and ferase (PAT), which specifically converts PPr to an
a high activity implying that they can be used effi- acetylated. nonherbicidal form (Thompson et al.
ciently at low doses. Since the enzymes that these 1987).
herbicides inhibit arc common to all plant.., weeds as The bar gell\; !Jl1ner the control of the cauliflower
well as crop plants, they ale total herbicides that can- mosaic virus ~C!\MV) 35S promoter was introduced
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into tobacco, tomato, potalo, oilseed rape, M,'alfa,
sugar beet, aspen, lind poplar planls via the Awo!Jae
lel'ill1l/ transformation system (De Block et al. 1987;
Botterman und LeemanH 191111; De Block el ul. 1989;
De Block 1990; D'Hulluin et 01. 1990). In all CUlleH,
Ihe bar gene conferred resistance on greenhouse
grown trunsgenic planls 10 doses of glufoHinate und
biulr.phos Ihal arc much higher than normully appl ied
in agriculture. Also in field tests wilh transgenic to
bacco, potato, and alfalfa plants, complete resistance
was observed (De Greef et al. 1989; D'Halluin el al.
1990). Furthermore, growth of herbicide-Ireated
transgenic planls and nonlransformed, nontrealed
control plants was undislinguishable (De Greef et al.
1989). These results convincingly demonstrate that
the broad-spectrum herbicide glufosinate can be used
selectively for postemergence applicalions on trans
genic crop plants.

Bacterial genes cncoding bromoxynil and 2, 4-di
chlorophenoxyacetic acid (2,4-D) detoxifying en
zymes were likewise engineered in tobacco plants
and conferred high levels of herbicide resistance
(Stalker et al. 1988; Lyon et al. 1!"t89; 5treber and
Willmitzer 1989).

Engineering of 28 Seed Storage Proteins

Seeds are a very important source of proteins for
human and animal nutrition. However, in most seed
storage proteins several essentiaillmino acids are un
derrepresentrd. Many breeding programs conse
quently focus on improving the balance of essential
amino acids in those proteins. Alternatively, this
problem can be tackled with genetic engineering ap
proaches, e.g., by expressing in a heterologous host
naturally occurring or in vitro modified genes encod
ing seed storage proteins rich in a limiting amino
acid. Both these approaches have been worked out
with an important class of seed storage proteins of
dicotyledonous plants, i.e., the 25 albumins.

The 25 albumins are synthesized as large precur
sor molecules that undergo extensive posttranslational
processing. A signal peptide, an additional amino
terminal fragment, an internal fragment, and some
carboxy-terminal residues are removed. The two sub
units resulting from this cleavage proce:m are linked
by disulfide bridges. 2S albumins are encoded by
multigene families. The Arahidopsis lhaliana family,
for example, contains four tandemly clustered memo
bers (Krebbers et al. 1988). One of the Arabidopsis
genes (aI2Si) was introduced into tobacco plants. The
Arabidopsis 28 albumin was correctly processed in
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the seeds of the transgenic tobacco planls and accu
mulated In the protein bodies of the endosperm and
the embryo (De Clercq el al. 1990a). This dcmon
stratell that 25 albumins can be correctly processed
and Illrgeted, when expressed in a heterologous host.

Chimeric genes encoding a Brazil nut methionine
rich 25 albumin fused to different seed storage pro
lein 5' sequence..., were expressed in lobacco, /Jrass
lea napl/s, and Arabidopsls plants (Altenbach et 01.
1989; Guerche et al. 1990; De Clercq et al. 1990b).
The Brazil nut 25 albur.lins were reported to be cor
rectly processed and targeted in the transgenic plants.
In one case (Altenbach el 01. 1989), a signillcant In
crease in the methionine content of the seeds was
obtained. The Arabidopsis ailSI gene was also mod
illed in vitro to encode a novel protein with a high
methionine content. The aiterations were made in a
region that is highly variable among different 25 al
bumins in both length and amino acid composition.
This variable region was replaced with different oli
gonucleotides containing mainly melhionine codons.
The modilled genes were introduced into lobacco,
Brassica napl/S, and Arabidopsis plants and directed
the synthesis of new, methionine-rich 25 albumins
(De Clercq et 01. 1990b). This shows that 25 albumins
can tolerate extensive modifications In their primary
sequence. On the other hand, the expression levels of
the modified genes should be further optimized to get
a large increase in the seed methionine content. It will
be interesting to investigate whether other limiting
amino acids, or combinations of amino acids, can
likewise be engineered in these seed storage proteins.
28 albumin genes have also been modified for totally
different purposes. Vandekerckhove et al. (1989)
showed that it is posl>.ble to produce large amounts of
biologically active peptides as part of a chimeric seed
storage protein. To demonstrate this, the variable re
gion of the Arabidopsis a12S} gene was replaced by a
sequence encoding the neuropeptide Leu-enkephalin,
flanked by tryptic cleavage sites. The modified gene
was introduced into Arabidopsis and Brassica napus
using Agrohaclerium-mediated transformation. The
28 albumins were isolated from seeds of the trans
genic plants and the Leu-enkephalin peptide was reo
leased by digestion with trypsin and with carboxy
peptidase B to remove an extra C-terminallysine res
idue. The peptide recovery per gram of seed was up
to 200 nmol for Arahidopsis and up to 50 nmol for
Brasslca napllS (Vandekerckhove et al. 1989). Advan
tages of this system include the high stability of the
~eed storage proteil's and thus also of the inserted
peptide, and the easy purification of the 25 albumins,
even on a large scale.



.
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III conclusion, it has bccn dcmonstralcd that cngi
neered 25 albumins call be used for the improvcmell\
of the nutritional value of seeds and also for "molccu
lar farming", Le., the production of high-valuc bio
logical moleculcs in plants. A discussion of the
potemial of producing foreign proteins and peplidcs
in plants can be found in Krebbcrs et al. (in presg).

Engineering Nuclear Male Slerl1lty In Plants

Hybrid seeds have become vcry important in agricul
ture for increasing crop productivity. Indced, in many
crop species, F. hybrid plams perform superiorly, a
phcnomenon called hybrid vigor or helerosis. How
ever, male-sterile lines for thc production of hybrid
seeds arc not available for most crop plants and the
alternative, mechanical removal of an,iters, is often
impractical, impossible, or very expensive. Recently,
Mariani et al. (1990) reported the transformation of
plants with a gene preventing pollen development and
thus inducing male sterility. The introduced chimeric
gene consists of a promoter, directing exclusive ex
pression in the tapetum cells of antr.<:"s, linked to the
coding region of a cytotoxic ribollcdease.

The tapetum is a cell layer that surrounds the pol
len-sac and is essential for pollen development. From
a set of anther-specific tobacco eDNA clones, two
were found to hybridize exclusively with mRNA in
this tapetum layer (Goldberg 1988). The gene corres
ponding to one of these cDNAs was isolated from a
tobaccc genomic library (Seurinck et al. 1990). This
gene, called TA29, is regulated primarily at the tran
scriptionallevel (Koltunow et al. 1990). The 5'-/lank
ing sequence of the TA29 gene was fused to two
different ribonuclease genes, an Aspergillus oryzae
gene encoding RNase 1'1 and a Bacilllls amyloliqllefa
ciens gene encoding the ribonuclease bamase (M~r

iani et al. 1990). The chimeric genes were introduced
into tobacco and oilseed rape plants. The majority of
the transgenic plants were male sterile, but were iden
tical to untransformed control plants in all other a~
pects, including the ability to produce viable seed
when cross-fertilized. Expression of the TA29-RNase
genes leads to selective destruction of the tapetum
cells and prohibits pollen development. In oilseed
rape, both RNases seem to work equally well and line
copy of either the TA29-RNase Tl or TA29-barnase
gene is sufficient to induce male sterility. In tobacco,
at least four copies of the TA29-RNase 1'1 gene are
required to produce male-sterile plants, but for the
T.<\29-bamase gene, one copy is sufficient. For crops
ilt which the fruit is not the harve!>led product, the

male-slcrile planls can be crosscd wilh any pollinator
Iinc. However, if fruit or sced is Ihe desircd plant
product, full fcrtility must be restored. This could be
achievcd by incorporating in the pollinalor plants an
tiscnse constructs to the RNasc gene or by introduc
ing thc gcne for barstar, which is a specific inhibitor
of bamase. The availability of a dominant nuclear
male-sterility gene is a very significant breakthrough
for the produclion of hybrid seed, since this technol
ogy is potentially applicable to many differelll crop
species.

Conclusions

Any natural or in vitro modified gene can be intro
duced directly inlo plants with the newly developed
gene-transfer methods. This crcales obvious advan
tages for increasing the yield and improving the qual
ity of crop plants and for fundamental plalll biology
research. The usc of transgenic plants will further
increase our knowledge of the molecular fine struc
ture of plant cells, of developmental processes, and of
the interactions of plants with both their environment
and wilh other, beneficial or harmful, living organ
isms.

Many of these new insights will also find applica
tions in the genetic e:lgineering of crop plants. In
deed. more complex traits can be incorporated in
plants as the genes controlling them arc identified.
Furthermore, a detailed knowledge of gene expres
sion is required for the introduction of new charac
I.cristics, as shown in the described examples. The
precise regulation of gene expression, sometimes at
the cellular or even subcellular level, can determine
the success of genetic manipulations.

Agronomically useful genes have now been intro
duced into some of the world's major crop plants;
however, for several other important crops, transgenic
plants have not yet been obtained and continued ef
forts will be needed to develop efficient transforma
tion protocols f'Jr these plant species and varieties.
The benee~ of gene-trlansfer technology for agricul
ture are demonstrated by the successful field trials
with transgenic crop plants resistant to insects, vi
ruses, and herbicides, and the commerciali7.ation of
these plants which is foreseen for the ncar future.
Although until now plant genetic engineering has
mainly focused on the introduction of agrono:nically
important genes, several examples demonstrate the
potential to obtain products from transgenic plants
with pharmaceutical or industrial applications. Plants
have always been a majo\' source of ingredients and
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raw materials for the production of pharmaceuticals,
special chemicals, and bulk products. Clearly, genetic
engineering offers the opportunity to enhance the
production levels of these natural products and to
broaden the spectrum of molecules that can be pro
duced in plants.
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Transformation of Lotus Species Using
an Ri Plasmid Vector

M.A. Aziz l, P.K. Chand2, and M.R. J)avey3

.:

Lotull species are forage Icgumcll produced for pas
turcs in both tempcratc and tcopical regionll. Transfor
mation of Loms and other foragc legumcs would
cnable the incorporation of uscful genes for the ge
nctic improvement of this crop, as well as providing n
system for molecular study of symbiotic nitrogcn fixa
tion. The ability of transformed roots induced by Ri
plasmids of Agro!Jacterillm r"izoge"es to regenerate
into whole plants and to produce detectablc opines
(Tepfer 1984; Ooms et al. 1984) has generatcd in
creased intercst in thcir use as vcctor syslcms.

Transform.:tion studies involving LOllIS cor
"iell/allls have been rcportcd using A. 1lI111efaciens
(Webb 1986; Armstead and Webb 1987) lind A. rhizo
genes (Petit etal. 1986; Petit ct al. 1987; Stougaard et
al. 1987). This report describes the transformation of
two other important specics within the gcnus, L.
tenius Waldst et Kit and L. peduneulalllS Cav., using a
gcnetically engineered strain LBA 9402 (pRi 1855 - P
Bin 19) which confcrs resistance to kanamycin.

Materials and Methods

Stcm explants from 3-week-old glasshouse-grown
seedlings were surface-sterilized in 7.5% v/v 'Do
mestos' for 20 min followed by six washes in sterile
water. Stems were cut into 3 cm lengths and the apir,:al
ends inoculatcd with 20 ~I of an exponential culture
ofAgrobaeterium rhizogenes LBA 9402 (pRi 1855 - P
Rin 19) carrying the neomycin phosphotranferase II
(NPf II gene) (Hamill et al. 1987). Bacteria were
cultured in yeast mannitol broth (YMB) liquid me
dium (Oems et al. 1985) containing 50 J.lg ml- I of
kanamycin sulphate (25', dark, 100 rev. min·I). Inoc·
ulated stem explants were placed base down into
hormone·free solidified agar (0.8% w/v, Sigma)

Mural;higc lind Skoog (1962) medium (MSO) and
llIainlllincd under continuous fluorcsccnt iIIuminalion
(100 IUK, 2S·C). Thc cxplants were transferrcd aflcr 5
days to MSO ngar medium containing 500 J.lg m)··
cefotaxime (Calforan; Roussel Laboralories,
Wembley, UK). Individual transformed roolS pro
duced at the inoculation sites were excised lind cul
tured on MSO agar medium containing 250 j.lg ml·1

cefotaxime. Roots were p;Jbcullured every 4 weeks,
the cefotaxime level being reduced, and subsequently
roolS were maintained in antibiotic-free MSO agar
medium.

For assay of kanamycin resistance, roolS were
transferred to MSO agar medium containing 50, 100,
ISO, 200, 250, and 300 J.lg mi'· kanamycin. Trans·
formed roots were analyzed by paper electrophoresis
for the synthesis of opines (Morgan et al. 1987), NPf
II activity was assayed as described (Reiss et al.
1984). Segmenls of transformed rools were placed on
media containing various combinations of growth
regulators for regeneration. Alternatively, root seg
menls were placed on different callusing media. Calli
that proliferated were either transferred to regenera
tion media or used for establishment of cell suspen
sion cultures.

Results and Discussion

Roots developed on stem explants of L. tenuis within
9-23 days after inoculation with A. rhizogenes LBA
9402 (pRi 1855 - P Rin 19) and within 10-30 days on
L. peduncu/otus stem explanls. Roots emerged di
rectly from the inoculation sites and in some cases
localized swellings preceded root emergence. Such
rools had poorly deveillped root hairs while the or
gans were still attached to the explantll. The rooting
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rcspollSC, hused ollihe percellluge of eXplUnltl produc
IlIg rooln ulld the mcun lIumher of !'Ools prodl/';ed p.:r
explunl, wus high In hoth speclell. IJH.3ili, of I" II'II/Iis

slem cxplallill und 9' .0% of I,. fI{'d/llu:IlItI/ll.~ slcm ex
plums Inoculaled wllh the AgrobuclCrhlln slrain pro
duced rools. The mean number of rOOl1J l/roduccd per
explllnt for L. ICllllis lind L. pcd,Ulclllalus wcre 20 und
22, respectively. Transformed rools cxhibited a char
aCleristic luck of geotropism; thcy werc mosl1y pia
giOlropic and some displayed nl'gative geotropism.
Phenotypic characleristics of lransformed roots were
found 10 be plant species-specific following excision
and trnnsfer of roots to cullure. TrnllNformed rools uf
L. pcdlllll'lIlallls were yel'owish-whitc, long, less
hairy, und with profusc lateral branching. L. IC/Illis
transformed rooIs were crcamy-yellow, fairly Ihick.
and very hairy, bUI wilh poor laleral branching.

Comparalively, Iransformcd roots of L. PCdllll
mlalUs showed a higher level of kanamycin resis
tance lhan transformed rools of L. IC/lllis. In L.
pedllllclllatlls. of the root clones assessed 45% w,~re

resistant to 150 ml- I and 30% were resislant to 200 J.1g
ml-\ of kanamycin; 15% lolerated 100 J.1g ml- I kanam
ycin, while 10% survived 250 J.1g mi- I of the anlibi
otic. In L. lellliis. 45% of the root clones asscssed
were capable of resisting kanamycin at 100 Ilg ml-·.
Shoot regen~ration from transformed roots of L.
lellliis occurred spontaneously at low frequency (aI'
prox. 20%) on MSO agar medium containing 50 and
100 J.1g ml· l • Further regeneralion was stimulaled
when calli established on MS agar medium with 0.5
mg I-I 6-bcnzylaminopurine (BAP), 2.0 mg 1. 1

-napthaleneacelic acid (NAA), 2.0 mg I-I 2,4-dichlo
rophenoxyacelic acid (2,4-0), and 100 J.1g ml· 1 kan
amycin sulphale were lransferred 10 B5 (Gamborg et
al. 1968) agar medium with 0.5-1.0 mg I-I BAP and
50 J.1g ml-· kanamycin. Roots were produced in abun
dance on transfer of the shoots to B5 agar medium
with 0.05 mg I-I BAP. Transformed roots and callus
of L. ped/Ulculalus failed to produce shools.

Paper electrophoresis of crude extracts showed
Iransformed roolS and calli of L. len/lis and L. pedlUl

culalus and transformed regenerants of L. lenuis to
synthesize silver nitrate positive compounds that mi
grated to similar positions as agropine and mannopine
.:. mannopinic acid present in the standard mixture.
The synthesis of opines confirmed the expression of
Ri plasmid T-DNA genes. Further confirmation of the
transformed nature of the regenerants and calli was
demonstrated by the detection of NPf II activity in
the tissues.

The ability of all root clones transformed by LBA
9402 (pRi 1855 - P Bin 19) to resist kanamycin im-
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plied II IllicceNsful, c:otl'ullllicr of tin hl"lll'y veclor
(pl{ill IlJ-cllrrylllg Ni'I' 11 genc) IIl1d Ihe corc:liHlunt
HI plllHlllld (pHi IK55). Thc dlffcl'elltlllllevclH of kun
1I1llycill reslslllllce ohserved in Inwsrormed rool
c10ncs or L. It'l/liis IIl1d L. /lI'dIiI/Clllaw.I' hall al"o hcclI
reported in J'()O(S lind regcneruled plants of LY{'llJl£,,.,~i

1'01/ spp (Morgllll ci Ill. IlJH7), ulld Nicolillllll lind So
lilll/III/SPP (Davcy cl al. 19K7). FlIclors lhllt IlIlly havc
Innuenccd the level of kUlwmycin rCllislance Include
Ihe TL-DNA copy nUlllber im:erts, plant DNA lind
T-DNA scquenccs nanking lhc NITI'll (mling rcgion
or the strenglh of thc nopaline synthasc gcne promo
ter (Morgan el al. IlJH7). Allhough high frcquency of
SplllJlaneOUs regenera'/ion has been reporled in A. rlli
zogel/c.\' translc.>rIlled rools or L. co,."Iclllallls (Petit el
al. 19117; 'I:K. Ghose, personal communication) this
was a lcss frequcnt event in transformed roots of L.
1I!I/Ili.I' and absenl in L. pedIIl/Clllalll.I'. A more likely
reu:;on for lhe low spontaneous regeneration could be
the presence of a high leveL vI' endogenous auxins in
Ihe roots resulting in an auxin 10 cylokinin ralio Ihat
was unfavorable for shoot formation.

Cell-suspension cultures were established from
the transformed root-derived calli of L. lel/llis and L.
pedlll/culallls. Kanamycin resistance of protoplasts
isolated from the cell suspensions would he a useful
dominant marker in somatic hybridizati£HI programs
within Ihe genus LOlliS.
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Preliminary Experiments on Transformation
of Tissues and Organs of Arachis Species

Nalini Mallikarjuna I, Arnar Kumar2, W. PoweJJ2,
J.P. Mosst, and D.C. Sastril

In vitro regeneration in a crop plant is a prerequisite
for any attempt to achieve genetic transformation. In
legume tissue culture, cotyledons have been estab
lished as explants for high·frequency regeneration in
many species and techniques have been developed at
ICRISAT to use cotyledons, leaflets, and hypocotyls
for high frequency of Arachis spp regeneration. These
lechniques were used at the Scottish Crops Re"earch
Institute (SCRI) for infection of explants by virulent
and avirulent strains of Agrobacteriwn twnefaciens.

Virulent strains of AgrobacteritUlI twnefaciens
C-58 and A-281 were used for infecting the first inter
nodes (between the cotyledonary node and the first
leaO of 8-12 days old aseptically mised seedlings of
four cultivars ofArachis lIypogaea. Three weeks after
inoculation, tumors were observed on all the four
cuhivars at the points of infection. These tumors con
tinued to grow when excised and cultured on hor
mone-free MS medium. Thmor tissues were also
observed on the cotyledons of JL-24 which had been
infected with Ihe above two virulent strains of
AgrobacterilUlI.

An avirulent strain ofA. twnefaciens A-281 carry
ing coinlegrate vector PGV 3580 (PKu-2) was used to

transform Arachis hypogaea cv JL-24 (cotyledons.
and leaflet segments) and A. p/lsi//a (hypocotyls and
leaflet segml:nts). The above plasmid has kanamycin
and hygromycin resistance genes. Green, semigreen,
and white shoots were obtained on the kanamycin
selection medium.

Green buds were obtained from JL-24 leaflet seg
ments and A. pusi//a leaflet and hypocotyl segments.
The shoots from JL-24 cotyledons have been trans
ferred to the rooting medium. The shootslbuds from
the kanamycin selection medium will be assayed for
NPf II genes.

To test the sensitivity of cotyledons to kanamycin
and hygromycin, JL-24 cotyledons were cultured on a
medium with 100, 250, 350, and 450 mg I-I concen
tmtions of kanamycin and 10 and 20 mg I-I of hy
gromycin. Kanamycin at 250 mg 1-1 supported the
formation of tiny buds from the cotyledons that did
not grow beyond the bud stage. Cotyledons bleached
after 15·20 days ofculture on media with hygromycin
at 20 mg I-I and no regeneration was observed. This
suggests that a hygromycin resistance gene may be
better than a kanamycin resistance marker gene for
transformation of Arachis.

I. International CroP! Research Institute for the Semi·Arid Tropics (ICRISAT). PalaJlchcru 502 324, A.P., India.
2. Scottish Crops Research Institute. Invcrgowrie. Dundee 002 5DA, UK.
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Viruses as Extra-chromosomal Gene

Vectors For Higher Plants

R.J. Shepherd and S. Gowda1

Abstract

Viruses have been extremely important as gene vectorsfor bacteria and animals and have played an
important role in the moleclliar genetics ofthese organisms. However. virus-based vectorsfor plants
are in an early exploratory state ofdevelopment. With the use o/reverse genetics. two pills-strand
RNA viruses have been investigated as vectors for amplification and expression offoreign genes in
plants. Tobacco mosaic virus and brome mosaic virus have been IIsed as coat protein replacen.ont
vectors for the high-level expression of bacterial chloramphenicol acetyltransferase. In addition.
representatives ofboth the single-stranded DNA (geminiviruses) and double-stranded DNA viruses
(caulimoviruses) have been developed as gene-transfer agents. These experiments as well as the
reglliatory regions of viruses that are llse/ulfor plant gelletic engineering will be reviewed.

Introduction

Gene cloning and expression vectors have been de
rived from a wide variety of bacterial, animal, and
plant viruses, especially those that replicate via DNA
intermediates. These viruses are easy to restructure
by recombinant-DNA methods. However, it is now
feasible to manipulate viruses that replicate only
through RNA intermediates with the recent availabil
ity of transcription systems for making artificial RNA
transcripts from complemental y DNA (eDNA)
copics. Consequently, the choice uf virus to use as the
genetic vehicle has grown to include the large number
of positive-strand RNA viruses of eukaryotes.

The plant viruses also offer an interesting variety
of gene-regulatory elements that are useful in genetic
engineering. The strong constitutive 355 promoter of
cauliflower mosaic virus (CaMV) has played an im
portant role in transformation technology of plants in
recent years, for example, and is a prime example of
the potential usefulness that plant virus elements have
for manipulation.

Gene vectors of a nonintegrating nature that repli
cate independently of the cellular genetic apparatus

are desirable for plants for a number of reasons. Per
haps the foremost justification is to develop vectors
that replicate to a high copy number so that new func
Lic~s or gene products can be produced at much
higher levels than are now possible with Ti plasmid
vectors. Viral genomes as autonomously replicating
clements (replicons) can be used to amplify any cova
lently attacherl dlimeric genes.

Manipu1:ding with suitable gene-regulatory re
gions can insure that the amplified sequences are ex
pressed in plant cells.

Another justification for developing virus-based
gene vectors would be the possibility of eliminating
the need to regenerate plants via tissue culture in
order to introduce foreign genes into plants. With Ti
plasmid-Agrobacteriwn systems, the regeneration of
plants following transformation as leaf discs or single
cells is the most time-consuming step. With virus
vectors, it is possible to transmit the veetor with for
eign sequences u;rectly into intact plants. From a few
infection foci following mechanical inoculation, the
gene vector will replicate and thence move cell-te-cell
until it and foreign genes have spread throughout the
plant. In most cases this woull1 occur rapidly, within a

/-
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few days following inoculation. There would be no
requirement for the regeneration of plants following
the transformation event.

The third factor that favors the development of
virus-based vectors is thnt we know a great deal about
the biology of these agents. The genetic constitution
and regulatory sequences of several plant viruses
have been well defined. Moreover, the genomes of
several are available as infectious clones of known
nucleotide sequences. Hence, these are ideal subjects
for genetic reconstruction as gene vectors.

So far as we know none of the genomes of phmt
viruses become integrated into plant chromosomes
except perhaps as very rare events. Hence, in gene~I,

genes transferred via viruses would not be transmIt
ted through seed. This is the greatest disadvantage of
most autonomous replicons. However, many of our
important crops, including food crops, are vege
tatively propagated and these vectors would persist
through successive generations in these plants. Conse
quently, outside the laboratory, virus-based gene vec
tors would be most useful in vegetatively propagated
crops.

Foreign Gene Expression With RNA
Plant Viruses

At least two positive-strand RNA viruses have been
investigated as autonomously replicating vectors. One
of these, brome mosaic virus (BMV), infects mono
cotyledonous plants and the other, tobacco mosaic
virus (TMV), infects dicotyledonous plants. Both
have been successfully engineered as episomes to
amplify and express foreign genes in plants. In addi
tion, both viruses have a variety of regulatory ele
ments useful in foreign gerle expression in plants
(reviewed recently by Ahlquist 1990).

At present, only RNA viruses that have geno.~es

of single-stranded messenger-sense RNA (posillve
sense) have been engineered as vectors. This is a
limitation imposed by the need to restructure the viral
genomes as double-stranded DNA copies. The re
quired manipulations in vitro of the viral genomes are
possible only as cloned cDNA copies, restructured
via recombinant-DNA techniques.

The cDNA copies of some positive-sense RNA
viruses are infectious when directly applied to the
host organism. This is true for several bacterial and
animal viruses and also applies to the cDNA clones
of plant viroids. However, the eDNA clones of the
positive-sense RNA viruses of plants have not been
directly infectious. Only a single exception has been

reported (Dore and Pinck 1988). In all other cases, it
has been necessary to make positive-sense RNA tran
scripts of cDNA clones in order to initiate infections
with viral genome components.

Tobacco Mosaic Virus (TMV)
as a Gene Vector

The genome of TMV consists of one positive-sense
RNA molecule of 6395 nucleotides with four transla
tional open reading regions. Two of the lauer, which
encode proteins (I26K protein and 183K protein) lo
cated at the 5' end of the genome (i.e., they are 5'
proximal), are translated from fUII~len~th g~no~ic

Ri\lA. These 5' proximal genes funcllon 10 rephcallon
of viral RNA. Two other viral proteins (a 30K move
ment protein and the 17.5K coat protein) are trans
lated from subgenomic RNAs. Messenger RNA
(mRNA) synthesis of the lauer is believed to be regu
lated by internal promoters on minus-sense vi~al

RNA similar to that established for BMV RNA (Mil
ler et aI. 1985).

Two laboratories have developed complete cDNA
dones of the TMV genome from which expression of
infectious TMV RNA can be obtained from tran
scripts produced in vitro. Both laboratories have in
vestigated the vector potential of TMV. In one case
the viral coat protein (CP) gene was replaced with a
bacterial chloramphenicol acetyltransferase (CAT)
gene. The foreign gene was expres>~d in virus-infec
ted plants (Takamatsu et aI. 1987). However, the most
successful example of foreign gene expression with
TMV has been to insert CAT as a separate cistron
between the 30K and CP genes (Dawson et aI. 1989).
This was done in such a way as to preserve the sub
genomic promoter upstream of the CP gene. Expres
sion of the downstream CP gene was obtained by
creating a new subgenomic mRNA with the CP gene
at its 5' end. These investigators showed that a third
subgenomic RNA occurred in plants infected with the
hybrid virus (Dawson et aI. 1989). This chimeric vi
rus replicated very efficiently, encapsidated well, and
moved cell-to-cell in a normal manner when inocu
lated to intact plants of Nicotiana tabacum. The CAT
gene was expressed eificiently. Unfortunately, after a
time in systemically infected plants, the CAT gene
was spontaneously deleted to regenerate the wild type
TMV genome (Dawson et aI. 1989).

Brame Mosaic Virus (BMV)
as a Gene Vector

The second example of an RNA plant virus engi
neered to express foreign genes is BMV, a virus with



a genome split into three separate RNAs. These are
RNA-I of3.2kb, RNA-2 of 2.9 kb, and RNA-3 of2.1
kb. The two largest RNAs are required lor trans
acting RNA replication factors. RNA-3 encodes two
proteins. One of these, near the 5' end encodes a 32K
protein probably involved in cell-to-cell movement. A
cistron toward the 3' end of RNA-3 encodes the 20K
viral coat protein (CP). Neither gene is required for
replication of viral RNA in protoplasts. The mRNA
for CP is a subgenomic RNA of 0.9 kb. A viral com
plementary DNA expression system was used for re
structuring and making the appropriate RNA tran
scripts (for a review of this system see Ahlquist et ai.
1987). When the CP gene was replaced with CAT and
artificial transcripts of the modified RNA-3 inocu
lated to protoplasts of barley in the presence of
RNA-I and RNA-2, all three viral RNAs replicated.
The CAT gene was amplified along with the rest of
the viral genome and was efficiently expressed in
single cells (French et ai. 1986). Foreign gene expres
sion in this case was not tested on intact plants.

The sequences controlling expression of BMV
subgenomic promoters have been well defined
(Marsh et al 1987; French and Ahlquist 1988). Sub
genomic RNA is initiat¢d on BMV RNA-3 at a spe
cific site on the negative strand template (Miller et al.
1985). The subgenomic promoter can be moved as a
small cassette (120 bp) to a variety of new sites in
RNA-3 to direct the production of new subgenomic
RNAs. This allows considerable versatility for for
eign gene expression of internal cistrons via new sub
genomic mRNA production (French and Ahlquist
1988).

DNA Viruses as Gene Vectors

Clones of these viruses are directly infectious to
whole plants. Hence it is a simple matter to genet
ically manipulate these viruses. Several of the regula
tory regions of DNA viruses that are involved in their
replication and gene expression have been identified.
Some of these elements, such as the 35S promoter of
CaMV, have been widely used in plant transformation
technology. The use of geminiviruses and cau
Iimoviruses as plant gene-transfer agents has been
reviewed recently (Gronenbom and Matteit 1989;
Shepherd 1989).

Gemlnlvlruses

These viruses have genomes of small circular single
stranded DNA (ssDNA). Replication is probably

through action of DNA-dependent DNA poly
merases. They are probably the only group of plant
viruses that have no RNA intermediates in the repli
cation cycle. Hence these viruses probably have a
lower error rate during replication than other plant
viruses.

Some members of the group have genomes consis
ting of two different circular molecules of approx
imately equal size; others have genomes of only a
single circular molecule of ssDNA. As the viruses
undergo replication in nuclei of infected cells, double
stranded DNA intermediates occur that serve as temp
lates for synthesis of single-stranded forms found in
virions as well as viral mRNA. In cloned form, the
DNAs of tomato golden mosaic virus (TGMV), cas
sava latent virus (CLV), and wheat dwarf virus
(WDV) have been tested as gene vectors.

TGMV is an example of a geminivirus that has a
split genome of two small ssDNAs. One portion,
DNA-A, of 2588 nucleotides, encodes proteins re
quired for DNA replication. This portion of the ge
nome can replicate in single cells in the absence of
DNA-B. DNA-B of 2508 nucleotides, depends or.
DNA-A for functions required for its replication.
DNA-B codes for functions for cell-te-cell transport.
The only homologous region between the A and B
portions of the TGMV genome is a 230 bp region that
probably contains an origin for DNA replication.
Both portions of the genome are transcribed bidirec
tionally to produce viral mRNA.

The TGMV genome has been tested as a gene
vector by replacing the coat protein gene encoded by
an open reading frame of DNA-A with foreign se
quences. The coat protein is not required for viral
DNA replication or cell-to-cell movement leading to
systemic infection.

Although cloned TGMV DNA is infectious and
can be mechanically transmitted to its hosts, a more
efficient method for producing systemic infections is
to use Agrobacterium-mediated inoculation. This has
been termed agroinfection (Grimsley et al. 1986). In
using this method with DNAs of the geminiviruses,
head-to-tail dimers of viral DNA are cloned into Ti
plasmid vectors. These are then IJsed by agroinfection
to transform host plants with the TGMV genome. In
transgenic plants containing dimers of TGMV DNA
A integrated into the chromosome. the viral genome
excises, probably through a process of homologous
recombination. After excision. it replicates as a
monomeric DNA-A. When the coat protein gene is
replaced with foreign sequences. the latter is repli
cated along with the rest of the viral genome.



In initial experiments, a neomycin phospho
transferase gene (NPr II) of bacterial origin was used
to replace the coat protein gene in a redundant end
clone of TGMV DNA-A (Hayes et al. 1988). The
redundant genome was cloned into a binary Ti plas
mid vector. The NPr II gene (0.79 kbp) is about the
same size as the coat protein gene of 0.74 kbp. The
viral sequences were then transformed into Nicoriana
rabacum tissue via agroinfection. When plants were
regenerated, each cell of selected plants had a partial
dimer (redundant end clone 1.6 times the length of a
DNA-A monomer) of the TGMV genome from which
the viral genome excised and replicated. In these
plan;s a functional NPr was produced and enzyme
activity corresponded to the copy number of the dou
ble-stranded forms of the viral genome (Hayes et al.
1988).

In a second type of experiment with the redundant
end DNA-A clone of TGMV, Agrobacrerium-medi
ated infections were made by injecting the bacterium
into the stems of tobacco plants transgenic for a dimer
of TGMV DNA-B. An active and wholly complete
virus infection ensued in this case. When DNA-A
excised and replicated in the stems, DNA-B was also
released and replicated, leading to cell-to-cell move
ment and systemic infection of plants with DNA-A
containing the foreign gene. A very high level of NPr
II enzymatic activity and a high gene copy number of
the amplified genome were found (Hayes et al. 1988).

In similar more extensive investigations of the
vector potential of TGMV genome, a second larger
gene, bacterial P.glucuronidase (GUS) of 1.8 kbp,
was substituted for the coat protein gene of DNA-A
and found to be expressed (Hayes et al. 1989; Elmer
and Rogers 1990). However, in both cases sponta
neous deletions occurred in the inserted sequences of
viral-derived components in plants transgenic for
TGMV DNA-B. These deletions suggested that a
strong selective pressure existed for wild type sized
genome components (Elmer and Rogers 1990).

Similar experiments demonstrating the vector po
tential of geminiviruses have been done with CLV
(Ward et a11988) and WDV (Gronenbom and Matzeit
1989). The latter virus has also been used as a repli
con to introduce a transposable element into cells of
wheat, maize, and rice (Laufs et al. 1990). In other
experiments foreign gene substitutions for the capsid
gene of maize streak virus clones were capable of
replication but not capable of systemic spread in
plants (Lazarowitz. et al. 1989).

~ I

Caulimovlruses

This group of viruses have small isometric virions
with a single small loop of double-stranded DNA as
their genomic material. Several have been completely
sequenced. These viruses have six major conserved
genes and replicate by reverse transcription.

All genes except gene II of CaMV are required for
replication and systemic movement of the virus. Gene
II is involved in insect transmission and is not re
quired for replication or movement. Using the ge
nome of CaMV as an example, the silt major
translational open reading legions (genes) appear in
succession on a full-length RNA transcript of the ge
nome (the 355 transcript). One gene (gene VI) has a
separate promoter and transcript (the 195 transcript).
This gene functions as a translational activator for the
closely spaced genes including gene VI itself, which
appears on the full-length transcript (Gowda et al.
1989; Bonneville et al. 1989).

The successive genes on the full-length transcript
are probably translated in a coupled manner referred
;~ as a "relay-race" type of translation. When CaMV
is used as a gene vector, its single nonessential gene II
is replaced by foreign DNA. However, this manipula
tion must be done in a certain way in order to pre
serve the coupled nature of the translation process. It
is important to constrUct the junctions of each end of
the foreign gene as short as possible to favor the
migration of scanning ribosomes (the 405 subunit)
directly from the stop codon of one open reading
region to the nearby start codon of the next down
stream cistron without causing detachment of the
ribosome from the mRNA.

The first successful use of CaMV as a gene vector
was the work of Brisson et al. (1984) in which a
bacterial methotrexate-resistant dihydrofolate reduc
tase gene (dlifr) was used to replace gene II of this
virus. The DNA of the engineered virus was mechan
ically inoculated to planu:. The virus from the result
ing infections moved systemically and caused plants
to become resistant to methotrexate sprays, which are
ordinarily very toxic to plants.

The constructs of the CaMV genome used by Bris
son et al. (1984) left as little nontranslated sequence as
possible between the dlifr gene and the flanking viral
genes (genes I and III). In their experiments, a plas
mid with only nine base pairs between the region I
stop and dhfr start codon was stable during replica
tion and successive transfer between plants. A plas
mid with a remnant of region II in front of the dhfr
gene was not stable. With both plasmids, the junction
between the dhfr gene and viral gene III was a single
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base pair. The protein of the dhfr gene was detected
with an appropriate antibody and dihydrofolate re
ductase activity was found to be present. In addition,
infected plants were shown to be resistant to meth
otrexate sprays.

Others (Lefebvre et al. 1987) have used CaMV to
express a metallothionein in Brassica campestris,
again demonstrating the feasibility of using CaMV as
a vector to propagate and express foreign genes in
planlS.

The dhfr sequence used by Brisson et al. (1984) is
a small gene of only 234 base pairs. Its small size
allowed encapsidation of the chimeric viral genome
and movement in plants as a virion. To what extent
larger genes can be accommodated by CaMV has not
been clearly defined. Gronenbom et aI. (1989) found
that the CaMV genome could be enlarged by about
250 base pairs to produce a stable recombinant virus.
However, there are nonessential sequences in the
large intergenic legion that can be replaced by addi
tional foreign DNA.
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Physical Methods for Plant Gene Transfer

A.K. Weissinger

Abstract

Transformation ofplants by Agrobacterium-mediated DNA transfer is currently the most commonly
used method of plant gene transfer. However. a growing body of work demonstrates the utility of
procedures for the direct introduction of transforming DNA into cells by purely physical means.
Some of these. including liposome fusion. microinjection. chemically-mediated DNA uptake. and
electroporation, are generally applicable only to protoplasts, cellsfrom which the cell wall has been
removed by enzymatic treatments. Other techniques. such as microprojectile bombardment and
silicon carbide fiber-mediated transfer. allow introduction oftransforming DNA through intact cell
walls. Physical methods are especially usefulfor the transformation ofspecies SItch as maize. which
are not readily infected by Agrobacterium. Most have been used to stably transform one or more
plant species, although protoplast methods are limited by difficulty in plant regeneration in some
species. Applications. especially of electroporation. direct DNA uptake. and microprojectile bom
bardment. are increasing as techniques improve.

Although somewhat more demanding technically. physical methods ofgene tral/sfer offer several
advantages over biologically-mediated procedures. Because no Agrobacterium Ti sequences are
required. vector constructions can be simple and small. Cotransformation with multiple genes can
be carried oUl easily by delivering mechanical mixtures of two or more plasmids. Direct DNA
transfer alld electroporalion of protoplasts provide rapid and efficient means of testing gene~ic

constructions by transi!nt expression. Microprojectile bombardment has the unique feature of
allowing the delivery ofDNA into intact tissues. where expression ofalien genes can be testedfor
tissue-specific or p:,citor-induced expression in the tissue ofinterest.

J•

Introduction

Transformation of plants by Agrobacterium-mediated
DNA trnnsfer is currently the most commonly used
means ofaccomplishing plant gene transfer. Protocols
!lave been developed for efficient Agrobacterium-me
diated transformation in a very broad range of spe
cies, including a large number of crop plants.
However, a growing body of work demonstrates the
utility of procedures for the direct introduction of
transforming DNA into cells by purely physical
means. This paper reviews the current state of tech
nology for physical transfer of DNA to plant cells and
tissues, and attempts to provide the reader with suffi
cient information to make rational decisions about the
utility of s!Jch procedures for particular applications.

While these technologies are extremely useful in pure
research applications. the present discussion is di
rected primarily toward understanding each system
with respect to its use in crop germplasm enhance
ment.

Physical methods of DNA transfer are fundamen
tally different from Agrobacteriwn-mediated transfor
mation. In Agrobacterium transformation, genetic
sequences are introduced into modified Ti plasmids,
which also carry additional genetic elements required
for the DNA transfer process. These plasmids are
then reintroduced into defined strains of Agrobac
teriwn. DNA transfer occurs as part of a modified
pathogenesis process, involving complex and highly
evolved interacfons between the target plant cell and
the bacterium. A tightly defined DNA segment is cut
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from the Ti plasmid molecule, transferred into the
recipient cell, and integrated into the plant chromo
some, all by active processes, mediated primarily by
bacterial products.

Conversely, physical methods for gene transfer do
not involve any intermediate vector organism. The
mechanisms by which the transforming DNAs are
incorporated and integrated into the recipient chromo
somes are poorly understood, but appear to be the
result of plant cell processes, independent of the
mechanism of DNA delivery. Purified plasmid DNA
(typically based on Escherichia coli plasmids and am
plified in E. coli cells) is introduced through the cell
wall and plasma membrane of the recipient plant cell
by one of several techniques.

Once inside the recipient cell, alien DNA appar
ently can undergo immediate transcription to produce
the "transient expression" phenomenon. The trans
forming DNA also can be integrated into the host
chromosome, although virtually nothing is known
about the events and mechanisms involved. Indeed, it
is unclear in most cases whether the physical process
by which the DNA is introduced into the cell also
deposits DNAinside the nuclear envelope, or whether
DNA enters the nucleus by some undefined cellular
process. Importantly, integration of alien sequences
appears to occur randomly and can involve any part
of an introduced plasmid regardless of its genetic con
tent. Unlike the Ti plasmid, there is no known way to
define the portion of a plasmid that will be incorpo
rated into the plant genome.

Because no vector organism is involved, physical
gene-transfer techniques are not limited by many of
the constraints characteristic of AgrobacterilU1l-medi
ated transformation. Genetic sequences can be incor
porated into virtually any plasmid that provides the
sequences necessary for replication and selection in
bacteria. No other sequences, such as the 'vir' or
'border' sequences of the Ti plasmid, are required.
Therefore, construction of plasmids for delivery by
physical means is simplified, and plasmids tend to be
smaller (see Pietrzak et a1. 1986, for example). Also,
physical introduction of DNA is not dependent upon
any bacteriallhost cell interaction, and so is theo
retically applicable to any species, regardless of its
susceptibility to Agrobacterium infection. Further, be·
cause no Agrobacterium "infection" occurs during
DNA transfer by physical procedures, there is no re
quirement for the removal of Agrobacterium cells
from the resulting transgenic tissues or plants by anti
biotic treatment. This both simplifies and eXpedites
the transformation process. The absence of Agrobac
terium also eliminates the possibility of accidental

release of recombinant bacteria into the environment,
reducing the probability of unintentional movement of
alien genes to nontarget plants.

Cotransformation, the simultaneous delivery of
two or more genes during the transformation process,
is greatly faci'.itated by physical DNA transfer pro
cedures. Typically, different plasmids carrying two or
more genes of interest, can simply be mixed and in
troduced into recipient cells. A portion of the result
ing transgenic cell population is likely to carry and
express all of the introduced traits. An independent
selectable marker gene for each plasmid is not re
quired, since transgenic cell lines can be recovered.
e.g., by antibiotic resistance, and cotransformants can
be identified within this population by other means.

Physical'methods for DNA transfer are especially
useful for rapid measurement of gene expression. As
described above, DNA introduced into cells appears
to function directly as template for transcription im
mediately after delivery. Expression of gene products
is often detectable within a few hours after DNA de
livery, and r.ontinues at J.11easurable levels for several
days (depending upon the gene and the level at which
it is expressed). This phenomenon, called "transient
expression", is observed in all systems for DNA
transfer. However, it probably is most useful for mea
surement of the expression level of introduced se
quences in those procedures, such as direct DNA
uptake and microprojectile bombardment, where
DNA is delivered in large quantities to many cells
simultaneously. The absolute level of gene product
tends to be large, because of the cumulative effect of
its expression in many cells, and can thus be assayed
with minimum error. Secondly, although the level of
expression of the introduced seqllence may vary
markedly between individual cells, measurement of
product from large poptalations of cells allows a use
ful estimation of the "average" level of expression
produced when a particular construct is introduced
into a specific cell type or tissue. Such measurements
are quite useful, e.g., for comparison of the efficiency
ofdifferent genetic constructions or ofeX;Jression ofa
single construction under different environmental
conditions. Development of techniques such as micro
projectile bombardment and electroporation of intact
tissues now also allows DNA to be delivered into
organized tissues, permitting measurement of tissue
specific expression.

The following is a discussion of physical transfor
mation procedures which are currently in common
use. For convenience, they have been arranged ac
cording' to the target tissue or cells with which they
are typically used.
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DNA Delivery to Organized Structures

A reliable procedure for the introduction of trans
forming DNA into intact tissues or organs of plants
would be extremely useful. Such a system might elim
inate the requirement for tissue culture and plant re
generation, the most difficult and disruptive aspects
of most gene-transfer systems. It could also dras
tically reduce the time required for the transformation
process.

The natural defensive barriers of the plant nor
mally impede the introduction of transformin£ DNA
into organized plant structures. Most external cells of
the plant body are covered by cuticle layers and
heavy cell walls, in addition to the plasma membrane,
and so are resistant to the entry of alien DNA. Fur
ther, utility of the process would likely be limited,
since most cells of the pl:tnt typically do not partici
pate in gametogenesis. It is therefore unlikely that
DNA incorporated into somatic cells would be trans
mitted to progeny.

These difficulties have been circumvented in sev
eral published accounts by targeting DNA delivery to
floral structures or pollen (Luo and Wu 1988; Ohta
1986; de la Pena et al. 1987). The rationale of these
approaches has been that DNA delivered in close
proximity to the ovule or pollen tube might be able to
enter these cells under certain conditions because of
their thin cell walls. Secondly, DNA incorporated into
these cells would be much more likely te be inherited
than would DNA introduced into somatic cells.

Another approach that appears to have met with
success involves the entry of transforming DNA
through the cell walls and cell membranes of dry
embryos prior to imbibition (Topfer et al. 1989).
While this procedure does not appear to allow target
ing the specific cells into which the DNA will be
introduced, it might still produce transgenic sectors
destined to give rise to floral structures, and so may
still have a reasonable probability of transferring the
alien DNA to progeny.

DNA Delivery to Pollen

In what appears to be the only published account of
successful direct DNA delivery to pollen, Ohta (1986)
demonstrated gene complementation in maize. A
stock of maize that was homozygous recessive for
several genes which produce easily scorable phe
notypes, including genes involved in pigment bio
synthesis, was used as a source of recipient pollen.

DNA was isolated from a donor line that was homo
zygous for the dominant condition of all of these
same marker loci. Pollen from recipient plants was
combined with a concentrated solution of donor
DNA, and the resulting slurry was placed on silks of
recipient plants. The pollen/DNA mixture was trans
ferred either immediately after mixing, or was al
lowed to stand briefly before application to the silks.
In an alternative treatment, DNA from the donor was
placed on recipient silks, and then the recipient was
self-pollinated in the usual manner. Precautions were
taken to prevent unintended fertilization. These treat
ments therefore should have resulted in self pollina
tion of the recipient line, but, if DNA uptake
occurred, hypothetically it could have incorporated
genes carried in the donor DNA.

Ears resulting from the treatment in which pollen
and DNA were mixed and then transferred directly to
silks resulted in over 30 kernels that were described
as "putatively transgenic", on the basis of altered en
dosperm characteristics. No other treatment had an
observable effect. From this result, it was concluded
that alien DNA had been incorporated and were ex
pressed in the endosperm. However, the experiment
yielded no evidence regarding whether the DNA was
integrated into recipient chromosomes in the endo
sperm, or which might be present as an unintegrated
fragment.

Kernels with both altered and unaltered endo
sperm characteristics were further analyzed by prog
eny testing. Kernels were grown, the resulting plants
were pollinated, and ears were scored for the pres
ence of kernels with endosperms expressing the dom
inant genetic effects of the donor line. The results of
this test suggested that alien DNA was also active in
embryos, although embryonic "transformations" oc
curred at low frequency. Importantly, a relatively
high proportion of the plants grown from kernels with
altered phenotypes manifested various anomalies that
were interpreted as evidence of the mutagenic effect
of DNA treatment.

This study suggests that gene transfer can be ef
fected by treating pollen with exogenous DNA and
then carrying out a relatively ordinary pollination,
during which some of the DNA is transferred to the
developing endospelm and embryo. The data support
the hypothesis that DNA transfer occurs, and that it is
in some way mediated by the pollen. The genetic data
are difficult to refute, particularly those that suggest
that the alterations induced by the transformation pro
cess appear to be inherited in the following genera
tion. It is also difficult to attribute these changes
solely to the mutagenic effect of DNA treatments,

~ .,
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which the author invokes to explain the anomalous
plants observed during analysis. The markers use(l to
indicate transformation would require a recessive-to
dominant shift in the plant genotype, an event that
seems unlikely to occur at the rate required to explain
the frequent shifls observed.

Unfc:tunately. because gross DNA preparations
were used, rather than defined genetic sequences, it
was impossible to test the putative lIansgenics at the
DNA level to determine what sequences were trans
ferred, and, ii so, where they were integrated. Also,
no detailed segregation analysis was performed.
Without such supporting data, the efficacy of the pro
cedure remains in doubt.

DNA Delivery to Florets

There arc two reports in the literature at present in
which gene transfer was observed following treat
ment ('f floral structures with plasmid DNA. The first
of th~se involves a series of experiments, by de la
Pena and co-workers (de la Pena et aI. 1987), in which
plasmid DNA was delivered into the leaf sheath sur
rounding the developing inflorescence of rye (Secale
cereale L.) plants by a procedure termed "macroin
jection". The DNA was not introduced into cells of
the recipient plant directly, but rather was introduced
into the space inside the leaf sheath surrounding the
inflorescence, using a standard hypodermic needle
and syringe. Plants wrore treated 14 days before
meiosis with a plasmid carrying a chimeric neomycin
phosphotransferase (NPJ Il) gene. Treated tillers
were cross-pollinated with other injected plants. Re
sulting seeds were screened for resistance to kanam
ycin. Seven resistant seedlings were isolated from
among 3023 seeds from 98 treated plants. Two plants
tested positive for the production of the NPf II pro
tein, and both of these were shown to carry appar
ently integrated copies of DNA sequences that
hybridized with a fragment from the transforming
DNA. Results were consistent with the presence of
more than one integrated copy of the transforming
sequence. A replicate of this experiment yielded one
transformed (NPf II positive) plant from among 1000
seeds produced on treated plants.

The mechanism by which transforming DNA en
ters cells in this system is not known. The authors
point out that both the male and female gametes are
devoid of a callose wall at this stage of development.
They present no evidence that supports preferential
DNA uptake by either male or female cells, but hy
pothesize that the male gamete is the more probable
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recipient because of the prevailing condition of its
cell membrane at that stage.

Ar.other procedure for DNA delivery to organized
structures, described for the transformation of rice by
Luo and Wu (1988), is based on earlier work by Duan
and Chen (1985). Rice florets were cut a few hours
after pollination had occurred. removing the stigmas,
exposing the cut surface of the style. Luo and Wu
applied plasmid DNA carrying the NPf II gene to the
cut slyle, and covered the inflorescence to prevent
desiccation. Seed set was reduced to about 20% of
normal levels. Seeds were tested for the presence of
transforming DNA by an in situ DNA hybridization
procedure that detected the introduced sequence in
root tips of about 10 out of 54 seeds tested. Thus, the
transformation frequency was estimated at 20%.
Transgenics were further analyzed by DNA hybridiz
ation (Southern blot). Multiple high molecular weight
bands were shown to hybridize with a probe consist
ing of the NPf II COlling sequence. NPf II assays
were positive for about :iO% of the plants.

The authors hypothe;ized that when the stigma is
removed from the pistil, as the floret was cut fol
lowing pollination, the pollen tube was left largely
intact. Its cut end allowed the entry of DNA, which
then moved down the style to the ovule. While this
hypothesis is a rational expi:!..'1~!ion for the movement
of DNA into position for incorporation into cells, the
hypothesis was not tested in the reported study. Fur
ther, no explanation was given regarding the site or
mechanism of incorporation of the DNA.

Neither of the two procedures for DNA introduc
tion into floral structures appears to have been suc
cessfully repeated in other laboratories and both are
viewed with skepticism. These accounts continue to
be interesting, however, because of their apparent
technical simplicity. In practice, they have been pas
sed over in favor of other techniqueJ which, although
more intrusive and technically demanding, may re
quire less understanding of the precise timing of
events in the reproductive process. and perform in a
more reproducible fashion.

DNA Delivery to Dry Seed-derived Embryos

Another potentially useful procedure involves the up
take of transforming plasmid DNA into dry embryos
of wheat by imbibing them in a solution of the DNA.
Topfer et al. (1989) reported that when embryos re
moved from dry seeds were allowed to soak for ap
proximak:ly 30 minutes in solutions containing
plasmids with various chimeric NPf II constructions,



transient expression of NPr II could be detected in
seedlings. The effpJ;t was enhanced by the addition of
dimethyl sulfoxi~,: to the imbibition mixture, and was
sharply reduced or eliminated by soaking the dry em
bryos in buffer without DNA, prior to imbibition with
the DNA mixture. Transient expression increased
dramatically when the chimeric marker gene was car
ried in a plasmid, derived from Wheat Dwarf Virus,
which was capable of autonomous replication in plant
cells. DNA uptake followed by transient expression
of the introduced sequence was also demonstrated in
other crop species including oats, barley, rice, rye,
triticale, maize, common bean, pea, and Vida loba.

The uptake of exogenous DNA by seeds or seed
lings has been reported previously (Ledoux et al.
1974), but this earlier work failed to gain wide accep
tance because it involved transfer of undefined DNA
sequences and lacked conclusive evidence that could
rule out the possibility of bacterial contamination.
Topfer et al. (1989) state that, in addition to the use of
defined bacterial marker sequence~, two key pieces of
evidence support the validity of their claim that the
introduced sequences were expressed by cells of the
recipient plant. First, when chimeric genes were con
structed with an array of promoters from various
sources, the levels ofexpression observed in embryos
treated with these constructions were as expected
when based on results obtained when these promoters
were t«,sted in electroporated protoplasts. This effec
tively rules out the possibility 'that the introduced
DNA was taken up and expressed by microflora that
would Ue expected to give very different expression
levels than would be obtained in plants. Secondly,
enhancement of expression by the addition of plant
replicon for a geminivirus, and evidence proving that
replication occurs as expected in plant cells, also sup
ports the assertion that the introduced DNA is being
expressed in cells of the treated embryos.

The mechanism by which macromolecules could
traverse the dual barriers of cell wall and plasma
membrane in order to reach the interior of embryonic
cells is not known. The authors suggest tliat the wall,
which is known to exclude molecules the size of the
introduced plasmids, may have been damaged during
the removal of embryos from dry seeds. This damage
would presumably allow DNA to enter some cells,
from which it could disperse through plasmadesmatal
connections to other cells. Further, since it was shown
that expression can only be achieved when embryos
are completely dry, the authors hyt;')the~ize that dry
membranes have local discontinuities that serve as
pores through which DNA can pass. These lesions
are thought to undergo spontaneous closure as the

membranes hydrate during imbibition. Thus, uptake
is dramatically reduced when the membranes arc al
lowed to rehydrate in buffer before DNA is added.

The results of this study are interesting and con
vincing, though subject to further interpretation. If
one presumes that DNA uptake does occur in this
system, however, it remains unclear how the process
could be applied to achieve stable plant transforma
tion. He'dtable tramformation would require uptake
of DNA., by cells th:1: would ultimately give rise to
gametes, and it is not obvious how this could be made
to occur.

Utility of DNA Transfer to Organized Structures

Techniques for introduction of transforming DNA
into intact plant tissues are among the most intriguing
and controversial of transformation procedures. The
potential utility of the procedures described here is
obviously great, but the Hmited amount of literature
in this area suggests that the protocols may be diffi
cult or unreliable. Indeed, some workers are openly
sk:.:ptical of published results, while others report that
they have been unable to replicate experiments. Un
less, and until, the mechanisms that underlie the re
ported results are understood and described, an1 until
others can routinely replicate the results, this contro
versy seems unlikely to be resolved.

DNA Delivery to Protoplasts

The cell walls of plants are formidable barriers to the
introduction of macromolecules, and have been a ma
jor impediment to the development of transformation
systems. One. way in which this difficulty has been
overcome has been the use of hydrolytic enzymes to
remove the cell wall, thus releasing protoplasts which
are bounded only by the plasma membrane. This pro
cedure is typically carried out on cultured cells, or
protoplasts released from leaf tissue.

Preparation of Protoplasts

The quality or health of protoplasts used in DNA
transfer protocols is probably the single most impor
tant phenomenon in determining the oVllrall efficiency
of the system, whether applied for transient gene ex
pression or used to produce transgenic plants. Proto
cols for the release of protoplasts vary widely,
depending upon the type of explant or cultured mate-



-ials used as the source tissue. Development of these
protocols can be a difficult and time consuming pro
cess, particularly for those who arc unaccustomed to
working with protoplasts. There are, however, certain
underlying features of the process that arc similar
among most protocols.

Probably the most common source tissues for the
release of protoplasts used in transformation work arc
callus suspension cultures and leaf mesophyll cells.
Suspension culture cells typically can be treated di
rectly with all enzyme mixture that hydrolyzes the
cell wall and cell-cell attachments, while leaves usu
ally must be abraded lightly to expose inner cell
layers to the enzyme mixture. The content of the en
zyme mixture must be d,~termined empirically to
achieve optimum release of protoplasts from a partic
ular tissue, although an enzyme mixture can often be
used effectively with cells other than those for which
it was optimized. TIlese mixtures typically contain
cellulases and pectinases, and may contain many
other purified or crude enzyme preparations. They
also contain buffers, divalent cations, and an osmot
icum to protect protoplasts from osmotic shock after
their release. For practical purposes, it is suggested
that the read~r examine the literature of microinjec
tion and/or direct DNA uptake, to obtain an enzyme
formulation I":a: has been successfully applied to a
source tissue as close as possible in origin and physi
cal characteristics t(· the contemplated source (Cross
way et al. 1986a; Crossway et al. 1986b; Fromm et al.
1985; Potrykus 1989; Potrykus et aI. 1985).

It is also important to note that tissues can vary in
their physical characteristics and chemical composi
tion, sometimes dramatically. TIlis is especially true
when cells are carried in culture for extended periods
of time. This variation can sometimes sharply alter
the efficiency of protoplast release and is usually not
accompanied by any observable change in the ap
pearance or growth rate of the culture to warn that it
has occurred.

Mlcroinjection

Microinjection is a process by which macromolecules
can be introduced into cells using fine glass micro
pipets controlled by micromanipulators. In a typical
experiment, protoplasts are immobilized either by
suction on a special holding pipet, by affixing them to
a solid support medium with compounds such as
polylysine, or by embedding them in agar or other gel
matrix. DNA, in an aqueous suspension, is taken up
by the pipet which may also be charged with a small

volume of oil to facilitate control of the injection pro
cess. The injection pipet is introduced through the
plasma membrane and, preferably, introduced into the
nuclear envelope. A volume of a few picoliters carry
ing the transforming DNA is then ejected from the
pipet, using a manually operated pump.

Microinjection differs in several ways from other
procedures for gene transfer to protoplasts. First, cells
must be manipulated individually rather than in the
large numbers characteristic of direct DNA uptake
procedures. As a consequence, fewer cells can be
treated by microinjection than with other protoplast
techniques. Electorporation protocols, for example,
routinely allow treatment of greater than I )( 106 pro
toplaslf, in 11 single event, while the most rapid injec
tion systems (for immobilized animal cells) permit
treatment of a few thousands of r:ells per hour.

This apparent deficiency is somewhat mitigated,
however, by the high frequency at which transform
ing sequences microinjected into cells become inte
grated (Crossway et al. 1986b; Morikawa and
Yasuyuki 1985; Reich et al. 1986). In the first report
of stable transformation of plants following microin
jection, Crossway et al. (l986b) found that 14% of
calli derived from protoplasts, which had been treated
with plasmid delivered by intranuclear microinjection
and grown without selection, carried integrated
copies of the introduced sequences. This compares
quite favorably with the integration frequency ob
served in protoplasts treated by direct DNA uptake
which seldom exceeds 1% (Negrutiu et al. 1987).

The efficiency of microinjection decreased
sharply, however, when DNA was delivered into the
cytosol, rather than the nucleus (Crossway et al.
1986b; Morikawa and Yasuyuki 1985). The efficiency
of stable transformation decreased to only about 6%
when DNA was delivered into the cytoplasm. It is,
therefore, imperative to immobilize protoplasts so
that the nucleus is accessible during the injection
event. For animal cells, this is accomplished easily,
since cells tend to adhere to solid substrates and the
nucleus is prominently exposed. Plant cells do not
adhere to solid supports, however, and must be immo
bilized for injection in some other way, either by
embedding them in a solid matrix (e.g., agar or
agarose) or by holding them individually with a spe
cial holding pipet. Neither system is ideal, however.
Embedd1ng holds cells effectively but permits a ran
dom orientation of nuclei, thus complicating intra
nuclear injection. Holding pipets provide maximum
precision, but are laborious and slow to use.

Stable tmnsformants produced through microin
jection can often be recovered without selection (Aly
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.... and Owens 1987). Selection is a vital part of most
transformation systems because the probability of in
tegration is so low that identification of transgcnics by
any form of screening would likely be prohibitively
expensive and time-consuming. The probability of an
introduced gene becoming integrated is sufficiently
high following intranuclear injection, however, that
screening without antibiotic or herbicide selection is a
manageable task. Transgenic cell clusters (colonies)
can be screened either by biochemical assay for the
introduced gene product, or by DNA analysis for the
presence of the introduced sequence. Because DNA
analyl'is is independent of gene expression, this pro
cedure may be useful for isolating transgenics in
which the alien gene is present, but is not expressed
in culture or does not produce a selectable product.
This could circumvent the requirement for cotransfor
mation with a selectable marker capable of expres
sion in isolated cells or calli.

At present, most transformation experiments in
volve the transfer of only one or, at most, a few for
eign genes. In general, too little is known about the
speeific genes or gene products involved in the devel
opment of more complex traits to allow their manipu
lation at the molecular level. It is hoped, however, that
as the methodology of gene isolation and characteriz
ation improves, it will become increasingly desirable
to be able to insert large DNA molecules, and even
engineered chromosomes, into recipient cells. Micro
injection is unique among the technologies of gene
transfer in its ability to accommodate such large
transforming DNA.

Griesbach (1987) has reported the chromosome
mediated transformation of Petunia hybrida via mi
croinjection. Chromosomes isolated from P. alpicola
were injected into P. hybrida protoplasts. Recipient
protoplasts were evacuolated in order to minimize the
possibility of releasing toxie substances into the cyto
sol during injection and to prevent vacuolar auto
phagic degradation of the introduced DNA.

Sun"ival rates and transformation frequency were
high among protoplasts injected with the alien chro
mosomes. About 80% of treated cells received one or
more chromosomes. Injection reduced cell viability
by 42% relative to untreated controls. Chromosome
fragments and/or aberrations were observed in about
60% of the treated cells. Small calli, about 1 mm in
diameter arid containing about 25 cells, could be reo
covered after 3 weeks. Of 60 such calli tested, 2 had
protein alterations that were characteristic of the do
nor parent, suggesting that transformation had oc
curred. Plants regenerated from putatively transgenic
C31!i h;d f!~vor.oid~ha"'Cl(;teristicssimilar to the donor

(the altered prolein profiles in these transgenics were
known to be related to flavonoid biosynthesis in the
donor species).

The introduced genes were also transmitted to
progeny. In some, it appears that the gene of interest
was no longer present as part of an additional chro
mosome, but rather was translocated to a site on a
native chromosome of the recipient. Many of the
transgenic cell lines produced in this manner were not
stable, however, and reverted to the recipient
phenotype.

This report suggests that microinjection with alien
chromosomes can be an efficient means of transfer
ring genes from one species to another. Unfor
tunately, no DNA data were presented to corroborate
the evidence from protein and flavonoid testing. Such
evidence, along with more detailed cytological data,
would allow a more meaningful analysis of the trans
formation efficiency attainable with this technique.

Another small. but potentially troublesome, diffi
culty with the transfer of chromosomes derives di
rectly from the technique's great strength. Because
the transfer of a single, highly specific gene could be
monitored in a very large proportion of the calli ex
amined following injection, it seems reasonable to
hypothesize that transfer of some genetic material oc
curs even in cells that are not obviously transformed.
This suggests that in transgenics produced in this
manner, undesirable alien sequences could inad'/er
tently be transferred. This could alter other, more
subtle characteristics of crop varieties.

Although Neuhaus et al. (1987) successfully trans
formed small, multicellular microspore-derived em
bryoids by microinjection, most systems for micro
injection require the use of protoplasts. The difficulty
typically encountered in regeneration of whole plants
from protoplasts appears to have sharply limited the
number of crop species that have been stably trans
formed by microinjection (Uchimiya et al. 1989).
These include tobacco (Crossway et al. 1986b) and
Petunia (Neuhaus et al. 1987), both considered among
the most manageable species in culture. At present,
the need to regenerate plants from protoplasts is by
far the greatest impediment to the widespread use of
microinjection in plant systems.

Another disadvantage is that the equipment re
quired for efficient microinjection is complex and ex
pensive. Apparatus usually consists of: one or more
laminar flow hoods; an inverted microscope; pipet
pulling apparatus for manufacturing microinjection
needles; a microforge, for further manipulation of
needles; holding pipets, etc.; and one or more micro
mllnipulators for holding and positioning cells and
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pipets and accomplishing the actual injection. Mod
ern micr<.:njection apparatus is often also equipped
with computer-aided positioning mechanisms for pre
cise targeting of cells and subcellular compartments.
The CllSl of purchase and maintenance of this appa
ralUs places it beyond the reach of many workers.

Despite these disadvantages, microinjection can
be the most efficient means for DNA transfer, and is
the only method currently developed for the delivery
of intact chromosomes for the transfer of complex
traits. These features will undoubtedly continue to
make microinjection an appealing option for some
gene-transfer applications.

Llposome Fusion

Liposomes, synthetic single or multilamellar lipid
vesicles, have been used successfully as vehicles for
delivery of both RNA and plasmid DNA into proto
plasts (Deshayes et al. 1985; Fraley 1983; Matthews
and Cress 1981; Nagata et al. 1981; Ohgawara et al.
1983; Rouze et al. 1983; Uchimiya and Harnda 1981).
Lipid vesicles are typically prepared by a reverse
phase evaporation technique (Fraley 1983), in which
an aqueous solution of plasmid DNA is combined
with lipid carried in an organic solvent. The two
phases are tium mixed in an inert atmosphere by soni
cation, after which the organic solvent is evaporated
under reduced pressure. This process results in the
encapsulation of approximately 25-40% of the total
DNA. Liposomes are then further purified (to remove
unencapsulated plasmid and residual lipid) by sedi
mentation onto a Ficoll gradient.

Protoplasts are fused with Iiposomes by incubat
ing them together in a buffered aqueous fusion me
dium, usually composed of an osmoticum (e.g.,
maMitol), divalent cations, and an appropriate buff
ering medium. The protoplast membrane and lipid
vesicle are induced to fuse by treatment with poly
ethylene glycol or other polyalcohol. Cell membrane
and lipid vesicle are thought to fuse during this pro
cess, but the exact mechanism by which nucleic acid
transfer occurs does not appear to have been unequiv
ocally demonstrated (Fraley 1983).

Various conditions affecting the nucleic acid de
livery efficiency of liposome fusion systems h.::ve
been characterized in detail (Deshayes et aI. 1985;
Fraley 1983; Rouze et al. 1983). Critical factors in
clude vesicle phospholipid composition, cationic con
centration of incubation buffer, concentration and
type of polyalcohol (e.g., polyethylene glycol or poly
vinyl alcohol), nucleic acid concentration (i.e.. total
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DNA or RNA content in the fusion mixture), and
incubation period (Deshayes et al. 1985; Fraley 1983).
Under optimum conditions, rates of transformation as
high as 80% (of treated protoplasts) have been
reported.

A particularly useful account is to be found in the
report of Deshayes et al. (1985), in which the effect of
several of these factors was quantified on the basis of
the number of stably transformed calli recovered un
der various conditions when an NPf II construct was
delivered to isolated tobacco mesophyll protoplasts
thilt were subsequently subjected to kanamycin selec
lion. The quantity of Iiposomes, i.e., the total amount
of transforming DNA incubated with a standard num
ber of protoplasts, appeared to have the greatest effect
on transformation efficiency. This relationship was
ahio noted by others (Ohgawara et al. 1983). Transfor
mlltiol} efficiency was also found to vary greatly bet
wc:en experiments even when identical conditions for
DNA transfer were applied. The authors suggest that
this may be due to the physiological state of the recip
ient cells, which could make them more or less com
peltent to be transformed. While this phenomenon is
difficult to quantify, it probably affec!:> all gene-trans
fer systems as well.

The efficiency of Iiposome-mediated DNA trans
fer has also been compared with that of Agrobac
terium-mediated transformation of protoplasts and
direct DNA uptake methods (DeBlock et al. 1984;
Fmley 198::!; Krens et al. 1982). Although less effi
cient than Agrobacterilun-mediated transformation,
lipoosome encapsulation provides a significant in
cre:ase in transformation efficiency, compared with
results obtained by transfection with naked DNA.
This may reflect an increase in the efficiency of the
trlllilsfer process, or may be a reflection of the en
hlllllced longevity of nucleic acids sequestered from
enzymatic degradation by the encapsulating lipo
somes (Fraley 1983).

Despite the apparent efficiency of the technique
for introduction of transforming DNA into target pro
toplasts and nl'merous accounts of transient expres
sion, there al'~ at present only two published accounts
of plant transformation and analysis of transgenic
progeny in which gene transfer was mediated by lipo
some fusion (Bellini et al. 1989; Deshayes and Her
rera-Estrella 1985; Uchimiya et al. 1989). In the first,
stably transformed calli, derived from tobacco meso
phyll protoplasts fused with liposomes carrying a
chimeric NPf II gene, gave rise to transgenic plants
(Deshayes and Harrela-Estrella 1985). Three of these
were analyzed in some det8lil. All of these carried the
integrated m:lrw ~ :& sirlgle doolin:&nt alww. AI-
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though results of both genctic and molecular analysis
were consistent with the integration of thc gcne into
only a single chromosomal site, in each case exam
ined, the gene was present at the transgenic locus as
multiple tandem repeats. Plants were positive upon
assay for NPf activity, but NPf level was not men
sured quantitatively. All three appeared to carry the
introduced marker as a single dominant gene in the
heterozygous condition. The trait was transmitted to
progeny of self pollination in a strict Mendelian fash
ion in two of the transgenic families, but could have
been homozygote-lethal in the third.

In another study (Bellini et al. 1989), 60 indepen
dent transforJT'ants derived from tobacco mesophyll
protoplasts by Iiposome fusion were analyzed in de
tail. From 16 X I()-6 protoplasts treated, 245 kana
mycin-resistant colonies were recovered. One
hundred of these were chosen at random and from
these 83 plants were regenerated. Aminoglycoside re
sistance levels varied widely among the plants. Mo
lecular analysis demonstrated the presence of the
introduced NPf coding sequence in all plants, al
though integration patterns were complex. Plants car
ried an average of two copies of the NPf sequence.
NPf level was not correlated with copy number.
Eleven of the 83 plants developed totally sterile
flowers. Five of the remaining plants failed to express
resistance to antibiotic and were dropped from further
analysis. Of the remainder, 53 displayed Mendelian
inheritance of the introduced gene, while 10 clones
showed non-Mendelian transmission. A significant
proportion of the transformed plants had morphologi
cal abnormalities, but upon genetic analysis, all of
these were attributed to somaclonal variation rather
than insertion mutagenesis or other effects associated
with the introduced gene or its product. It is unclear,
however, whether the process of gene transfer, i.e.,
the Iiposome fusion process, the introduction of alien
DNA, etc., increased the rate of somaclonal variation
among transformants above the "background" varia
tion inherent to the protoplast culture procedure.

Liposome fusion with protoplasts is an effective
means for delivering transforming DNA or RNA into
protoplasts. It has been used successfully to produce
transgenic plants in at least one species. Transgenic
cells and plants showed integration and expression
patterns similar to those observed in other transgenic
materials produced by physical methods. Transfor
mation efficiency is high when compared with naked
DNA transfer procedures, but is lower than that re
ported for Agrobacteriwn-mediated transformation of
protoplasts. The limited data available suggest that the
proceu prndllC"~ genetic anomalies at high fre-

quency, although it is unclear that this difficulty is
greater for Iiposome-mediated transformation than for
any other protoplast-based procedure.

Although Iiposome fusion is clearly a viable tech
nique for plant transformation in species in which
plants can be regenerated from protoplasts, it does not
appear to have gained the popularity accorded other
protoplast techniques. It is probable that for most
workers the perceived difficulty of producing lipid
vesicles outweighs the advantage of slightly enhanced
transformation frequencies.

Direct DNA Uptake: Chemical Treatments
IJnd Electroporation

The plasma membranes of protoplasts can be made
temporarily permeable to DNA by treatment with
chemicals, exposure to an intense electric field, elec
troporation, or both. While these procedures are gen
erally discussed as separate and distinct techniques,
they are addressed together here, because the mecha
nisms involved in trans-membrane movement of
DNA are thought to be quite similar.

Protoplasts were shown to incorporate plasmid
DNA after treatment with zinc sulphate and poly
L-ornithine as early as 1977 (Lurquin and Kado
1977). Krens et aI. (1982) were able to transfer mod
ified Ti-based plasmid DNA into protoplasts by treat
ment of protoplasts with polyethylene glycol (pEG).
Direct DNA uptake was developed into an effective
means of transformation, however, by better defining
conditions required for DNA uptake and by the devel
opment of minimal transformation plasmids that in
cluded antibiotic resistance markers, such as NPf,
that permitted the direct selection of transgenic cell
progenies following DNA transfer (Negruitiu et al.
1987).

Generally, chemically mediated DNA transfer is
quite simple, requiring in its least complex form little
more than addition of DNA to a buffered osmoticum
in which protoplasts are suspended. However, a very
large number of factors have been studied in attempts
to improve the efficiency of the process. Major pa
rameters were found to include plant species from
which protoplasb are derived; state, i.e., linear versus
open or covalently closed circular forms, and concen
tration of transforming DNA; the preseuce of carrier,
i.e., nontransforming, DNA; and the inclu.~ion ofelec
troporation in the treatment (Negruitiu et al. 1987).
By proper adjustment of these and other parameters,
the eflWiency of ehemically-mediated DNA
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transformation has been increased from about 10-6 to
nearly 10-2 (Shill ito et al. 1985).

Comparison of electroporation parameters and re
sults is made difficult by the existence of at least two
rather different approaches. In one of these, a pulse of
about 100-500 V cm'! is applied to the DNA/cell
suspension from a capacitor of50-2000 mfd (Callis et
al. 1987; Fromm et al. 1985; POller et al. 1984). This
results in a pulse length of about 5-10 ms. An alterna
tive electroporation protocol, which has been widely
applied as a part of a "hybrid" procedure (with Poly
etheylene glycol (PEG) treatment), involves treatment
of protoplasts with a pulse of greater voltage (typ
ically greater than 1000 V cm'!) delivered from a
relatively small capacitance bank of approximately
10-50 mfd (Shillito et 111. 1985). This treatment results
in exposure of cells to a pulse length of only about
10-50 JlS.

The effects of various parameters of electropora
tion by the low-voltage procedure have been studied
in detail for protoplasts derived from several diverse
species and were fully reviewed by Hauptmann et al.
(1987). Recovery and subsequent viability of proto
plasts was found to be strongly affected by the total
charge delivered during electroporation. Viability de
creased as voltage and capacitance were increased,
while expression of an introduced marker gene, indic
ative of the efficiency of DNA uptake, increased up to
a certain charge value. Above this critical combina
tion of voltage and capacitance, expression declined
rapidly because cell death occurred before expression
of the introduced gene could be achieved. Electro
poration conditions that maximize either transient ex
pression or stable transformation of the target
protoplast population must therefore be determined
empirically for the species of interest, although it is
possible to produce protocols that provide satisfactory
results with many different cell types. Importantly,
those conditions that maximize transient expression
usually are not ideal for recovery of stable transfor
mants (Arthur Weissinger, unpublished results). Al
though cells may survive long enough to produce a
maximum amount of gene product, treatment for
maximum transient expression typically causes the
population of cells to decline rapidly.

The precise mechanisms by which the cell mem
brane is made permeable to DNA by chemical or
electrical treatments is not well understood. It is hy
pothesized that both treatments produce similar mem
brane changes (Hahn-Hagerdal et al. 1986).
Polythylene glycol (PEG) is known to reduce the po
larity of aqueou~ media, resulting in the rearrange
ment of membrane components and simultaneously
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stabilizing membrane lipid structures. Electric fields
arc thought to produce local charge anomalies in the
membrane. Both processes arc thought to result in the
formation of pores, which mayor may not be revers
ible, depending upon stringency of the treatment and
composition of the membrane. DNA entry can there
fore occur for only a limited time following treat
ment. The duration of this recepti ~e period, in the
case of electroporation, can be pro'racted by holding
protoplasts at a slightly reduced temperature follow
ing treatment. Generally, electroporation alone may
produce slightly less cell damage than PEG treat
ments, probably because it is possible to control the
stringency of electroporation treatment with greater
precision.

lillie is known about the amount of DNA deliv
ered into protoplasts, and its subcellular location, fol
lowing electroporation of plant protoplasts (Callis et
al. 1987; Jongsma et al. 1987; Riggs and Bates 1986).
Bertling et al. (1987), however, have presented an
interesting estimation of these phenomena following
electroporation of cultured human lymphocytes. They
found that DNA uptake was rapid and is a function of
the DNA concentration in the electroporation media.
Maximum intranuclear incorporation approached 104
copies per nucleus, approaching as much as 8% of the
lotal DNA present in the nuclei of treated cells. Intro
duced DNA persisted in the nucleus with a half-life of
15-24 hours. Precisely how these estimates might ap
ply to protoplasts is, of course, unknown. It is worth
noting, however, that both the relationship between
total DNA concentration and uptake efficiency and
the approximate half-life of biologically active plas
mids in the cell are in keeping with the limited find
ings available from plant studies.

As described in the discussion of liposome fusion
above, direct DNA transfer procedures appear to be
affected by the physiological state of recipient cells.
An interesting attempt to use knowledge of this phe
nomenon to enhance performance of transformation
systems was reported by Meyer and coworkers. They
reported a marked increase in DNA uptake efficiency
by synchronously dividing cell lines (Meyer et al.
1985). Uptake was elso strongly influenced by the
stage of the cell cycle at which DNA delivery oc
curred. After M-phase, transformation efficiency fell
to levels comparable to those in unsynchronized cell
lines.

At present, direct DNA uptake procedures have
been used to produce transgenic plants of at least 10
species (Uchimiya et al. 1986). Importantly, these in
clude major crops, such as rice (Shimamoto et a1.
1989), oilseed rape (Guerche et al. 1987), and maize
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(Rhodes et al. 1988), although not all of these reports
inclyde the production of progeny by primary trans
genics. In general, it appears that direct DNA transfer
procedures offer a useful alternative to Agrobac
terilUlI-medialed transformation in some crops, pro
ducing transformation efficiencies that are
comparable with, or exceed, those of most other tech
niques. Protocols are well developed for many spe
cies. Perhaps more importantly, the process for
optimization of parameters for any specific applica
tion is very well defined; and there are numerous
examples that can be consulted for guidance during
the development of new protocols.

Although recovery of stably transformed germ
plasm sources is likely to be the primary interest of
those who might use direct DNA transfer for crop
applications, these techniques have m~cie perhaps
their largest long-term contribution to the science of
gene transfer by providing a means for monitoring
gene function. These lechniques are ideally suited for
some lransient expression studies because of their
ability to transfer large amounts of DNA or RNA into
a very large population of cells. This often results in
high levels of expression of the introduced gene, in
creasing the accuracy of biochemical assays, and re
ducing error.

Although direct DNA uptake llrotocols are highly
developed, and the technique has been available
nearly as long as that for Agrobacterium-mediated
transformation, the technique has not contributed
transgenic germplasm at a rate equal to that of other
procedures. This is largely because the techniques are
almost exclusively applicable to protoplasts, and plant
regeneration from protoplasts is not a well-established
technology. Thus, although it is an excellent means
for introducing DNA into cells, direct DNA transfer
is not yet an ideal process for producing transgenic
plants.

General Considerations Regarding
the Use of Protoplasts

An ongoing concern about all methods of plant gene
transfer, especially when used to alter some charac
teristic of an elite crop variety, is the extent to which
the transformation process alters the original ge
notype in unintended ways. Such effects could be the
result of either culture-associated phenomena
(somaclonal variation) or could result from loss of
gene function in the recipient, which is caused by
insertion mutagenesis in the locus at which an intro
duced gene integrates into the plant chromosome. The
effects of somaclonal variation could be especially

severe with techniques that employ protoplasts, since
time in cuilure and environmental expo~ure are
maximized.

This effect was amply demonstrated in a study by
Bellini et ai. (1989), in which 11 subslantial number of
transgenic families, derived by Iiposome fusion with
tobacco mesophyll protoplasts, were examined in de
tail. Among other concerns, the workers hypothe
sized Ihat insertion mutagenesis, occurring as a result
of the integration of alien sequences, could give rise
to heritable anomalies. Transgenic families varied
considerably in levels of transgenic products, and
many also differed from wild type controls in charac
teristics such as fertility and leaf morphology. Ge
netic analysis of these variant plants revealed that in
every instance the physical anomaly of interest failed
to segregate with the newly introduced sequence.
This was interpreted as strong evidence that the "mu
tations" resulting from the transformation process
were the result of somaclonal variation, not insertion
mutagenesis or any other phenomenon associated
with integration of the transforming DNA.

From studies of this kind, as well as from a mount
ing body ofanecdotal evidence from those working in
this area, it has become increasingly obvious that the
process of protoplast isolation, culture, and regenera
tion gives rise to an array of detectable genetic aber
rations-apart from and in addition to other
deleterious effects of gene transfer. These results, al
though supportive data could be extremely difficult to
acquire, also suggest the possibility that cryptic muta
tions may be produced as a result of these manipula
tions. If such hidden mutations do occur, they could
pass on into breeding populations derived from trans
genic materials even though families with detectable
mutations were discarded. For this reason, the use of
protoplast-based techniques for crop improvement
should be approached cautiously.

Delivery of DNA to Walled Cells

Delivery of DNA into wall~d cells was an intriguing
but elusive goal during the late 19705 and early 1980s,
a period during which rapid progress was made in
practically all areas of plant gene transfer. A system
for efficient DNA delivery to walled cells would offer
numerous advantages. It could circumvent all of the
problems associated with the use of proloplasts, in
cluding loss of totipotency and perturbation of physi
ological conditions within the cell, resulting in
anomalous gene expression patterns. It would also be
faster and less expensive than protoplast-based tech-
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niques, since it would eliminate treatments required
for removal of the cell wall. Finally, direct delivery of
DNA into walled cells could permit treatment of an
almost unlimited range of explant tissues. This might
allow gene transfer in species that are not easily
grown in culture or into tissues from which plant
regeneration is more efficient.

EledroporatioD of Intact Tissues

Until recently, most evidence suggested that transfor
mation of walled cells by electroporation was unlikely
because the cell wall forms an impenetrable barrier to
the passage of DNA. Attempts to electroporate cells
with intact or slightly degmded cell walls had largely
met with failure. In the few instances where electro
poration of walled cells had produced transient ex
pression of an introduced gene, results were
inconclusive because of the possibility that apparent
success could be due to the presence of free proto
plasts in electroporation mixtures (Morikawa et aI.
1986; A. Weissinger, unpUblished results; M. Fromm,
personal communication).

Electroporation of intact cells could be extremely
useful, however, in protocols for production of stably
transformed plants, especially for transient expression
studies. Measure expression of a genetic construction
in protoplasts may not provide accurate models for
expression in whole plants because protoplasts are not
always physiologically identical to the cells from
which they are derived. Introduction of DNA into
intact tissues could provide a better model.

Dekeyser et aI. (1990) have recently reported tran
sient expression of a chimeric gene delivered into
intact and organized tissues of rice leaf bases, and
have also applied their technique to other species and
explant types. Leaf base explants from l-week-old
rice seedlings were chosen as the initial test tissue for
the technique because they contain several cell types,
which makes them ideal for studies of tissue-specific
expressirn. Also, they contain meristematic cells ca
pable uf development into embryogenic callus, and
therefore could produce stably transformed plants.
Explants were treated with a' plasmid carrying a
chimeric NPf II gene. Expression of the introduced
construction was maximized by electroporation of tis
sue in a medium containing 150 mM NaCI, at 375
VIcm, using a 900 J.1F capacitor as the source of the
transforming pulse. These conditions resulted in a
pulse duration of about 300 msec. Enzyme levels in
creased in a linear fashion as DNA concentration in
the electroporation buffer increased from 5-100 J.lg
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ml-'. Linear and circular DNA conformations gave
similar results. Maximum gene expression was
achieved at 4 days following treatment, and could be
detected as early as I day and as late as 8 days.
Interestingly, DNA was found to penetrate more than
six cell layers, a distance comparable to that achieved
by microprojectiles during bombardment (Stomp et
aI. 1991).

Addition of 0.2 mM spermidine enhanced expres
sion threefold. Spermidine is known to reduce nucle
ase degmdation of DNA, and also has been shown to
prevent lysis of oat protoplasts. Thus, spermidine
treatment may increase transformation efficiency by
protecting transforming DNA and by increasing cell
viability.

The mechanism by which DNA enters walled
cells is not known. However, the authors put forward
three hypotheses to explain their results. First, DNA
could be entering only damaged cells. Secondly, the
electrical pulse might be able to disrupt both the cell
wall and membranes, permitting DNA to pass
through both. Finally, DNA might penetrate the cell
wall passively during incubation of the tissue in the
DNA solution, and the membrane is permeabilized by
the electric discharge. The first hypothesis was re
jected because expression was not observed only at
wound sites. Both of the other hypotheses remain
possibilities, but neither was tested during experi
mentation detailed in this report.

In addition to the original work in rice leaf bases,
protocols for electroporation were also found to be
effective for leafbases from maize, wheat, and barley.
DNA transfer was also achieved in leaf sheath and
lamina tissue from rice. Light regulation of an NPf II
coding sequence fused to a light inducible promoter
was also observed following electroporation of leaf
sheath and lamina explants.

The electroporation protocols for intact tissues
outlined in this report could provide an important
alternative to microprojectile bombardment for tests
involving regulated gene expression, at least in some
tissues. The system could also be adapted for produc
tion of transgenic p'.ants, although insufficient data
are currently available to permit evaluation of this
potential.

MlcroproJedlle Bombardment

Microprojectile bombardment, or "biolistic" DNA
transfer, is a process by which transforming DNA is
associated with microscopic metal (tungsten or gold)
particles that are accelerated to high velocity in a
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particle acceleration apparatus (particle gun). The
particles (microprojectiles) acquire sufficient kinetic
energy to allow them to break throug~ intact plant cell
walls and plasma membranes. DNA carried on the
particles remains biologically actiVf~. Once inside the
cell, it can be expressed transiently, or can be inte
grated into the chromosomal DNA to effect stable
transformation. Although DNA is introduced into in
tact cells rather than protoplasts, microprojectile bom
bardment shares some characteristics with both
microinjcction and direct DNA uptake procedures.
DNA is physically driven into cells, as in microin.iec
tion, but large numbers ofcells, more characteristic of
direct DNA uptake protocols, can be treated
simultaneously.

The particle gun apparatus originally designed by
Sanford and coworkers (Klein et al. 1988a) is pow
ered by a .22 caliber blank cartridge, and operates in
a manner analogous to a shotgun. DNA is precipitated
by the addition ofcalcium chloride and spermidine to
a solution containing transforming (plasmid) DNA
and tungsten particles-the microcarrier-approx
imately 1 ~m in diameter. DNA appears to coat the
particles, although the mechanism involved in this
process is not fully understood. A small volume of a
slurry of particles and DNA is placed on the leading
face of a cylindrical plastic "macroprojectile". This
macroprojectile is then placed into an acceleration
tube (barrel), and the blank cartridge is loaded behind
it. A perforated "stopping plate" made of tough plas
tic material is held in place at the lower end of the
acceleration tube. When the cartridge is fired, the
macrocarrier, along with its load ofparticles, is accel
erated to a velocity ofapproximately 400 mS·I. At the
far end of the acceleration tube, the movement of the
macroprojectile is halted by the stopping plate. The
DNA-coated microprojectiles fly free and pass
through the aperture of the stopping plate. They thus
acquire sufficient momentum so that they can pene
trate the walls of the cells undergoing treatment. The
entire process is carried out under a partial vacuum to
reduce air resistance, which tends both to slow and to
disperse the particles in flight.

The apparatus for particle acceleration has im
proved rapidly since its introduction. At present there
are several different methods by which particles are
accelerated, including the use of compressed air to
drive a macroprojectile like that in the original device
(lida et al. 1990; Oard et a!. 1990), acceleration by the
shock wave produced by an electric discharge (Mc
Cabe et aI. 1988), or by the explosive release of com
pressed helium (E.I. DuPont de Nemours and Co.,
Inc., personal communication). Although each of

these methods has unique characteristics, the major
differences between them appear to relate primarily
to ease of use, preci~,ion of velocity control, and lim
itation of tissue damage. The least damaging appa
ratus at present are those, like the DuPont PDS-IOOO
(He) (E.I. DuPont de Nemours and Co., Inc., Wilm
ington, Delaware), which deliver particles from a car
rier sheet where they are spread prior to delivery. The
carrier sheet is coated with DNA-covered particles
that are allowed to dry in place on the sheet prior to
delivery. This tYPe of gun avoids the release of high
velocity debris, which is the major source of tissue
loss during bombardment. Because velocity can be
regulated accurately, treatment parameters can be ad
justed and optimized with greater precision than was
possible with previous models.

Proof that living cells could tolerate the trauma of
bombardment was first obtained when tungsten
spheres approximately 4 ~m in diameter were intro
duced into living onion (A//iw71 cepa) epidermal tis
sue. Bombarded cells, even those that were struck by
multiple particles, were not ruptured and continued to
exhibit cytoplasmic streaming. It was subsequently
demonstrated (Klein et a!. 1988a) that active nucleic
acids could be delivered into cells in this fashion.

Stably transformed plants and their progeny have
now been derived by bombardment of both intact ex
plant tissues (McCabe et al. 1988; Tomes et al. 1990)
and cultured cells (Finer and McMullen 1990; Gor
don-Kamm et aI. 1990; Klein et al. 1988b) in several
plant species, including some which have proven to
be quite difficult to transform by other means. While
the conditions for particle preparation and other as
pects of the bombardment process were very similar
for p.ll species transformed; explant source and the
process of recovering transgenic plants has varied
widely.

Tobacco was transformed by bombardment of leaf
explants, followed by selection of resistant callus col
onies proliferated on the explant surface (Thmes et aI.
1990). Plants selected from transgenic calli showed no
evidence of chimerism, and carried from 1 to more
than 20 stably integrated copies of the introduced se
quence. Transgenes were inherited primarily in a
Mendelian fashion, although some more complex pat
terns of inheritance were observed. Although no vec
tor organism was used, this process followed a course
not unlike leaf-disk protocols used to produce trans- '
genic tobacco plants with AgrobacterilU7l.

Transgenic maize plants were recovered by apply
ing a selection with bialophos to embryogenic sus
pension cultures bombarded with a plasmid carrying
the "bar" gene, encoding PAT (phosphinothricine
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acetyl transferase) (Gordon-Kamm et al. 1990).
Transgenic plants were derived directly from bom
barded tissue through embryogenesis. Finer used n
virtually identical approach to produce transgenic
cotton (Finer and McMullen 1990).

The transformation of maize and colton provides
an important demonstration of the principles involved
in recovery of transgenic plants from bom:Jarded em
bryogenic materials. First, the efficiency of the bom
bardment process was undoubtedly enhanced by the
diffuse, flat target geometry presented when the sus
pension culture cells were spread over the surface of
solidified media. This geometry also facilitates antibi
otic or herbicide selection, reducing the probability of
recovering plants that appear to be resistant to the
selective agent, but which have merely escaped be
cause of their spatial relationship to the selective me
dia. Embryogenesis is also the primary route to
regeneration for some taxa, and, it is therefore essen
tialto be able to treat such cultures effectively.

McCabe et al. (1988) transformed soybean (Gly
cine max) by bombarding the apical meristems of
immature embryos. Plasmid DNA carrying a
chimeric beta glucuronidase (GUS) gene was coated
onto gold particles that were accelerated by an elec
tric discharge apparatus. Approximately 2% of the
shoots derived from treated meristems through organ
ogenesis displayed chimeric expression of GUS. A
small proportion of the primary transformant plants
that were carried to the greenhouse continued to ex
press the introduced gene (approximately 1:50-1:360).
From these plants, a total of 10 seeds were sampled,
of which 3 were positive for GUS expression. A sin
gle GUS positive R1 plant was recovered.

Recovery of transformed plants from bombarded
meristematic tissues is potentially a very important
technique tilat could find broad application. Since cul
ture procedures are minimized, it is likely that the
procedure would have far less deleterious genetic ef
fect than other, more culture-intensive techniques.
Secondly, it could provide a route for transformation
in those species for which there are no well-devel
oped culture protocols.

The high probability of obtaining chimeric pri
mary transgenics that could be difficult to use in de
velopment of breeding materials is the single greatest
limitation to such an approach. Indeed, primary trans
genies were chimeric. In later genetic analysis of
transformed soybean plants, however, Christou et al.
(1989) demonstrated that inheritance of alien genes in
the R1 progeny was in strict accordance with ex
pected Mendelian ratios. This evidence suggests that
although the primary transgenics may be chimeric,
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progeny are stably and homogeneously transformed.
Furthermore, plants cotransformed with both NPT
and GUS were recovered nnd also exhibited Men
delian segregation patterns for both transgenes. Con
cerns about chimerism therefore appear to be
unfounded after the first transgenic generation.

The biolistic process has also been used to deliver
transforming DNA into plant organelles (Daniell et
al. 1990; Svaab et al. 1990). Svaab et al. (1990), in the
only published account of plastid transformation in
higher plants, bombarded Nicotiana tabac/lnt leaves
with tungsten particles coated with plasmid DNA car
rying a 3.7 kb fragment of plastid DNA containing
the coding sequence for the 16S ribosomal RNA.
Within this coding sequence, there was also a strep
tomycin resistance mutation, and a spectinomycin re
sistance mutation. Transformants were selected on
spectinomycin, and could be distinguished from
spontaneous mutants by cotransformed streptomycin
resistance and the presence of an identifying restric
tion site. The transgenic plastid traits were transmitted
to seed progeny. These seed progeny were uniformly
resistant to spectinomycin, but were chimeric for the
(unselected) streptomycin resistance trait.

Mitochondrial transformation by microprojectile
bombardment continues to be an elusive goal in
plants, although Johnston et al. (1988) have reported
the transformation of mitochondria in yeast. In that
study, yeast mitochondrialtransformants were recov
ered from among a population of yeast cells that were
treated simultaneously with genes encoding a select
able nuclear trait, and a mitochondria-specific
marker. Mitochondrial transformants were isolated
from among yeasts that had been transformed for the
nuclear trait. Yeast cells with a respiratory deficiency
caused by the presence of a mutant mitochondrial
gene were bombarded with 1.0 J.lm diameter tungsten
particles carrying a plasmid with both the nuclear
marker, as described above, and the wild-type com
plement of the mutant mitochondrial gene. Mito
chondrial transformants were selected by growing
nuclear transformants on media that would support
the growth of wild type yeast, but not the deficient
mutants. One mitochondrial transgenic has been re
covered per 1000 to 2000 nuclear transformants. Inte
gration of the introduced sequence occurred by
homologous recombination. The trait was inherited as
a dominant gene producing expected segregation ra
tios in crosses of the mitochondrial transgenics with
deficient strains. .

It is not clear whether such a transformation pro
cedure will be effective for gene transfer in higher
plants. At present, two difficulties appear to limit the
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probability of success. First, the mutant stocks and
complementary genes available for use in the yeast
system are ideal for the purpose and may be without
parallel in plants. Secondly, the very low efficiency of
mitochondrial transformation relative to nuclear
events suggests that a very large number of stable
transformants would have to be generated to provide a
reasonable probability of recovering mitochondrial
transgenics. Production of this number of independent
transformants may be near the practical limit of the
current technology for particle delivery. Severallabo
ratories are working to achieve mitochondrial trans
formation, however, and it seems likely that the goal
will eventually be achieved.

Microprojectile bombardment may also become a
predominant method for use in transient expression
studies. It is often desirable to introduce DNA into
cells, and then to observe expression soon after in~
duction (Kartha et aI. 1989; Klein et aI. 1988b). In
many such studies, integration of the introduced gene
is not necessary to achieve the objectives of the test,
e.g., to determine whether or not a particular genetic
construction will function properly in a specific cell
type. Transient expression tests of this type have been
conducted frequently by using electroporation to in
troduce DNA into protoplasts. In this situation, long
evity of the protoplasts is relatively unimportant, and
regeneration capacity is immaterial, so that some of
the major limitations associated with the use of proto
plasts do not interfere with the utility of the pro
cedure. With the advent of microprojectile
bombardment, however, the use of electroporation in
some types of transient expression tests is becoming
obsolete, and microprojectile bombardment is open
ing new possibilities for transient expression tests that
are impossible with any other method of DNA
delivery.

First, bombardment permits introduction into in
tact cells without removing cell walls. This greatly
reduces the time required for DNA delivery. It also
permits delivery of DNA into virtually any cell type,
even if it is difficult to release protoplasts from the
explant of interest. It is also not necessary to treat
cells with the enzyme mixtures used to release proto
plasts, nor are cells exposed to the trauma of wall
removal, either of which could possibly alter expres
sion of the introduced gene.

Microprojectile bombardment also permits the in
troduction of genetic constructions into organized tis
sues (Klein et aI. 1989; Loopstra et aI. 1990; Ludwig
et aI. 1990; Morikawa et al. 1989). Tissue-specific
gene expression can then be observed, if desired, in a
fully homologous system. This approach has been ap-

plied to test the function ofa regulatory gene involved
in the production of anthocyanin pigments in maize
(Klein et al. 1989; Ludwig et al. 1990). A plasmid
carrying a maize coding sequence, Le, a member of
th~ R gene family, was precipitated onto tungsten
particles, and delivered into various tissues of maize
that lacked Le. Test lines were either permissive for
expression of the pigment, or else were deficient for
a factor other than Le. Aleurone, coleoptile, root,
mesocotyl, scutellar node, coleorhiza, and marginal
leaf hairs were treated. The introduced gene, driven
by a con:jtitutive promoter was ,expressed, and in
duced formation of pigment in all tissues except the
endosperm, in which pigmentation has not been re
ported. This response indicated normal tissue-spe
cific function of the gene product and proved the
utility of the technique for studies of tissue-specific
gene activity.

Tissue-specific expression has also been reported
for pollen-specific constructs delivered to maize pol
len (Twell et al. 1989), and for light-regulated genes
delivered into leaf tissue of barley, rice, and oat
(Bruce et al. 1989). Twell et al. (1989) introduced
genes with either the CaMV 355 promoter or a pol
len-specific promoter from Lyeopersicon into tobacco
pollen. Expression of the marker gene (GUS) was
observed in bombarded pollen and leaf tissue in pat
terns similar to those observed in stably transformed
plants carrying these constructions.

Bruce et aI. (1989) developed a rapid transient
expression assay for light-regulated genes by intro
ducing DNA-coated particles into intact dark-grown
maize seedlings. Particles carried a chimeric gene
consisting of the 5' untranslated region of a phy
tochrome gene from oat, fused to a chloramphenicol
acetyl transferase (CAT) coding sequence. As hypoth
esized, the fusion was down-regulated by white light
in monocotyledons, but failed to be expressed in three
dicotyledons: tobacco, cucumber, and Arabidopsis
thaliana.

Successful bombardment of wood, however, is
perhaps most indicative of the extreme versatility and
potential of this technique. Loopstra et aI. (1990) de
livered a plasmid carrying a chimeric GUS gene into
the developing wood tissue of mature Pinus taeda
stem segments. GUS activity was observed in differ
ent cell types, inclUding tracheids, ray parenchyma,
and axial parenchyma associated with resin canals.
Interestingly, particles were able to deliver DNA into
cells that were at least partially lignified. These ex
periments clearly demonstrate that microprojectile
bombardment provides a means of delivering trans
forming DNA into virtually any cell type, and that it
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could be used, therefore, to study tissue-specific gene
activity in essentially any tissue type.

Bombardment offers several advantages over pro
toplast-based systems for transient expression studies.
First, DNA can be introduced into explant or cuilured
cells immediately, without the need for developing
protocols for release of protoplasts. Secondly, it is
probable that walled cells arc a more useful model for
response in whole plants. Finally, it is possible to
deliver ~NA into organized structures, allowing ob
servation of the regulation ofa genetic construction in
a specific tissue, under a defined set of environmental
pMllmeters. This was possible previously only by
producing stably transformed plants, a far longer and
more involved process than bombardment of an
explant.

Biolistic gene transfer has several other advan
tages over other transformation methods. First, it al
lows delivery into walled cells from virtually any
source. DNA can be delivered into at least superficial
cell layers on essentially any explant !hat can fit into
the vacuum chamber of the apparatus. This permits
great freedom in choice of explant tissues, allowing
use ofexplants that perform well in culture, for exam
ple, rather than explants that may not perform as well,
but are more suited for the DNA delivery process.
Because intact and/or organized explants can be used,
culture effects can be minimized, reducing the proba
bili!)' of undesirable genetic changes occurring as a
result of the transformation procedure. The ability to
deliver DNA into cells in organized structures facili
tates studies of tissue-specific regulation of gene
expression.

Although several aspects of the biolistic process
are not fully understood, it has been developed empir
ically into an efficient and reproducible means of
gene transfer. Importantly, almost all aspects of the
bombardment process can be controlled with preci
sion. This allows optimization of treatment protocol
for a specified tissue, which can be applied to that
type of tissue easily and reproducibly thereafter. It is
equally applicable to virtually any species.

Despite it~ many favorable attributes, micropro
jectile bombardment remains imperfect, and may be
unsuited for some applications. The apparatus con
tinues to be more expensive than that required for
most other methods. This situation may eventually
change, but, at present, cost of the apparatus has lim
ited access to the technology. The apparatus, though
improving steadily, may still contribute significantly
to variability in experimenlal results. Particle and
shock wave damage continue to adversely affect effi
ciency of DNA delivery and tissue survival rstes.
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Fiber-mediated DNA Transfer

Fiber-mediated transfer of transforming DNA is a
promising new technology for gene transfer to walled
plant cells. In the procedure described by Kaeppler et
al. (1990), plasmid DNA was combined with a sus
pension of silicon carbide fibers averaging 0.6 IJ.11l in
diameter, and 10-80 J.lm in length, and the suspension
was vortexed, presumably bringing DNA and fibers
in contact with one another. Intact cells from suspen·
sion cultures were then added to the DNNfiber mix
ture, and the resulting suspension was vortexed for
approxi:nately 60-70 seconds at high speed. The sus
pension, still carrying fibers, was then transferred to
solidified media for incubation.

Following incubation, transient expression of a
beta glucuronidase (GUS) marker gene was assayed
by the histochemical procedure of Jefferson (1987).
With the reported treatment parameters, the authors
obtained approximately 140 expressing cells in a
treated mass containing about 2.5 X IQ-6 Black Mexi
can Sweet (BMS) maize suspension culture cells, or
an approximate average frequency of transient ex
pression of 10-4 per experiment

The technique was applied successfully to three
different types of suspension culture cells: BMS, a
nonregenerable maize cell suspension; an embry
ogenic maize cell line; and a tobacco suspension cul
ture. The highest efficiency of transiently expressing
cells was obtained with the tobacco celi culture, while
the lowest occurred in the embryogenic m"':"i:c cell
line.

The mechanism of DNA transfer in this process is
unknown at present. Electron microscopic examina
tion of treated cells reveals that a significant propor
tion of the cells have been penetrated by fibers; and it
is assumed that the openings through cell wall and
membrane allow the entry of DNA iilto the cell. It is
unclear, however, whether the delivery of DNA in
volves any active involvement of the fibers, such as
binding of DNA to silicon carbide, followed by its
release in the cell matrix.

Parameters for DNA transfer with silicon carbide
fibers have not been fully optimized, even for the cell
lines tested in the original study. It seems likely that
efficiency will increase as th~ mechanisms involved
are elucidated, and as additional factors are opti
mized. While there is no mention of gene transfer to
organized structures, as has been reported for micro
projectile bombardment, such an application appears
to be feasible if methods for treatment of larger ex
plants can be devised.
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The procedure, while clearly in the early stages of
oovelopment, holds significant promise as a relatively
simple, efficient, and. inexpensive means of delivering
transforming DNA into walled cells. For maximum
utility, it must be adjusted to increase efficiency and
allow treatment of other explant types. There is not
yet evidence that the process will produce stable
transformants, but there is every reason to believe that
if adequate DNA can be delivered to produce observ
able transient expression, recovery of stable transfor
mants is probable.

Conclusions

The physical methods for DNA delivery described
above are rational technologies for the enhancement
of crop germplasm resources through production of
stably transformed plants. These techniques are espe
cially useful as alternatives to Agrobacteriwn-medi
&ted transformation, particularly in those species
which are resistant to Agrobacterium infection. They
also provide methodology for direct and immediate
observation ofgene activity through transient expres
sion experiments.

All technique<; for physical delivery of DNA into
plant cells appear to share certain characteristics. Per
haps most important among these are the phenomena
of DNA integration observed following physical
transfer of DNA.

[ntegration of parts of introduced plasmid DNA
can involve any part of the plasmid molecule, and
there is little evidence that one part of the plasmid can
be induced t'J integrate more often than others. Sim
ilarly, the chromosomal site at which introduced se
quences integrate is generally unpredictable.

The genes introduced into plants at the present
time are almost exclusively dominant or additive in
action. 'JYpically, one to many copies of the intr0
duced sequences become integrated. Where many
copies are involved, they are often integrated as tan
dem repeats and do not produce many independent
transgenic loci. Integrated copies are found. virtually
without exception, in the heterozygous (or, more
properly, hemizygous) condition, as determined by
segregation analysis. Inheritance of integrated se
quences is normally according to strict Mendelian
patterns, although non-Mendelian patterns are com
monly seen. The mechanisms producing thes'", anom
alous ratios are not known. Once a gene has
undergone stable integration and exhibits Mendelian
inheritance, however, both expression and inheritance
of the gene usually remain stable thereafter.

The level at which an introduced gene is expressed
is unpredictable. Integration ofnonfunctional genes or
gene fragments is commonplace. The level of gene
expression in stably transformed tissue or plants may
or may not be correlated with the number of inte
grated copies of the gene.

Transient expression follows similar patterns, re
gardless of the means used to deliver the transforming
DNA (Stomp et a1. 1991). Expression typically be
comes observable within a few hours after DNA de
livery. Expression then usually increases to some
plateau level, followed by slow decline. Measurable
levels of the gene product persist for about I week,
after which detection becomes impossible. Because of
this decline in gene expression over time, it is a com
mon practice to measure gene product levels at a
specified interval following treatment

The mechanism of this reduction in transient ex
pression is not fully understood, but is thought to
involve the intracellular degradation of the newly in
troduced DNA. Ohgawara and coworkers (1983), for
example, observed that plasmid DNA introduced into
protoplasts by Iiposome fusion was almost entirely
absent following only I week in culture. It is possible.
however, to recover stably transformed cells from
treated cultures well past the period during which
transient expression can be observed, and indeed, it is
common practice to do so. Therefore, it is obvious
that integration ofalien sequences must occur prior to
the complete loss of the newly introduced DNA. It is
possible that the integration process, which may in
volve DNA repair mechanisms, could actually be fa
cilitated by partial degradation of the plasmid.

Most methods for physical transfer of transform
ing DNA should be applicable to virtually any plant
species with equal effect The primary limitation is
that those systems which are dependent upon the use
of protoplasts may be inappropriate for production of
transgenic plants, because protocols for their regener
ation are unavailable. The difficulty of regeneration
and increased rates ofmutation associated with proto
plasts provide strong arguments against their use for
the production of stable transgenics that might find
application in crop improvement

The technologies for physical transfer of DNA to
plants continue to undergo rapid evolution. For the
worker interested primarily in the development of
new sources of genetic diversity through transforma
tion, it is important to be aware of technical innova
tion, but not to move blindly to the newest technique
or to the one for which the highest transformation
efficiency is promised. It is especially important to
realize that the development of a new transformation
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protocol ill a major undertaking, and must be viewed
within the context of the overall program of germ
plasm improvement.
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Abstract

The successful application of the techniques of "reverse genetics" to improve crop plants requires
the availability ofa variety ofplant genes affecting properties such as nutritional quality, herbicide
and disease resistance, stress tolerance, and production ofprimary and secondary metabolites. In
this chapter, we shall first emphasize the role of mlltants-not only for their possible agronomic
value-but also in providing markers and recipients for gene trallsfer, as well as a means for
identifying important genes. Examples related to nutritional quality improvement by designing
crops with enllanced essential amino acid content will be emphasized. In tile second part, ways to
analyze and contml gene expression will be presentedsince regulation offoreign gene action during
development is often desirable for plant breeding purposes. The characterization of regulatory
elements involved in transcription control in the case of the alco/wl dehydrogenase gene will be
specifically described. Data on the stability ofexpression in progenies oftransgenic plants grown in
field conditions are becoming available for a few crops. The demonstration oftile stability and the
long-term safety of genetically modified crops represents an essential step for the future of plant
biotechnology.

Introduction

It is important to reassess the central role played by
mutant analysis in the genetic dissection of biological
structures and functions. The development in the last
20 years of a somatic cell approach with the blossom
ing of new screening methods for isolating mutants
disrupting important functions has allowed a revival
in this field. One exemplary case concerns the photo
respiratory pathway for which simple and elegant se
lection procedures have allowed the accumulation of
a whole array of defective mutants altering most of
the biosynthetic steps (Somerville 1984). The diver
sity of new types of mutants can be best illustrated by
the state of art reached by the model species Ar
abidopsis thaliana (Estelle and Somerville 1986).

The availability of such mutated genes has also led
to the development of methods for isolating them by
diverse approaches which go from complementation
in the corresponding bacterial or yeast mutants to
testing homology between a heterologous probe and

the corresponding plant gene. Insertional mutagenesis
based on transformation with Ti plasmid or with
available transposable elements from com and Antir
rhinum also represents a promising way to tag genes.
The existence of restriction fragment length polymor
phism (RFLP) maps-although for a still limited
number of species-and recent progress in the prepa
ration and separation of large DNA fragments, com
bined with cloning tools such as yeast artificial
chromosomes that can carry DNA segments up to
SOO kb (Burke et al. 1987) represent another approach
to isolating indivitl\:,,: plant genes known only from
their phenotype.

Thus, plants with functions deleted, amplified, or
modified have been obtained by mutagenesis-selec
tion procedures. To such classical mutants, we have,
at present, to adjoin transgenic plants characterized
by new functions added by transformation. The mo
lecular and cellular techniques allowing gene transfer
from one organism to another represent powerful
tools for changing plants in a directed way. It is quite
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clear that control of foreign gene expression is desir
able for crop improvement. In addition, the availabil
ity of transgenic plants has allowed investigation of
the basic mechanisms of gene regulation. Consider
able progress has been accomplished in the identifica
tion and characterization of 5' upstream regulatory
elements involved in transcriptional control (ScheH
1987). The added gene may still include its own pro
moter and its expression can be evaluated under var
ious environmental and developmental conditions. By
using chimeric genes in which the promoter under
study is fused to the coding sequence of a reporter
gene such as P-glucuronidase (GUS), the expression
of that reporter gene can be measured, e.g., by a color
reaction, at organ, tissue, and cell level during the
development of the plant. Another strategy consists of
replacing the original promoter by another one which
can be constitutive, or inducible, or developmentally
regulated, or tissue and organ specific. Such alter
ations in the normal expression pattern of a gene may
contribute to a better understanding of its role in the
plant.

Ways for characterizing the cis-acting regulatory
motives in the promoter region use a range of in vitro
mutagenesis techniques such as the construction of
deletion mutants of the concerned region that are of
ten associated with site-directed mutagenesis which
allows identification of key nucleotides in the se
quence of interest.

Although less information is available for plants
than in eukaryotes, the regulation at transcriptional
level presents much analogy with animal systems.
The presence and role e-i the TATA box are clearly
demonstrated. The CCAAT box is represented in
many plant promoters and modifications introduced
by mutagenesis in the -40 to -110 region deeply alter
promoter activity (Bruce and Gurley 1987). More
over, various "upstream" elements involved in the
control of gene expression have been identified in
plants in relation with light inducibility in the case of
rbeS gene (Timko et aI. 1985) or the light harvesting
chlorophyll alb binding protein (Ihcp gene) (Simpson
et aI. 1986), or environmental factors such as anaer
obic conditions for the maize alcohol dehydrogenase
(ADHl) gene (Ferl and Nick 1987).

The global expression of the added gene in the
transgenic plant may be influenced by the copy num
ber and the insertion site, as weH as rearrangement of
the foreign DNA. Very often, a whole array of varia
tion is observed in the expression of independently
obtained lrnnsformants which principally carry the
same inttoduced gene. This has been associated with
the so-called position effect. As a functil)O of its loca-

tion, the p'~'le is strongly or weakly expressed or be
comes silent.

In transformed plants, most genes arc transcribed
foHowing the same regulatory pattern as in the donor
plant. The endosperm activity of a zein promoter in
transgenic tobacco plants was clearly demonstrated
(Schernthaner et al. 1988). When the gene coding for
phaseolin is introduced into the tobacco genome, it is
correctly expressed in the seeds (Sengupta-Gopalan
et al. 1985).

The promoter activity of a defined construct can
also be rapidly assayed by the technique known as
"transient gene expression". This relatively simple
transfer technique consists of protoplast incubation
with plasmid DNA in the presence of polyethylene
glycol and divalent cations (Negrutiu et al. 1987).

In this article we consider two aspects of work
with systems well suited for ihe study of gene action
in mutants and transformants: nutritional quality and
enzyme induction by environmental stress. Finally,
we present some data about the evaluation and behav
ior of transgenic tobacco plants under field conditions.

Nutritional Quality Improvement:
Designing Crops with Enhanced
Essential Amino Acid Content

Amino acid imbalance is an important factor in deter
mining the nutritional value of some food and feed
grains. Cereals are mostly deficient in lysine, threon
ine, or tryptophan, while legumes are generaHy defi
cient in the sulfur amino acids. Various approaches
aiming to improve the amino acid composition of the
storage proteins have been considered (Bright and
Shewry 1983; Boulter 1988), such as decreasing the
proportion of prolamins in the grain or increasing the
content of "high-lysine" proteins, or by changing the
~'nino acid composition by replacing, for example,
basic residues with lysine, or by adding sequences
coding for a high-quality protein (Altenbach and Sim
pson 1990). Increasing the amount of the desired es
sential amino acids in the soluble fraction of the plant
represents another possible way for reaching higher
crop quality.

Selection of Mutants Affecting Aspartate
Family Amino Acid Biosynthesis

Amino acid biosynthesis is an essential process for
plant growth and development, yet little is known
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about the genetic regulation of specific enzymatic
steps in most of the biosynthetic pathways. The accu
mulation of free amino acids and their incorporation
into proteins affect the nutritional value of crops for
nonruminant food or feed and as such can be an im
portant factor in crop breeding.

The nutritionally essential amino acids, lysine,
threonine, methionine, and isoleucine all derive from
aspartate via a branched biosynthetic pathway. Re
search has been conducted in the enzymology of the
pathway and in the search of mutants with altered
regulation, which are characterized by the accumula
tion of the end-product amino acids. This pathway,
therefore, shows a central interest and gives the op
portunity to associate a biochemical and genetical
analysis with the realization of important progress in
the nutritional value of crops.

The major way of regulating this biosynthetic path
way is feedback inhibition at the level of the key en
zymes, such as aspartate kinase (AK), the first enzyme
of the pathway; dihydrodipicolinate synthase
(DHDPS), the first enzyme of the lysine pathway; and
homoserine dehydrogenase (HDH), the first enzyme of
the branch leading to threonine and methionine (Fig.
I). Generally AK is inhibited by both lysine and
threonine (Bryan 1980), while DHDPS is strongly
feedback inhibited by lysine and HDH by threonine.

Selection methods for identifying potential mu
tants characterized by an increased production of
lysine and/or threonine were developed for various
species (Green and Phillips 1974; Millin et at. 1983).
They arc based on the growth inhibition caused by a
combination of lysine and threonine present in the
culture medium, or by addition of a lysine analog
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I AK4--------------.

CS
Cystathionine

I
Homocysteine

I
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Figure 1. Diagram of the biosynthetic pathway of the aspartate family of amino acids with known
regulatory interactions (- = inhibition, + = stimulation of enzymatic activity by the indicated
compound). .



such as S·2-aminoethyl-L.cysteine (AEC). This
growth inhibition was considered to be the result of
feedback inhibition of the mentioned regulatory en·
zymes, leading to starvation for methionine or lysine.

Mutants of Aspartate Kinase (AK)

Genetic and biochemical characterization of altered
AK activities have been reported in various species
and in our laboratory in embryos and seeds of barley
(Calloir-Reynaerts et al. 198Ia), sorghum (Piryns et
al. 1988), Arabidops;s (Caltoir-Reynaerls et al.
1981b), suspension cultures of carrots (Cattoir-Re·
ynaerts et al. 1983), or protoplasts of Nicotialla syl
vestr;s (Negrutiu et al. 1984; Jacobs et al. 1990). In
most of the mutants, AK showed a decreased sensi·
tivity to lysine inhibition compared to the wild·type
enzyme and evidence for the presence of AK iso·
zymes was provided. When available, genetic anal·
ysis indicates that the mutants transmitted the
resistance to lysine and threonine (LT) as a dominant
single gene trait (Bright et aJ. 1982a).

In barley, the basis for resistance has been found
to be an alteration of the feedback inhibition of a
lysine sensitive AK, characterized as the AKIII iso
enzyme (Bright et al. 1982b). The consequence of the
mutation for amino acid accumulation is an increase
in free threonine in the plant and in grains. Threonine
in the soluble fraction of mature seeds from the mu·
tant was increased from 1.9% to 9.1% of the total
threonine content.

By using tissue culture selections, two LT-resi
stant maize mutants were recovered (Hibberd and
Green 1982; Diedrick et al. 1990). Both mutants over·
produce free threonine, especially in the kernels, and
have altered AK activity. Increases in protein-bound
methionine, lysine, and glycine concentrations were
also noted.

In N. sylvestr;s, diploid leaf protoplasts were mu
tagenized and then submitted to selection on medium
containing lysine plus threonine. The simultaneous
presence of these two amino acids at high concentra
tions causes maximal feedback inhibition of the AK
activity, therefore preventing further synthesis of
lysine and then threonine, and more importantly, fi·
nally, methionine .which is not supplemented in the
medium. Thus, growth inhibition caused by meth·
ionine starvation can be relieved if its precursors are
adcled to the medium (Green and Phillips 1974). Re·
generation of LT-resistant plants allowed genetical
analysis to be made. The resistance character was
found to be Mendelian and dominant, and hetero-
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zygous in the parent mutant named RLT 70. High
amounts of free threonine, reaching 70% of the total
of the free amino acids, were found in the hetero
zygous RLT 70, against 4 10 9% in the wild type. The
biochemical basis of this resistance is due to a loss of
sensitivity of AK to feedback inhibition by lysine.

In order to study and compare inhibition pallerns
of the AK in RLT 70 versus wild type, a partial
purification procedure was developed. After a G25
gel filtration step, the llctivity of wild type AK was
measured, and inhibition in the presence of one or
both feedback inhibitors was determined. Between 70
and 80% of the AK activity is lysine sensitive, while
the remaining 20 to 30% is sensitive to threonine
inhibition. When both amino acids are present, an
additive feedback control is observed. In the AK en·
zyme from homozygote RLT 70, AK activity is com
pletely desensitized to feedback inhibition by lysine
(lested up to 50 mM, final concentration). Threonine
still inhibits 20 to 30% of the enzyme total activity.
Considering the inhibition pattern observed in N. syl·
vestris, by using a gel-filtration fraction, it appeared
that at least two AK isoenzymes probably coexisted.
Since isoenzymes in several species have already
been separated on the basis of their different ion ex·
change properties, "fast protein liquid chromatogra
phy" was used. When the mutant enzyme was
analyzed, the larger peak corresponding mainly to the
lysine-sensitive AK activity was, as expected, less
sensitive to feedback inhibition by lysine.

Thus, a desensitized lysine AK isozyme, in the
RLT 70 mutant is thought to be the molecular basis of
the resistance to LT growth inhibition and threonine
overproduction.

Mutants of D1hydrodipicolinate Synthase
(DHDPS)

Selection for modification of the regulatory properties
of DHDPS was accomplished by incorporating S-2
aminoethyi-L-cysteine (AEC) a lysine analog in the
culture medium. It is not completely clear whether
AEC acts mainly as a competitor of lysine for protein
synthesis or as an inhibitor of DHDPS. This type of
selection applied to crops such as maize, barley, and
Pennisetum has resulted in the recovery of resistant
cell lines, but without lysine overproduction. In bar
ley (Bright et al. 1979) and wheat (Kumpaisal et aJ.
1988), AEC mutants behave as recessive ,and are char
acterized by a decreased ABC uptake.

We have selected two AEC-resistant N. sylvestris
callus lines by using UY-mutagenized protoplast cui·
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Figure 2. Effect of lysine on the activity of dihy
drodipicolinate synthase (DHDPS) in leaf extracts
of wild type, heterozygote, and homozygote mu
tant RAEC-l (activity expressed as percentage of
the total without inhibition).

tures (Negrutiu et al. 1984). Heterozygous AFe-resi
stant plants regenerated from selected colon~l;;s of
RAEC-l exhibited up to a 20-fold increase in free
lysine of leaf and root tissues compared with the wild
type. Homozygous mutants were obtained by crosses
and selecting again on AEC-containing medium. The
resistance in the mutant RAEC-l was related to an
altered dihydrodipicolinate synthase with a total in
sensitivity to feedback inhibition by lysine or AEC
(Fig. 2). Study of the lysine-insensitive form of
DHDPS did not reveal any other modifications com
pared to the sensitive form except the inhibitory prop
erties. No activity or sensitivity changes were
observed at the AK level. Analysis of the lysine over
production in the homozygous plant was performed
during the life cycle. A clear peak of lysine over
production-up to 25% in the free amino acid pool
was appearing just before the flowering stem elonga
tion. The AEC resistance trait was inherited as a sin
gle dominant gene.

Characterization of the Lysine and
Threonine Overproducing Genes

Our approach consisted of increasing the amount of
the desired amino acids in the soluble fraction by
mutagenesis-selection procedures with the goal to de-

velop plants with modified regulatory mechanisms
leading to a higher production of specific amino
acids. This mutagenesis-selection procedure led to
the obtention of potentially interesting mutants whose
genes are presently characterized. However, the se·
lection methods cannot be easily applied for all crops
and the overproduction of lysine was only observed in
the case of the RAEC·I mutant of N. sylvestris. Thus,
a new, complementary strategy based on gene clon
ing, transfer, and expression in transgenic crops has
been developed,

Approaches to Cloning the Plant
Aspartokinase Gene

Rafalski and Falco (1988) have isolated a yeast AK
clone on the basis of its ability to complement the
HOM3 mutation causing threonine and methionine
auxotrophy in yeast.

Analysis of the putative homology between the
yeast probe and the plant gene was performed
through Southern blotting with relaxed hybridization
conditions. Hybridization signals have been detected
on a Southern blot between the yeast probe and ge
nomic DNA of Arabidopsis t"aUana. A conserved
sequence, deduced from the nucleotide sequence
comparison of both bacterial and yeast AK, allowed
the design of an oligonucleotide probe which could
be homologous to the plant enzyme. Southern blot
analysis is presently performed with such an oli
gonucleotide probe.

Cloning and Characterization of
DHDPS Gene from N. sylvestris RAEC·l
Mutant

We have started the cloning in N. sylvestris and Ar
abidopsis tl/QUana of DHOPS genes by using differ
ent approaches (Ghislain et al. 1987). One was based
on the use of the purification of OHOPS that enabled
us to obtain a corresponding oligonucleotide probe
deduced from a partial amino acid sequence as well
as an immunological probe. The N. sylvestris enzyme
was purified after ammonium sulfate precipitation,
heat treatment, anion exchange chromatography, and
finally gel-filtration chromatography. After separation
on a two-dimensional native-50S gel, the OHOPS
subunit was eluted as a few microgram sample
(Ghislain et al. 1990). Amino terminal microsequenc-



ing, performed by J.C. Guillemot (Unite des Pro
telnes, Sanofi-Elf Biorecherche, Toulouse) allowed
identification of 10 of the first 11 amino acids. Thus,
DNA sequences corresponding to the DHDPS amino
acid sequence could be synthesized. Such oligomers
can be labeled and used as probes for hybridizations
on Northern and Southern blots or used to screen
complementary DNA (cDNA) libraries. Three sets of
oligonucleotides were synthesized, but they stiJI com
prise 96 possible sequences of 17-mer oli
gonucleotides; that is the reason we decided to first
use the immunological approach and then to retest to
learn which would be the correct oligomer probe.
Purified DHDPS subunits were used to produce poly
clonal antibodies from rabbit. The best immunoreact
ing serum on Western blotting analysis was used to
screen a cDNA gene expression library. The EcoRI
site of the Lambda gUl expression vector was used to
clone cDNA from leaf poly(A)+RNA fraction of N.
sy[veslris wild type. Among 106 clones screened, sev
eral clones appeared positive with the use of alkaline
phosphatase anti-rabbit IgG conjugate as a secondary
antibody detection system. Sixteen clones remained
strongly positive upon purification and are now stud
ied at the DNA sequence level. Another approach
developed very rf'.cently is based on the maize
DHDPS cDNA recently cloned in DNA:DNA hy
bridization experiments (Frisch et al. unpublished re
sults). Several Southern blots reveal a possible
homology between maize, N. sylveslris. and A.
tlUlliana DHDPS genes.

Genomic clones will be isolated from g::nomic
DNA from Nicotiana wild type (for the lysine-sensi
tive DHDPS form) and from an already available
homozygous RAEC-I mutant (for the lysine-insensi
tive DHDPS form). Characterization of the DHDPS
gene, once wholly sequenced, will be achieved by the
identification of the different functional regions: pro
moter analysis (looking for the conserved CAAT and
TATA boxes), site of initiation of transcription (SI
nuclease mapping), coding sequence structure (pres
ence of introns), and 3' termination structure. This
analysis of the DHDPS genes, by comparing the nu
cleotide sequences of the wild-type gene with the mu
tated gene coding for the lysine-insensitive form, will
then designate which nucleotides and amino acid
changes are responsible for the feedback
deregulation.

Prospects are to construct chimeric genes includ
ing the mutated gene leading to feedback insensitivity
under the control of its own promQt~r. !llong with the
transit peptide sequence necessary for appropriate
chloroplast targeting of the enzyme '1ssociated with a
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selectable marker gene. The plant promoter can also
be replaced by a strong, constitutive promoter such as
the 35S promoter of cauliflower mosaic virus
(CaMV), or by a tissue-specific promoter such as a
seed-specific promoter obtained from cereals.

Such an approach has been realized by using the
dap A gene of E. coli that codes for a DHDPS less
sensitive to inhibition by lysine than the plant en
zyme. Glassman et al. (1989) have obtained trans
genic tobacco plants with high levels of lysine
tolerant bacterial DHDPS and an accumulation of
free lysine in leaves, but not in seeds. The expression
of the bacterial gene was also accompanied with an
aberrant morphology.

These data strongly suggest that a fine control of
the expression level of the mutated DHDPS gene is
necessary to obtain nutritionally significant elevations
of free lysine compatible with a fully normal
development.

The Arabidopsis Alcohol Dehydrogenase
(ADD) System

Properties

The ADH system represents, as illustrated by the
work on maize (Freeling and Bennet 1985), an exem
plary case for studying gene expression. In Ar
abidopsis, ADH is regulated in a tissue-specific and
developmental fashion and moreover by environmen
tal factors such as anaerobic stress, and application of
the synthetic auxin 2,4-D. Arabidopsis ADH is en
coded by a single gene locus that was cloned thanks
to the high degree of homology observed between
maize and Arabidopsis at both DNA, RNA, and pro
tein levels (Chang and Meyerowitz 1986; Dolferus et
aI. 1990). This raised interest in identifying the cis
acting promoter elements and the trans-acting protein
factors that are responsible for the expression fea
tures of the ADH gene. ADH null mutants can be very
conveniently selected in M2 seeds obtained from
seeds mutagenized by ethyl methane sulfonate by
using allyl alcohol as a suicide substrate for the en
zyme (Jacobs et al. 1988). The genes from two mu
tants were recently cloned and fully sequenced
(Dolferus et al. 1990). As expected for ethyl methane
sulphonate, both mutants were identified as point mu
tations and more specifically GC to AT transitions.

Arabidopsis is also amenable to in vitro culture
and transformation techniques. We have obtained Ar
abidopsis plants by root transformation using the



Assessment of Transgenic Crop Plants

These chimeric gene constructs were mobilized to
binary Ti-vectors for the obtention of transgenic Ar
abidopsis plants through Agrobacterilun-mediated
transformation and also for direct gene transfer ex
periments. Arabidopsis plants transformed with these
chimeric genes will not only allow the evaluation of
the influence of the 5' deletions on the anaerobic or
2,4-D response of the ADH promoter, but also the
determination of the basis for tissue specificity and
developmental expression.

The development of recombinant DNA technology
together with the techniques available nowadays to
transfer genes among plants provides us with new
opportunities to improve defined traits of our agri
cultural crops. Plants with new properties such as
herbicide resistance, virus and fungal resistance, and
insect resistance have been developed by genetic en
gineering (Fraley et at. 1988). The field testing of
engineered crops represents an essential step in the
application of plant biotechnology. The information
that can be obtained concerns mainly two aspects: the

Figure 3. Expression analysis of chimeric genes by
transient expression assays. Chimeric genes were
constructed using a short Sau3A promoter frag
ment (ADH: -230 to +30) or the complete promo
ter (CADH: -962 to +58) or the constitutive 358
promoter from the cauliflower mosaic virus
(CoMV) fused to the CAT gene (coding for chlo
ramphenicol acetyl transferase activity). The com
plete ADH promoter retains Its anaerobic
inducibility In suspension protoplasts from Nico
tiana p/umbaginijo/ia while the truncated version
is poor in terms of activity.
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-02,Characterization of the Arabidopsis ADH
Promoter

For the identification of cis-acting elements or en
hancers, and trans-acting regulatory proteins interact
ing with these promoter clements, three approaches
are generally followed. One consists of comparing the
promoter sequence of genes with a related expression
pattern. Asecond method involves the construction of
chimeric genes and the establishment of an in vivo
expression. For the application of the first method, the
most obvious candidates are the maize ADHl and 2
genes, which have been most extensively charac
terized. Walker et al. (l987a) have mapped the maize
ADHI promoter by deletion mapping. This work re
vealed a 40 bp region between positions -140 and -99,
which was essential for anaerobic inducibility of
ADH/CAT chimeric gene constructs, in a maize sus
pension protoplast transient expression system.
Linker scanning mutagenesis showed that this region
consists of two subregions (region I, -140 to -124, and
region II, -113 to -99), which destroyed anaerobic
expression after mutation. These regions, called "an
aerobic response elements" (ARE), were shown to be
conserved in other maize anaerobically regulated
genes (ADH2, sucrose synthase, aldolase), as well as
in the pea ,and wheat ADH genes (Walker et al.
1987b). Also in the Arabidopsis ADH gene, this ele
ment was found to be conserved and consists of a
TfGGTIT sequence motive between -ISO and -160.

To determine more precisely which regions of the
Arabidopsis ADH promoter play which roles (tissue
specificity, anaerobic induction, or auxin induction),
the complete promoter was uncoupled from the rest of
the gene by site-specific mutagenesis and used to con
struct a chimeric gene using the GUS and CAT re
porter genes. We also used a Sau3A restriction
fragment, leading to a truncated promoter including
the presumptive ARE sequences to make a chimeric
gene construct.

Such constructs were first used in transient expres
sion assays. Protocol described by Negrutiu et at.
(1987) was used to introduce the plasmids into proto
plasts derived from Nicotiana p/umbaginifoiia sus
pension cultures. It was possible to demonstrate
ADH-driven reporter gene expression in these proto
plast systems (Fig. 3).

method developed by Valvekens et al. (1988), and by
direct gene transfer into protoplasts using a modified
procedure based on the protocol from Damm and
Willmitze (1988).



evaluation of the performance under field conditions
of tranngenic material and the evaluation of the risks
of introducing such plants into the environment.

Examination of Field-grown Genetically
Modified Tobacco

A series of field trialR have been carried out at two
sites in Belgium and the UK. The plants grown in
these trials were genetically modified tobacco, ob
tained by Agrobacterium tumefaciens-mediated leaf
disc transformation with a construct containing the
CaMV35S promoter f~ to the GUS gene and the
nopaline synthase promoter fused to the neomycin
phosphotransferase gene (NPf-II), conferring kan·
amycin resistance. Nonmodified plants that had been
subjected to the same tissue culture procedures but
not to transformation were also grown.

The aim of the trials was to examine genetically
modified plants in an agricultural context. Two main
aspet:ts were examined: the stability and inheritance
of the introduced characters and the development of
the transformed plants in comparison to the non
modified plant (Paul et aJ. 1989).

The experiment includes two transgenic lines that
originally express the GUS gene at high and low
levels. The plants were grown during the summer of
1989 and examined for variation in growth rate and
development. In addition, samples were taken at inter
vals during plant development to measure the level of
GUS activity. Progeny analysis at the level ofkanam
ycin resistance was also performed. The main con
clusions obtained until now are briefly outlined
below.

Plant Morphology

It was not possible to distinguish between the two
transgenic lines and the control line on the basis of
any aspect of morphology including plant architec
ture, leaf shape and color, flower color, or inflores
cence structure.

Plant Growth and Development

On the basis of the mean value of the height of the
plants measured at regular intervals, it was observed
at the beginning that the control plants were signifi
cantly shorter than those of the other two lines, but
that the subsequent growth rate of the control lines
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Figure 4. Frequency distribution in GUS activity
of 100 samples from the high line tobacco plants
taken at four harvests at the VUB site (Belgium).

was higher. This result\:d in no significant difference
between the lines at iater measurements.

Capsules produced on the first inflorescences were
harvested, counted, and weighed. At both sites, the
mean capsule weight was significantly lower in the
control line than in the other two lines. In general, the
differences could not be related to the level ofactivity
of the introduced characters. It means that the high
GUS expressing line did not differ from the control
line to a greater extent than the low-expressing line.



Foreign Gene Expression

In the genetically modified lines, no clear trend in
GUS activity during development of the plants could
be detected and the level in the control line remained
at a background level. The marked differences bet
ween the high and low expressing lines were main
tained (Fig. 4). The molecular basis for the difference
in GUS activity level has been associated with a rear
rangement within the introduced GUS gene in the low
line.

A first series of analyses concerning the behavior
of seedlings growing in the presence of kanamycin
(tested in at least 100 progenies) allowed observing a
high degree ofstability in the expression of resistance
in the high line. However, "segregation-like" patterns
of sensitive plantlets appear to characterize around
10% of the progeny of the low-expressing lines. A
series of such sensitive plants have been rescued by
transfer on a medium without antibiotics and will be
analyzed at a molecular level to determine the possi
ble origin of the lack of such expression as loss of the
gene, rearrangement within thr g,.,:, or extinction of
the expression by methylation.

The actual conclusions of the field tests show that
the introduced traits did not affect plant growth or
reduce yield and that their expression level was com
parable to the one observed originally in the labora
tory tests.

Conclusions

Plant improvement through cellular and genetic engi
neering is becoming a reality. Plant mutants with
functions altered in amino acid metabolism have con
tributed to increasing our understanding of the bio
chemical genetics of higher plants, and have also
proved their utility for changing the amino acid pro
duction level. The technology of gene transfer allows
adding functions to plants and provides new ways of
understanding the regulation of gene expression dur
ing development. In terms of nutritional quality im
provement, transformation can extend the value of a
mutated allele restricted to a defined species or to a
wide range of crops. In that case, the properties of
mutants and transformants appear as complementary
and may lead to practical applications. The future
success of transgenic crops depends also on large
scale field testing demonstrating the stability and the
long-term safety of engineered plant material.

References

Altenbaeh, S.B., and Simpson, R.B. 1990. Manipu
lation of methionine-rich protein genes in plant seeds.
Trends in Biotechnology 8:156-160.

Boulter, D. 1988. Progress and prospects of bio
technological applications to improving the quality of
cereals and legumes. Pages 119-125 in Biotechnology
in tropical crop improvement. Proceedings of the In
ternational Biotechnology Workshop, 12-15 Jan 1987,
ICRISAT Center, India. Patancheru, A.P. 502 324,
India: International Crops Research Institute for the
Semi-Arid Tropics.

Bright, S.W,J., Norbury, P.B., and MIOIn, B.J.
1979. Isolation of a recessive barley mutant resistant
to S-(2-aminoethyl)-cysteine. Theoretical and Ap
plied Genetics 55:1-4.

Bright, S.W,J., and Shewry, P.R. 1983. Improve
ment of protein quality in cereals. Critical Reviews in
Plant Sciences 1:49-93.

Bright, S.W.J., Kueh, J.s.n., Franklin, J., Rognes,
S.E., and Mlflln, B,J. 1982a. Two genes for threonine
accumulation in barley seeds. Nature 299:278-279.

Bright, S.W,J., MlflIn, B,J., and Rognes, S.E.
1982b. Threonine accumulation in the seeds of a bar
ley mutant with an altered aspartate kinase. Bio
chemical Genetics 20:229-243.

Bruce, W.N., and Gurley, W.B.1987. Functional do
mains of a T-DNA promoter active in crown gall
tumors. Molecular and Cellular Biology 7:59-67.

Bryan, J.K. 1980. Synthesis of the asparUlte family
and branched-chain amino acids. Pages 4OJ-451 in
The Biochemistry of Plants. Vol. 5. Amino acids and
derivatives (Miflin BJ., ed.). New York, NY, USA:
Academic Press.

Burke, D.T., Carle, G.F., and Olson, M.V. 1987.
Cloning of large segments of exogenous DNA into
yeast by means of artificial chromosome vectors. Sci
ence 236:806-812.

Cattoir·Reynaerts, A., Degryse, E., and Jacobs, M.
1981. Selection and analysis of mutants overproduc
ing amino acids of the aspartate family in barley,
Arabidopsis and carrot. Pages 353-361 in Induced

243



mutations, a tool In plant breeding. Vienna, Austria: Ghlslaln, M., Frankard, V., Dolferus, R., Negrutlu,
IABA. I., and Jacobs, M. 1987. Cloning procedures of a

lysin., overproduction determining gene from Nlco-
Cattolr·Reynaerts, A., Dellryse, E., and Jacobs, M. Ilona sylveslrls. Mededelingen Fakulteit Landbouw

= 1981. Isolation of mutants resistant to analogues of RljkBunlversitelt Gent 52:1835-1841.
amino acids of the aspartate family Arabldopsls. In-

Iformation Service 18:'9-64. Ghlslaln, M., Frankard, V., and Jacobs, M. 1990.
Dihydrodipicolinate synthase of Nicollana sylveslrls,

Cattolr·Reynaerts, A., Dellryse, E., Verbruggen, I., a chloroplast localized enzyme of the lysine pathway.
and Jacobs, M. 1983. Selection and characterization Planta 180:480-486.
of carrot embryoid cultures resistant to Inhibition by
lysine plus threonine. Biochemic Physlologle des Glassman, K.F., Barnes, L,J., and Ernst, S.H. 1989.
Pflanzen 178:81-90. Elevation of free lysine levels in plants by the intro-

Chana, C., and Meyerowitz, E.M. 1986. Molecular
duction of a bacterinl. Pages 141-143 In Plant bio-
technology-englneered storage products for the agro

cloning and DNA sequence of the Arabldopsis industry. Proceedings of the European Workshop,
lhallana ADH gene. Proceedings of the National 15-18 Apr 1989. Frankfurt, Germany: DACHEMA.
Academy of Sciences USA 83:1208-1212.

Gretn, C.E.. and Phillips, RoL. 1974. Potential selec-
Damm, D., and WlIImltzer, L. 1988. Regeneration of tion system for mutants with increased lysine. threon-
fertile plants from protoplasts ofdifferent Arabidopsls ine, and methionine in cereal crops. Crop Science
lhallana genotypes. Molecular and General Genetics 14:827-830.
213:1'-20.

Wbberd, K.A., and Green, C.L 1982. Inheritance

Diedrick, T,J., frisch, D.A., and Gengeobacb, B.G. and expression of lysine plus threonine resistance se-

I1990. Tissue culture Isolation of a second mutant lected in maize tissue culture. Proceedings of the Na-

locus for increased threonine accumulation in maize. tional Academy of Sciences USA 79:559-563.

TheofCtical and Applied Genetics 79:209-215.
Jacobs, M.. DoIferus, R., and Van Den Dosscbe, D.

Dolrerus, R., Van Den Bosscbe, D.. and Jacobs, M.
1988. Isolation and biochemical analysis of ethyl
methane sulfonate-induced ADH null mutants of Ar-

1990. Molecular analysis of null-mutant alleles of the abidopsis lhalitura (L.) Heynh. Biochemical Genetics
single Arabldopsis ADH locus. Molecular and Gen- 26:105-122-
eral Genetics 224:297-302.

=
Jacobs, M., FranIwd, V.. and Gbislain M. 1990.

Estelle, M.A., and Somerville, CoR. 1986. The mu- Mutants in the biosynthesis of amino acids. Pages
tants of Arabidopsis. Trends in Genetics 2:89-93. 247-258 in The impact of biotechnology in agricul-

ture (Sangwan RoS., and Sangwan B.S., cds.). Dar-

FerI, R.J.. and Nick. u.s. 1987. In ww> detection of drecbt. Netberlands: Kluwer Academic Publishers.

regulatory factor binding sites in the 5' flanking rc-
Kum...... R., llasldmoto, T.. and Yamada, Y.ston of maize ADHI. Journal ofBiological Chemistry

262:7947-7950. 1988. Selection and characterization of S-(2-am-
iooethyl)-L-c:ysteioe-resistant wheal cell cultures.

Fraley, RoT.. Frey, NoM., and ScbeU, J. (cds.) 1988.
Journal of Plant Physiology 133:608-614.

Genetic Improvements of agriculturally important Ml8lD, B.J.. Brtpt, S.W..J.. Ropes, S.E., and
crops. Progress and issues. Current communications Kueb, J.s.B. 1983. Amino acids, nutrition and stress:
in molecular biology. Cold Spring Hubor, NY, USA: the role of biocbcmic:al mutants in solving problems
Cold Spring Hubor Laboratory. 116 pp. ofcrop quality. Pages 391-414 ill Ocnetic engioccring

of p1anIs, an agricultural perspective (Kosuge, T.,
FneUIII, M.. and Beaaet, D.C. 1985. Maize ADHI. Meredith, CoP., and HolIlCDder, A., cds.). New York,
Annual Review ofOenetics 19:297-323. NY, USA: Plenum Press.

2M



Negrutlu, I., Cattolr-ReynaertB, A., Verbruggen, I.,
and Jacobs, M. 1984. Lysine overproducer mutants
with an altered dihydrodipicolinate synthase from
protoplasts culture of Nicol/ana sylvesrr/s. Theoreti
cal and Applied Genetics 68:11-20.

Negrutlu, I., Shllltto, R., Potrykus, I., Blaslnl, G.,
and Sala, F. 1987. Hybrid genes in the analysis of
transformation conditions I. Selling up a simple
method for direct gene transfer in plant protoplasts.
Plant Molecular Biology 8:363-373.

Paul, E" Dunwell, J., Caplau, K., Jacobs, M., and
Lefebvre, M. 1989. Variation in development and
b-glucuronidase activity in field grown genetically
modified tobacco. Presented at the Sectorial meeting
on risk assessment, Biotechnology Action Pro
gramme, 3-6 Dec 1989, Dijon, France.

Piryns, I•• Vernalllen, S., and Jacobs, M. 1988. in
hibitory effects of aspartate-derived amino acids and
aminoethylcysteine, a lysine analog, on the growth of
Sorghum seedlings; relation with three enzymes of
the aspartate pathway. Plant Science 57:93-101.

Rafalski, J.A., and Falco, S.C. 1988. Structure of the
yeast HOM3 gene which encodes aspartokinase.
Journal of Biological Chemistry 263:2146-2151.

Schell, J. 1987. Transgenic plants as tools to study the
molecular organization of plant genes. Science
237:1176-1183.

Scherntaner, J.P., Matzke, M.A., and Matzke,
A,J.M. 1988. Endosperm-specific activity of a zein
gene promoter in transgenic tobacco plants. European
Molecular Biology Organization Journal
7:1249-1256.

Sengupta-Gopalan, C., Reichert, N.A., Barker,
R.F., Hall, T.C., and Kemp, J.D. 1985. Developmen-

tally regulated expression of the bean phaseolin gene
in tobacco seed. Proceedings of the National Acad
emy of Sciences USA 82:3320-3324.

Simpson, J., Schell, J., Van Montagu, M" alld Her
rera-Estrella, L. 1986. Light-inducible and tissue
specific pea Ihcp gene expression involves an up
stream element combining enhancer- and silencer
like properties. Nature 323:551-554.

SomervlIIe, C.R. 1984. The analysis of photosynthe
tic carbon dioxide fixation and phosphorespiration by
mutnnt selection. Oxford Surveys of Plant Molecular
and Cell Biology 1:103-131.

Timko, M.P., Kausch, A.P., Castresana, C.,
Fassler, J., Herrera-Estrella, L., Van den Broeck,
G., Van Montagu, M., Schell, J., and Cashmore,
A.R. 1985. Light regulation of plant gene expression
by an upstream enhancer-like element. Nature
318:579-582.

Valvekens, D., Van Montagu, M., Van LlJsebet
tens, M. 1988. Agrobacrerium lumefac/ens-mediated
transformation of Arabidopsis Ihaliana root explants
by using kanamycin selection. Proceedings of the Na
tional Academy of Sciences USA 85:5536-5540.

Walker, J.C., Howard, E.A., Dennis, E.S., and Pea
cock, W,J. 1987a. DNA sequences required for an
aerobic expression of the maize ADH-l gene.
Proceedings of the National Academy of Sciences
USA 84:6624-6628.

Walker, J.C., Llewellyn, D,J., Mitchell, L.E., and
Dennis, E.S. 1987b. Anaerobically regulated gene ex
pression: molecular adaptations of plants for survival
under flooded conditions. Oxford Surveys of Plant
Molecular and Cell Biology 4:71-93.

245



Targeting of Proteins to the Nucleus: Development
of an In Vitro Expression Vector System

V.K. Parnaik l

In recent years there has been considerable progress
in understanding the mechanisms of intracellular sor
ting of newly synthesized proteins. These advances
have been widely applied in the targeting of foreign
proteins to different compartments of a cell by recom
binant-DNA techniques. We have been interested in
the mechanism of selective transport of proteins into
the nucleus. The nucleus is separated from the cyto
plasm by a double-layered nuclear envelope contain
ing nuclear pores that are proteinaceous channels
involved in nucleocytoplasmic traffic. The transport
of a karyophilic protein into the nucleus has been
shown to depend on the presence of a basic nuclear
location signal sequence within the mature polypep
tide (reviewed by Gerace and Burke 1988). The re
quirements for specific nuclear transport of a protein
were earlier studied in vitro by using highly purified
nuclear proteins (Newmeyer et at. 1986; Markland et
at. 1987). In order to increase the versatility of such
systems, we have developed an assay to study the
transport of any nuclear protein for which a cloned
gene is available (Pamaik and Kennady 1990). The
messenger RNA (mRNA) obtained by P6 RNA poly
merase transcription of a specific gene cloned in an
SP6 expression vector was translated in a rabbit reti
culocyte lysate containing 35S-methionine. Subse
quently, mouse liver nuclei were added and nuclear
localized 35S-labelled proteins were analyzed by gel
electrophoresis. Transport of nuclear proteins into
isolated nuclei was rapid, temperature-dependent and
ATP-dependent. A specific nuclear accumulatilJn of
>20-fold was observed for the animal cell tumor
igenesis-related nuclear proteins, p53 and Elb, and
the nuclear enzyme, thymidine kinase, whereas trans
port of the nonnuclear proteins, dihydrofolate reduc
tase and simian virus 40 small T antigen was
negligible.

The ability of nuclear location-signal peptides to
target proteins into the nucleus has been extensively

studied in animal cel1s and yeast. Recently, a bacterial
peptide has been found to act as a plant nuclear target
ing signal (Herrera-Estrella et at. 1990). In this study,
the amino-terminal portion of Agrobaclerilun VirD2
protein, which contailJs the eukaryotic prototype sig
nal sequence, (Arg-Lys-Gly-Arg), was shown to di
rect a p-galactosidase fusion protein into tobacco
nuclei. These studies have provided convincing evi
dence for the role of VirD2 as a pilot protein in the
transfer of T-DNA from Agrobacleriwll into plant cell
nuclei, where the T-DNA subsequently integrates into
the plant nuclear genome. The exact mechanism of
such nuclear transport processes can be conveniently
determined in in vitro systems, such as the assay we
have described. Our assay also provides a sensitive
method to study the requirements for the targeting of
newly engineered proteins to the nucleus.
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Organization of Viral Genomes: the Potential
of Virus Genes in the Production of
Transgenic Virus-resistant Plants

M.A. Mayol

Abstract

The extelll ofour knowledge ofthe nucleotide sequences ofplant virus genomes is increasing rapidly
and the genome organizations thus revealed are proving to be illlriguingly diverse. The strategies
include production of independelllly trallslatable mRNA, bypass of termination codons by read
through or frameshift to express downstream sequences, and proteolytic cleavage of precursor
proteins. Knowledge of the sequences and modes of expression ofplant virus genes hus facilitated
their isolation and subsequent insertion into plalll genomes by transformation. Most work has
involved attempts to mimic cross-protection by using coat-protein genes, and a measure of resis
tance to virusesfrom 11 different taxonomic groups has been achieved in this way. Results with other
genes have been mixed but many possibilities remain to be explored.

=
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Introduction

Recent years have seen significant advances in the
development of biotechnological methods for modify
ing agronomically useful cultivars so that they be
come resistant to virus infection. This tech'1ology has
become possible because of the availability of com·
plementary DNA (cDNA) copies of appropriate
genes and the development of methods for transform
ing plants by the introduction of 'foreign' genes (re
viewed elsewhere in this volume). Before a virus
gene can be used in transgenic work, it must be identi
fied and somelhing must be learned about its expres
sion during virus multiplication. Therefore, this
chapter will discuss the different ways in which virus
genomes are expressed, consider how virus gene se
quences might be expected to impart resistance to a
plant, and present examples of what has been
achieved by exploiting known genomes.

Genome Organization

General Principles

Most plant viruses have single-stranded positive
sense RNA genomes and only these will be discussed.

Plant virus genomes are very small; most comprise
belween 4 and 15 kb of RNA that contain three to
eight genes. Plant messenger RNA (mRNA) mole
cules are monocistronic, that is, each molecule is
translated to give a single gene product. However,
virus genomes contain fewer RNA species than
genes, and plant viruses have evolved a variety of
strategies for synthesizing the translation products of
the different genes in the polycistronic genomic RNA.
The mechanisms for virus RNA genome expression
are:
• Division of genome into separate mRNA
• Transcription of subgenomic mRNA
• Readthrough of termination (suppression)
• Bypass of termination (fram~,shift)

• Bypass of initiation (multiple frames)
• Proteolysis of a polyprotein

Each will be discussed with reference to the four
examples shown in Figure 1.

Division of the Genome into Separate mRNA

This is perhaps the simplest stmtegy. For example, the
genome of alfalfa mosaic virus (AIMV) consists of

.'
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three positive-sense RNA species (Fig. la; Symons
1985). RNA-I and RNA-2 each encode one polypep
tide. However, although the other genome RNA
(RNA-3) is translated to give polypeptide P3, it also
encodes a fourth gene product, P4. This product is the
coat protein and is made by translation of a sub
genomic RNA (sec below). No positive-sense, single
stranded RNA (ssRNA) virus genome comprises only
monocistronic mRNA.

Haenni 1987) and two genes of potato leafroll virus
(PLRV) (Fig. Ie; Mayo et al. 1989; Tacke et al. 1990)
are expressed in this way. The noncoding parts of the
subgenomic mRNA may be important in controlling
the expression of these genes.

Readthrough of Termination

Transcription of Subgenomic mRNA

Subgenomic RNA molecules are produced by partial
transcription of a larger, usually genomic, RNA. By
this means genes that are downstream of the first
encoded protein become the 5'-most open reading
frame (ORF) of a mRNA. This strategy is very com
mon among viruses. For example, two genes of to
bacco mosaic virus (TMV) (Fig. Ib; Morch and

Although termination codons specify the end of trans
lation of an mRNA, some suppressor transfer RNA
(tRNA) species can recognize termination codons
and cause an amino acid to be incorporated into the
polypeptide being produced. The result of this 'read
through' is that translation then proceeds to the next
termination codon. The 183K protein of TMV (Fig.
Ib) arises by readthrough of the termination codon of
the 126K protein (Morch and Haenni 1987). Likewise,
readthrough of the termination codon of the gene for
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the coat protein (P3) of PLRV (Fig. Ie) results in
synthesis of a larger protein (Bahner et al. 1990).
Another way of avoiding a termination codon is by
frameshift. This happens when, during translation of
RNA from some viruses, a proportion of the ribo
somes involved in translation transfer to anot~er read
ing frame in the RNA. The result is that a termination
codon is bypassed. The P2b part of the putative repli
case of PLRV is thought to be synthesized in this way
by frameshift ncar the C-terminus of na (Fig. Ic;
Mayo et at. 1989). Thus, the shorter na is analogous
to the 126K protein of TMV and the longer na +P2b
protein is analogous to the 183K protein ofTMV.

Bypass of Initiation Codons

The principle of genetic economy is taken further by
some viruses. For example, in the PLRV genome
(Fig. Ie; Mayo et at. 1989), one piece of nucleotide
sequence encodes genes in each of two of the three
possible reading frames. Thus ribosomes either initi
ate ncar the 5' end and translation yields PI, or they
initiate at another, out-of·frame, initiation codon and
translation yields protein na. The genes for P3 and
P4 proteins of PLRV arc also in different reading
frames, but it is not known if these proteins are trans
lation products ofone subgcnomic RNA tilllt arises by
bypass, or if there arc two subgenomic mRNA
species.

Proteolysis of a Polyprotein

The genomes of some viruses, for example those of
potyviruses (Fig. Id; Morch and Haenni 1987), con·
tain only one large ORF that encodes a single large
protein. This polyprotein contains sequences that have
protease activity and this specifically cleaves the
polyprotein into functional gene products. Thus, only
the sequence encoding the 5'·most gene product has
an initiation coden.

Combined Strategies

As is clear from the examples shown in Figure I,
different genes in one virus genome are frequently
expressed in more than one way. And there is no
theoretical reason why any combination of strategies
should not occur. For example, comoviruses have two
genomic RNA species, each of which encodes a poly·
protein, but in the smaller RNA species, alternative

initiation codons arc used which result in the produc
tion of two sizes of polyprotein (Franssen et al. 1982).
The different genome RNA of some other bipartite
genome viruses arc also expresscd in different ways.
For example, the larger genomic RNA of beet necro·
tic yellow vein virus contains a single ORF mRNA
(Bouzoubaa et al. 1987) but the smaller genome RNA
contains more than one ORF. The 3'ORF (or ORFs)
is expressed by translation of a subgenomic mRNA
and the 5'ORF is expressed by direct translation to
yield either a Mr (Mol wt) 21 000 protein or, by
readthrough of the termination codon, a Mr 75 000
protein (Bouzoubaa et al. 1986). These examples
show that lillie can be predicted concerning the ge
nome organization and gene expression strategy of a
virus before one knows both the sequence of its ge
nome-or at least that of a close relative-and the
identity and nature of the translation products of its
RNA.

Satel/ite RNA and Defective Interfering RNA

Satellite RNA molecules and defective interfering
(01) RNA molecules multiply in association with
some viruses, but are not strictly parts of the virus
genome (i.e., not part of the minimum infective RNA
complement). They have important effects on the
functioning of the genomes of some viruses and are
relevll.i1t to later sections of this article. Satellite RNA
molecules are usually small and occur naturally in
some virus cultures. They depend on these helper
viruses for multiplication, but have no appreciable
sequence homology with them (Fritsch and Mayo
1989). Some but not all satellite RNAs are mRNAs.

DI RNAs are also small nonessential RNA mole
cules that depr.nd on the helper virus for replication
and are found in some virus cultures. They differ
from satellite RNA in that they comprise parts of the
virus genome that normally include the 3' and 5' ends
of the genome; they arise from genome RNA by dele·
tion (~.g., Hillman et al. 1987). Satellite RNA or DI
RNA mole.:ules may cause a decrease in yield of the
helper virus (Fritsch and Mayo 1989; Burgyan et al.
1989; Li et al. 1989; Marsh et at. 1990), presumably
by competing with viral RNA for the replicase
activity.

Background to Producing Transgenic
Resistance

Although natural genes conferring virus resistance
have been incorporated into the genomes of some
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crop plams by breeding, this is not always possible.
One nongenetic control measure that has proved suc
cessful in some instances is cross-protection. This oc
curs when prior inoculation with a mild strain of a
virus protects a plant against the effects of subsequent
infection by a second, related virus. In effect, this is
using many, or even all, the genes of the virus inocu
lated first against the second virus. Although, simply
stated, cross-protection is a complex phenomenon that
can occur by different mechanisms (Sherwood 1987),
it nevertheless works and has been used for practical
control of virus diseases. For example, the effects of
citrus tristeza virus infection of citrus crops has been
controlled by inoculating young plants with a mild
strain (Costa and Muller 1980) and similar measures
have been used for the control of tomato mosaic virus
(ToMV) in tomato crops (Rast 1972), papaya ringspot
virus in papaya (Yeh and Gonsalves 1984: Wang et aI.
1987), and zucchini yellow mosaic virus in squash
(Lecoq et aI. 1989).

A second approach has been to inoculate pepper
plants with cucumber mosaic virus (CMV) containing
a satellite RNA that ameliorates symptoms of CMV
infection so as to protect plants against subsequent
infection by CMV strains that induce severe symp
toms (Tien et aI. 1987). In this system the satellite
RNA competes with virus genomic RNA, thereby
suppressing its synthesis.

However, with all these approaches, there is a risk
that the cross-protecting strain or satellite RNA might
mutate into a form that induces a more virulent effect.
As little as one nucleotide change can convert a satel
lite RNA of CMV from one that causes symptom
amr.lioration to one that causes necrosis (Sleat and
Palukaitis 1990). Moreover a mild strain ofTMV that
was used to cross protect tomato crops against infec
tion with ToMV was found to have mutated in the
field to a more virulent form (Fletcher and Rowe
1975).

Cross-protection was perhaps the first type of non
genetic comrol to be thought to be imitable by trans
forming plants with virus genes (Hamilton 1980).
Various viral genes have been proposed as agents to
simulate cross-protection or other protective effects.
These, and others, are discussed below.

Potential for Transgenic Interference

Table 1 is a simplified description of the stages of the
infection cycle of a virus in an infected cell. There is
a potential for transgenic interference at each stage
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and an agent that could cause such interference is
listed.

The first stage in a viral infection is the uncoating
of virus particles. One of the mechanisms proposed to
explain cross-protection was that protein from the
protecting virus in some way prevellled uncoating of
the particles of the challenge virus (Sherwood and
Fulton 1982). If this is true, a similar effect might be
expected to occur if viral proteins were already pre
sent in the inoculated cell. Transforming plant cells
with a viral coat protein gene so that they synthesize
this protein has proved to be an effective way of
protecting plants from infection (see below).

Once uncoated, or partially uncoated, virus RNA
must be translated by ribosomes to give the proteins
necessary for replication. Translation of mRNA in
plant cells can be inhibited by the presence of com
plementary RNA sequences (antisense RNA) (Ecker
and Davis 1986). These are, in effect, genes or parts
of genes that have been reversed in the transformation
vector so that the RNA transcripts made in the trans
formed cells have sequences compiememary to that of
the target mRNA. Anti-sense and target RNA there
fore hybridize together. Virus RNA translation also
may be susceptible to this sort of inhibition.

Ribozymes (Haseloff and Gerlach 1988) are also
RNA molecules that have stretches of sequence com-

Tabte I. Posslbte transgenic Interference during a virus
Infiletlon cycle.

Stage Action of transgene Active agent

Uncoating Compete for RNA Coat protein

Translation Block or cut mRNA Antisense or
ribozyme

Transcription Inhibit enzymes Antibodies

Replication Compete for Satelli te or
enzymes D1RNA

Assembly Compete for Satellite or
capsids D1RNA

Disseminlllion Interfere with vector Mimic of virus or
acquisition helper component



plemeiltary to the target RNA, and which therefore
bind ta the target RNA by hybridization. Because the
nucleotide sequence in the center of the ribozyme
between the regions that bind to target RNA has cata
lytic activity, the result of hybridization to a
ribozyme is a cleavage of the target RNA. Pigure 2
shows a ribozyme constructed to cleave the putative
polymerase gene of PLRV (Lamb and Hay 1990).
The arms hybridize to the target RNA and the central
catalytic domain is that described by Haseloff and
Gerlach (1988). This ribozyme cleaves its target RNA
in vitro but there is no information about its activity
in vivo (Lamb and Hay 1990). However, transgenic
expression of a ribozyme in mammalian cells has
been shown to cause cleavage of human immunodefi
ciency virus RNA (Sarver et al. 1990).

The next steps in the development of a viral infec
tion are the transcription and replication of virus
RNA by replicase enzyme(s). Plants transformed
with antibody genes have been shown to produce se
rologically active antibodies (Hian et al. 1989) and
therefore expression of antibodies to the virus repli
case enzymes might be an effective way to inhibit
virus replication.

Replication is probably the stage at which satellite
RNA is active in suppressing virus RNA synthesis.
Some satellite RNA molecules, in particular small
type C or type D satellites (Murant and Mayo 1982),
appear to compete with virus RNA for the viral repli
case; satellite RNA multiplication therefore dimin
ishes that of the helper viru.~ RNA. DI RNA mole
cules arc similar except that they are derived from the
viral genome RNA and can arise spontaneously (Li et
al. 1989; Burgyan et al. in press). DI RNA and satel
lite RNA molecules arc encapsidated by the helper
virus coat protein and therefore may compete with
genomic RNA molecules for coat protein during the
particle assembly stage of the infection cycle.

Another virus gene product that could be vulner
able to transgenic interference is any virus-encoded
protease used during multiplication to cleave polypro
teins into functional gene products. Such proteases
could be interfered with directly by the antibody ap
proach described above. A more indirect approach
could be exploited to obtain transgenic transforma
tion of the plant with the gene for a relatively innoc
uous precursor of a toxin in which the potentially
toxic parts were separated by a linking stretch of
amino acids, such as that for the ricin A and B chains
(Halling et al. 1985). If the linker stret:.!! contained an
amino acid sequence recognized by the viral protease,
the protease then produced after viral infection of the
transgenic cell would cleave the harmless precursor

and release the toxin which would kill the cell before
virus multiplication could occur. The host would thus
be transgenically hypersensitive.

The final stage of virus multiplication is spread to
other cells. Many viruses arc disseminated by being
specifically carried by a vector, often an invertebrate.
They are then transmitted when released during feed
ing on another host plant. With some persistent vi
ruses, binding can also be to internal organs of the
vector. With some viruses, for example potyviruses,
transmission by aphid vectors involves a helper com
ponent-a virus-coded protein, which may act by for
ming a link between the virus particle and the
retention site in the vector (Harrison and Murant
1984). Thus, if plants are transformed to express a
molecule that mimics the binding of either the virus
particle protein or the helper component, this could
compete with infective virus and thus dilute the inoc
ulum carried by the vector.

These active agents and their modes of action are
all speculative, and some are highly so. Nevertheless,
it is apparent that there are many possible ways in
which transformed plants can express a transgene de
rived from, or acting specifically against, a virus in
order to inhibit the development ofa virus disease in a
plant or in a crop. The following section describes
some of th., successes that have been obtained.

Progress in Achieving Transgenic
Resistance

Coat Protein Mediated Effects

Since the first demonstration that expression ofTMV
coat protein induced resistance to TMV infection in
tobacco (powell-Abel et al. 1986), there has been a
rapid rise in the number of reports of coat protein
mediated resistance effective against other viruses
(Mayo and Barker 1990). Table 2 lists reports of coat
protein-mediated virus resistance and there are
studies going on with a number of others. Resistance
has been induced against challenge infection by 16
viruses belonging to 11 virus groups. The host most
commonly used has been tobacco, probably because
it is relatively easy to manipulate in culture and is a
host for many viruses. However other, less amenable
hosts, such as potato (Hoekama et al. 1988; Hemen
way et al. 1988) and sugar beet (Kallerhofet al. 1990)
have been investigated. Progress in achieving trans-
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Figure 2. Binding of a ribozyme to part of the putative polymerase gene of potato leafroll virus. The ...
upper sequence is that of PLRV RNA, the lower sequence Is that of the rlbozyme synthesized In vitro.
Arms are the parts or the ribozyme that hybridize to the RNA target. The arrow marks the cleavage
site. (Redrawn from data shown by Lamb and Hay 1990).

formation and regeneration seems certain to extend
this range of hosts in the next few years.

Coat-protein genes have been taken mainly from
viruses that express their coat protein by translation
of a subgenomic mRNA (e.g., TMV), but coat pro
tein-encoding sequences have been excised from the
genes encoding the polyproteins of potyviruses, e.g.,
soybean mosaic virus (Stark and Beachy 1989) and
tobacco vein mottling virus (Murphy et al. 1990), and
linked to an initiation codon prior to the transforma
tion. An alternative strategy is to transform plants
with a larger piece of the virw: genome that would
include the gene for the viu! !lrotease as well as that
for the coat protein. Expression of the protease se
quence should then cleave the polyprotein accurately
to release the functional coat protein (Wefels et al.
1990). There appears to be no taxonomic barrier
among positive-sense, ssRNA viruses to obtaining vi
rus resistance by transformation with coat-protein
genes.

Transformation with some coat-protein genes pro
vides effective resistance against heterologous viruses
if the amino acid sequences of the two coat proteins
are appreciably similar. Thus, TMV coat protein was
effective against ToMV and tobacco mild green mo
saic virus, which have coat proteins more than 66%

identical to thal of TMV (Nelson et al. 1987). In con
trast, expression of the coat protein of one strain of
tobacco rattle virus (TRV) did not protect plants
against infection by another strain of TRV that had a
coat protein only 39% identical to the first strain (Van
Dun and Bol 1988). However Anderson et al. (1989)
have reported weak protection by coat proteins of
TMV and AIMV against infection by unrelated
viruses.

The effect that transformation of a plant with a
viral coat-protein gene has on virus multiplication ap
pears ll' be that fewer infective centers form in inocu
lated leaves (Nelson et al. 1987), that systemic spread
is slower than in control plants (Nelson et al. 1990),
and that less virus accumulates in tissues that do be
come infected (Cuozzo et al. 1988; Hemenway et al.
1988; Lawson et al. 1990). The degree of protection is
inversely dependent on the concentration of the inoc
ulum (Powell-Abel et aI. 1986; Hemenway et al. 1988)
and, in most cases, seems to depend on the amount of
coat protein made in the transgenic cells (Hemenway
et aI. 1988; Halk et aI. 1989). However, this is not
always so (e.g., SMV: Stark and Beachy 1989). In
deed, transgenic plants transformed with the coat-pro
tein genes of TRV (Angenent et al. 1990) or PLRV
(Kawchuk et al. 1990) have been obtained that are



Table 2. Coat proteln.medlated rcslshmce.

Virus Resistance Source of
group induced to Hos" coat protein Reference

Tobamovirus TMV tobacco TMV Powell-Abel et al. 1986
TMV tomato TMV Nelson et al. 1988
ToMV tomato TMV Nelson et al. 1989
ToMV tobacco TMV Stark et al. 1990 l!I
TMGMV tobacco TMV Stark et al. 1989
SHMV tobacco TMV Anderson et al. 1989

Potexvirus PYX tobacco PYX Hemenway et al. 1988
PYX potato t>VX Hockama et al. 1988
PYX tobacco TMV Anderson et al. 1989
PYX tobacco AIMV Anderson et al. 1989

Cucumovirus CMV tobacco TMV Anderson et al. 1989
CMV tobacco CMV Cuozzo et al. 1988

AIMV AIMV tobacco AIMV Loesch-Fries et al. 1987
AIMV alfalfa AIMV Halk et al. 1989
AIMV tomato AIMV Thmer et al. 1987
AIMV tobacco TMV Anderson et al. 1989

lIarvirus TSV tobacco TSV Van Dun et al. 1988a

Tobravirus TRV tobacco TRV Van Dun et al. 1987
PEBV tobacco TRV Van Dun and Bol 1988

Potyvirus PVY potato PVY Lawson et al. 1990
PVY tobacco SMV Stark and Beachy 1989
TEV tobacco SMV Stark and Beachy 1989
TEV tobacco PaRSV Ling et al. 1990
TEV tobacco TVMV Murphy et al. 1990
TVMV tobacco TVMV Murphy et al. 1990

Carlavirus PVS N debneyii PVS Mackenzie and Tremaine 1990

Nepovirus TBRV tobacco GCMV Candresse (pers. comm.)

Furovirus BNYVV sugar beet BNYVV Kallerhof et al. 1990

Abbrcvialions: AIMV a alfalfa IThlsaic virus; BNYVV • beet necrotic yellow vein virus: CMV • cucumber mosaic virus; GCMV • grapevine
chrome mosaic viM; PaRSV • papaya r1ngspot virus; PEBV • pea early browning virus; PVS • palatO virus S: PYX • polIIlO virus X: PVY •
potato viM Y: SHMV • 5U1U1hemp mosaic viM: SMV • soybean mosaic virus: TORV • tOl1llUO black ring virus: TEV = tobacco etch virus:
TMV • IObacco mosaic virus: TMGMV • IObacco mild green mosaic virus: ToMV • tomato mosaic virus: TSV a tobacco streak virus.

resistant to challenge infection even though no virus
coat protein could be detected in them.

The mechanism by which coat-protein genes me·
diate re$istance is not clear. At least two distinct
mechanisms seem to be involved. Although plants
made resistant to inoculation with particles ofTMV

or AIMV by transformation with their respective
coat~protein genes were not resistant to inoculation
with virus RNA (l\!:lson et aI. 1987: Loesch-Fries et
aI. 1987), those expressing potato virus X (PYX) (He·
menway et aI. 1988) or potato virus S coat proteins
(Mackenzie and Tremaine 1990) were resistant to in·
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oculation with either virus particles or RNA. Also,
although plants transformed wilh an AIMV coat-pro
tein gene-one that had been mutated su that RNA
accumulated but translation was impossible-were
not resistant to challenge inoculation (Van Dun et al.
1988a), transgenic plants in which no TRV or PLRV
coat protein could be detected were resistant (see
above; Angenent et al. 1990; Kawchuk et al. 1990). A
further development in the application of coat-protein
gene transformation has been the production of potato
plants with field resistance to both PYX and PVY by
transforming plants with two different coat-protein
genes at the aame time (Lawson et al. 1990; Kanie
wski et al. 1990).

SatellIte-mediated Resistance

Satellite RNA species have been found in association
with a number of viruses (Fritsch and Mayo 1989),
but only those from CMV and tobacco ringspot virus
(TobRV) have been used as sources of resistance.
Transformation of tobacco with DNA sequences
complementary to satellite RNA variants that amelio
rate the symptoms induced by CMV (Baulcombe et
al. 1986; Harrison et al. 1987a) or TobRV (Gerlach et
al. 1987) resulted in plants that showed milder symp
toms and accumulated less virus than control plants
after inoculation with the homologous virus.

Plants transformed with CMV satellite eDNA se
quences also showed milder symptoms than control
plants after inoculation with tomato aspermy virus
(which is somewhat related to CMV) but the amounts
of virus made by the two types of plant were not
greatly different (Harrison et al. 1987a). A secondary
effect of infection of satellite-transformed plants was
that virus transmitted from the transgenic plants con
tained satellite RNA and was therefore potentially
less pathogenic for nontransgenic hosts than the origi
nal satellite-free virus (Harrison et al. 1987b).

Transformation with satellite sequences has been
found to give an effective measure of resistance in
field trials: CMV infection of transgenic pepper (Tien
et al. 1990a), tobacco, or tomato plants (Tien et al.
1990b) resulted in milder disease symptoms and less
virus accumulation than infection of control plants.

Results With Antisense RNA

Cuozzo et al. (1988) showed that plants expressing
antisense CMV RNA were resistant to infection in
that systemic spread was slower and virus accumula-
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tion was less than in control plants. However, the
effect was only detectable when the inoculum concen
tration was low; coat protein-mediated protection was
effective against CMV inoculum concentrations that
overcame the antisense RNA-mediated effect (Cu
ozzo et al. 1988). Similar results were observed with
antisense PYX RNA (Hemenway et al. 1988) and
antisense TMV RNA (Powell et al. 1989). In contrast,
expression of antisense TRV RNA did not enhance
the resistance of plants to TRV infection (Baulcombe
et al. 1987; Angenent et al. 1990).

Results With Other Virus Genes

Transformations with genes encoding a variety of
nonstructural virus proteins, for example putative rep
licase proteins from AIMV (Van Dun et al. 1988b),
from TRV (Angenent et al. 1990), or the 'transport
protein' (30K protein: Fig. Ib) of TMV (Deom et al.
1987), have not yielded virus-resistant plants. How
ever, although Golemboski et al. (1990) found that
transformation with sequences encoding the 126K
protein ofTMV (UI strain) did not induce resistance,
they also found, in contrast, that plants transformed
with sequences encoding the 54K C-terminal part of
the 183K putative replicase protein (see Fig. Ib) were
virus resistant. Moreover, these plants were resistant
to inocula containing very high concentrations of vi
rus, sufficient to rapidly overcome resistance medi
ated by coat-protein expression. Also, unlike plants
protected by coat-protein expression, these plants
were resistant to infection by RNA inocula. This vir
tual immunity was much more specific than coat pro
tein-mediated resistance; both the U2 strain of TMV
and ToMV readily infected ihese plants.

Plants transformed with a eDNA copy of the com
plete genome of a mild strain of TMV were also
resistant, not only to challenge inoculation by parti
cles of a genetically very similar but virulent strain of
TMV, but also, like those transformed with the 54K
gene, to challenge by RNA inocula (Yamaya et al.
1988).

The potential of transformation with genes for cer
tain nonstructural proteins is emphasized by some
other recent studies. For example, plants transformed
with sequences encoding the cylindrical inclusion
protein of TVMV (eI: see Fig. Id) were more resis
tant to infection by TVMV than were control plants,
but they were also abnormal in appearance; infection
with tobacco etch virus induced more severe symp
toms in these plants than it did in control plants (Mur
phy et al. 1990).
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Table 3. Field performance of transgenic virus
resistance.

Yield
Host Trunsgene increase Reference

Tomato TMVcoat 40% Nelson et al.
protein 1988

Potato PVXtPVY coat 38% Kaniewski et al.
proteins 1990

Tomato CMV satellite 14% Tien Po
(pers. comm.)

For dc/inltlon of virus acronyms, sec Thblc 2.

Prospects and Conclusions

The prospects for being able to confer resistance on
agronomically valuable cultivars by transformation
with viral genes arc very promising. A useful mea
sure of virus resistance has been induced in several
plants by transformation with coat-protein genes or
satellite-encoding sequences (Table 3). Also, it was
found recently that transformation with sequences en
coding the nucleoprotein of tomato spotted wilt virus
induced virus resistance in tobacco plants (R. Gold
bach, personal communication). Other sources of re
sistance have been tried to a much lesser extent and
with less success but many combinations and varia
tions remain to be tested. One further point that
should perhaps be made is that although little studied
so far, genes encoding antipathetic agenL~, such as
antisense RNA, antibodies or ribozymes, may offer
significant promise where there is concern about the
release of virus genes into the environment as part of
the genome of a crop plant.

Progress to date with transgenic virus resistance
has drawn on knowledge of the genome organizations
of the target viruses obtained from past, or sometimes
very recent, research (e.g., PLRV: Kawchuk et al.
1990). New target viruses may well necessitate study
of further genomes. Moreover, the unexpected finding
that sequences encoding part of the replicase gene of
TMV can induce strong resistance (Golemboski et al.
1990) emphasizes that, even with well-studied virw;es
like TMV, there are unexplored phenomena a'!ailable
for exploitation in future work.
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Gene Sequences In Viruses, Viroids, and Prokaryotes,
and the Development of Diagnostic Tools

R. Goldbach, P. de DaaD, and B.J.M. Verduin l

Abstract

Gene seqllences ofplanr viral genomes and viroids have provided detailed insight into the genetic
properties and illlerrelationships among pathogens. Plant pathogenic bacteria, however, have been
analyzed milch less extensively and for only some bacterial avirulence genes have complete se
qllences been established. With the available sequences, it is possible to develop and apply new
dlagnosti,; tools. The lise ofnonradioactive probes in the deteetion of nllcleic acids has increased
and has resulted in sensitivities similar to radioactive methods. With the polymerase chain reaction
(peR) technique--a recent tec/lllique by which sequences are enzymatically amplified-viruses
have been detected wit/lOut the lise ofany specific probe. This techniqlle has immense potelllial in
the detection and identification ofpathogens.

IntrOduction

The current molecular technology, in particular re..
combinant DNA techniques, has allowed the study of
gene composition and nucleotide sequences of plant
pathogens. For a growing number of the smallest
plant pathogens, i.e., the viroids and viruses. complete
nucleotide se(]lIcnces of their genomes are available.
This has enabled the determination of the proteins
and the functions encoded by plant viral genomes and
the unravelling of genetic relationships between plant
~ nd animal viruses. Sequence analysis of viroids has
demonstrated that these pathogens do not encode any
plotein and can be regarded as highly advanced para
sites. Data on genome organization and nucleotide
sequence for pathogenic bacteria are available for a
limited number of cases. The first part of this chapter
will discuss the genetic properties of viruses, viroids,
and bacteria that infect plants.

The availability of well-defined cloned sequences
of viruses, viroids, and bacteria hilS facilitated the
identification and detection of these pathogens based
on nucleic acid hybridization, especially utilizing
nonradioactive probes. These will be discussed in the
second part of this chapter. Another powerful tech-

nique for the. detection and identification of plam
pathogens is' l.sed on the polymerase chain reaction
(PCR). The advantages and disadvantages of the PCR
technique as a diagnostic tool will also be discussed.

Supergrouping of Plant RNA Viruses
Based on Genome Sequences

Over 75% of the more than 500 distinct plant viruses
possess a single-stranded RNA genome of positive
polarity. These viruses have been classified by the
International Committee on Taxonomy of Viruses
(IcrV) into more than 30 taxonomic groups. They
show a wide variation in capsid morphology, and
their genomes I. ay be segmented or unsegmented.
Some of them have terminal structures such as ge
nome-linked proteins (VPg) or cap structures at the
5'-end, or possess a poly (A) tail or transfer RNA
(tRNA) -like structure at the 3'-end. Despite these
differences, computer-assisted sequence comparisons
of the nonstructural proteins they encode have shown
that they are ::;::netically interrelated. The majority of
positive-strand RNA viruses have sequence homalo-
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Table 1. Supergroups of posltlve.slraml UNA viruses Infecllng planls.

Supergroup

Picorna-Iike

Alpha-like

Carmo-Iike

Sobema-Iike

Taxonomic group

como
nepo

alfalfa mosaic
bromo
carla
clostero
cucumo
hordd
potex
tobamo
lobm
tymo

carmo
diantho
luteo (BYDV)
tombus

luteo (PLRV, BWYV)
sobemo

Common characterislics

S'-VPg, 3'·poly A
no subgenomic mRNA
potypolyprotcin processing
set of conserved genes (hel, pro, pol)\

S'·cap
sUbgenomlc mRNA
set of eons"rved genes (mtr, 11\'1. pro)
readthrough (most)

small genome
conserved pol
no mlr, no hel

small genome
S'·VPg, no 3'-poly A
set of conserved genes (pro, pol) no mtr, no hel

t. AbbreviOllons: hel .. hellcase; pro .. proteinase; pol .. polymerase; nur" me!hyllransferase; ( ) indicalCs putative.

gies wilh Ihe animal RNA viruses. Thus, these posi
tive-strand RNA viruses can be clustered into four
"supergroups" (Goldbach 1986; Goldbach and Well
ink 1988; Goldbach et al. 1990) as summarized in
Table 1.

The first supergroup encompasses the "picorna·
like" plant viruses como·, nepo- and potyviruses,
which are related to the animal Picornaviridae. The
properties these plant viruses share with those of ani
mal picomaviruses are listed below (see also Table 1
and Fig.l).
• RNAs have a viral protein genome-linked (VPg) at

the 5'-end and a poly (A) tail at the 3'-end.
• RNAs are expressed by translation into a so·cal1ed

"polyprotein" from which the mature proteins are
derived by proteolytic cleavages.

• They code for a number of nonstructural proteins
exhibiting significant amino acid sequence homol·
ogy (shaded regions in Fig. I).

• These conserved proteins have been shown or sug
gested to be involved in the viral RNA replication
process, and are encoded by similarly organized
gene sets (Fig. I).
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The conserved replication proteins include a pro
tein with a nucleotide binding (NTB) domain (indi
cated '" in Fig. I), which may be a helicase (Gorba
lenya et al. 1985 and 1989), a proteinase, or a core
polymerase (Franssen et al. 1983; Kamer and Argos
1984).

Of the spherical plant viruses, the comoviruses
(type member cowpea mosaic virus) appear to be
closely related to the picornaviruses. Although com·
oviruses have a bipartite genome, parts of their ge
nome are colincar with those of poliovirus, one or the
best studied picornaviruses (Fig. I). They may have a
common origin, but differences arose due to adapta
tion of these viruses to either aniMal or plant host
systems. Indeed, comparison with the picornaviruses
suggests that the como· (and nepo-) viral RNA ge
nome has become split (a divided genome is often
found among plant viruses, but very rarely among
animal viruses) and has acquired genes encoding
transport proteins (of 48 and 58 kilodaltons) for cell·
to-cell transport, via plasmodesmata.

The second supergroup is formed by the so-called
"alpha-like" plant viruses, which are all genetically
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Figure 1. Comparison of the genomes of poliovirus (polio, family Picomaviridae) and picorna.llke plant
viruses: CPMV = cowpea mosaic virus; TDRV = tobacco black ring virus; TVMV = tobacco vein
mottling virus. Coding regions in the genomes are indicated as open bars; regions of amino acid
sequence homology in the gene products are indicated by similar shading. Other notations: C!" = coat
protein; TRA = transport protein; p:: proteinase; MEM = membrane.blnding protein; • = nucleotide
binding sequence. =cysteine proteinase. =polymerase sequence.

related to the alphaviruses, a genus of the animal
virus family Togaviridae. In Figure 2 the genomes of
a number of alpha-like viruses are compared with
Sindhl& virus. the best studied member of the a!!Jha
·,:iruses. The plant viruses that belong to this super
group have capped RNA genomes, produce sub
genomic mRNAs, and specify proteins eXhibiting
significant sequence homology to two nonstructural
proteins of Sindbis virus. One of the conserved pro
teins (or protein domains) contains an NTB-domain
(. in Fig. 2), which probably represents a helicase,
while a second conserved protein or protein domain
represents a core polymerase. The alpha-like viruses
share, moreover, a third conserved protein (or protein
domain), which represents a putative methyl-trans
ferase (Mi et al. 1989), an enzyme that could be in
volved in capping of the viral genome.

In addition to the two largest supergroups,
picorna· and alpha-like plant viruses, there are two
smaller supergroups of plant viruses, i.e., the carma-

like and the sobemo-Iike supergroups (Table 1 and
Fig. 3). The carmo-Iike supergroup comprises small
spherical plant viruses like the carmo-, tombus-, to
bacco necrosis, and dianthoviruses. They can be dis
tinguished from the alpha-like virus supergroup in
that they encode a distinct polymerase, and show par
tial homology to the polymerases of the animal Fla
viviridae (Miller and Purcell 1990), and do not
possess genes for a putative methyltransferase and
helicase (Table I and Fig. 3). Since these plant viruses
exhibit wide differences from members of the Fla
viviridae, it may not be appropriate to call these small
RNA viruses "f1avl-like".

The fourth supergroup are the "sobema-like"
plant viruses that do not exhibit any similarities to
known animal viruses. In fact this supergroup shares
some picorna-Iike as well as carmo-Iike characteris
tics (Table 1). Sobema-Iike plant viruses have a VPg
containing RNA genon.e and code for a putative pro
teinase and polymerase like the picorna-like viruses
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Figure 2. Supergrouping of the alpha-like plant viruses. The genomes of the following viruses are
shown: Sindbis virus (genus AlphavJrus, family Togaviridae); TMV = tobacco mosaic virus; TRV =
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potato virus X; TYMV = turnip yellow mosaic virus. For symbols see Figure 1. Other notations: -+=
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code for a sobcmo-like proteinase and polymerase,
e.g., potato leafroll virus (PLRV) and. beet western
yellows virus (BWYV), while some other luteo
viruses, such as barley yellow dwarf virus (BYDV),
code for a carmo-like polymerase (Fig. 3; Vcidt et aJ.
1988; Van der Wilk et aJ. 1989). Since the majority of
IUleoviruses, like sobemoviruses, possess a VPg-con
taining genome, it is likely that the typical luteoviral
genome encodes a sobemo-Iike polymerase and Ihe
atypical luteovirus such as BYDV contains a recom
binant RNA that acquired a carmo-Iike polymerase
gene by interviral recombination. As discussed by
Goldbach and Wellink (1988) recombination appears
to be a major evolutionary mechanism that has led to
the current similarities and differences in gene Se
quences among plant viruses.

Tomato Spotted Wilt Virus, a
Bunyavirus Infecting Plants

Compared to the positive-strand RNA viruses, the neg
ative-strand RNA viruses of plants have not received
much attention. Until recently the only known nega
tive-strand viruses were rhabdoviruses, which are not
known to cause many economically important diseases.
Tomato spotted wilt virus (TSWV), which is known to
cause many economically important diseases of field
crops and horticultural crops, has recently been shown
to contain negative-strand RNA. TSWV is unique
among plant tissues in that it has a distinct particle
morphology and genome structure. It is the only plant
virus that is known to be vectored only by thrips (Thy
sanoptera). TSWV particles arc spherical, membrane··
bound, 80-110 nm in diameter and covered with spikes
consisting of two glycoproteins (Gl and G2). The ge
nome consists of three linear RNA molecules of ap
proximately 3000 nucleotides (S-RNA), 5000 nucleo
tides (M-RNA), and 8500 nucleotides (L-RNA). These
genome segments are tightly complexed with nucle
ocapsid (N) proteins to form circular nucleocapsids
(Van cl,er Hurk et al. 1977; Dc Hann et al. 1989). Based
on th~se morphological properties, TSWV resembles
bunyavirus. Recently nucleotide sequence homology
was detected between S-RNA and L-RNA of TSWV
anc, bunyavirus.

Like uukuviruses and phleboviruses, two genera
of the B/lnyaviridae, TSWV has an ambisense S-RNA
segment, and a fully negative-sense L-RNA segment
(Fig. 4; De Haan et aJ. 1990). Partial sequence deter
mination of the M-RNA has revealed that part of this
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dala). A proposal to classify TSWV as a member of a
new genus (denoted Tospovirus) within the family
8/lnyaviridae, has been accepted by the International
Committee for Taxonomy of Viruses (ICTV).

The ambisense S-RNA segment (2916 nucle
otides) contains two genes, the nucleocapsid (N) pro
tein gene in the viral complementary (vc) strand, and
a gene encoding a 52,5 kDa nonstructural protein (de
noted NSs) in the viral strand (Fig. 4; De Haon et al.
1990). TIle 52.5 kDa protein seems to be involved in
symptom severity of TSWV infection, since TSWV
isolates that produce severe symptoms also produce
more NSs protein (organized in filamentous struc
tures in the cytoplasm of infected cells), than isolates
that produce mild symptoms (Kormelink et al. 1991).

The N gene has been used in our laboratory to
obtain transgenic tobacco plants with high levels of
resistance to TSWV (R. Goldbach, personal commu
nication). Hence, this approach holds promise for the
control of this very aggressive virus, which has one of
the widest host ranges among plant viruses. This con
clusion has significance because seldom have genes
that confer resistance to TSWV been located in culti
vated crop plants.

Viroids: Noncoding Parasitic RNA
Molecules

Viroids are the smallest known pathogens that are
known to infect only plants. Many of them have been
identified. However, many viroids which produce
cryptic infection are yet to be identified. Viroids are
circular RNA molecules with sizes that range from
240 to 380 nUcleotides. With the elucidation of the
nucleotide sequence of potato spindle tuber viroid
(PSTV) by Sanger and colleagues. in 1978 (Gross et
aJ. 1978), the first complete genome sequence of a
plant pathogen became available. Since then nucle
otide sequences for many viroids have been deter
mined (Table 2). From the sequence data available the
following conclusions can be drawn:
• Viroids are naked, circular, single-stranded RNA

molecules.
• By internal complementarity they have a double

stranded character (Fig. 5).
• They llo not encode any protein.

In spite of their small size and lack of coding
capacity, viroids are pathogenic. They can be re
garded as the ultimate parasites. By comparing se
quences of mild and severe (up to lethal) isolates of

...
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Figure 4. Structure and genetic organization of the ambisense TSWV S·RNA. The S·RNA segment Is
2916 nucleotldes long, containing one open reading frame In the viral strand (vRNA) and a second open
reading frame in the viral complementary (vc) strand. Both open reading frames are expressed from
subgenomic mRNAs and specify a non structural protein (NSs) and the nucleocapsid (N) protein,
respectively. The intercistronlc region contains a long A·U rid. hairpin. (Source: De Haan et al. 1990).

PSTV, Slinger and coworkers have tried to unravel
the molecular basis for the pathogenicity of ... iroids
(reviewed in Slinger 1987). This has led to the identi
fication of a region (Pathogenicity or P-domain, see
Fig. 5) within PSTV that is of great importance for
the virulence of the viroid. In spite of the genetic
simplicity of viroids, the molecular mechanism of vir
oid pathogenesis still remains to be elucidated and is
still open for speculation.

Sequence analysis ofviroids has also revealed that
a number of viroids can be regarded as natural recom
binants being composed of pieces of up to four dis
tinct viroids (Slinger 1990). Hence, recombination
appears to be a very important evolutionary mecha
nism not only for positive-strand RNA viruses but
also for viroids.

Detailed analyses have r~vealed that the single
stranded viroid RNA has plus polarity and replicates

via oligomeric RNA intermediates of both minus and
plus polarity, using a rolling circle mechanism (re
viewed in Slinger 1987; Tabler and Tsagris 1990).
Studies with RNA synthesis inhibitors have shown that
DNA-dependent RNA-polymerase II is most likely to
be responsible for the synthesis of viroid RNA. The
processing of the multimeric replicative intermediates
into monomeric viroid molecules is a very intriguing
process. While for avocado sunblotch viroid (ASBV) it
has been shown that this occurs by autocatalytic self
cleavage, without involvement ofhost protein or energy
(Hutchins et a1. 1986), for PSTV and all other viroids
tested so far, this cleavage requires host cell factors of
still unknown identity. Based on the presence or ab
sence of this self-cleavage capacity and on the nature of
the conserved central region (Fig. 5; Koltunow and
Rezaian 1989), the viroids have been classified into
three distinct groups (Table 2).

•
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Table 2. Vlrolds or which complete sequences are known.

No. of Main
Viroids Abbreviation nucleotides symptoms

PSfV-group
Polato spindle viroid PSTV 359 Stunting
Citrus exocortls viroid CEV 370,375 Stunting
Tommo planla macho virold TPMV 360 Stunting
Chrysanthemum stunt virold CSV 354,356 Stunting
Tommo apical stunt viroid TASV 360 Stunting
Coconut cadang cadang viroid CCCV 246,247 Chlorosis
Coconut tinangaja virold CIW 254 Chlorosis
Hop stunt viroid HSV 297 Stunting
Grapevine viroid HSV-grape 297 Yet undetermined
Hop Iment vlroid HLV 256 Latency
Cucumber pale fruit viroid CPFV 303 Stunting

ASSV-group
Apple scar skin viroid ASSV 330 Fruit flecking
Grapevine yellow GYSV 367 Yellow flecks
speckle viroid

Grapevine viroid GVIB 363 Yet undetermined

ASBV-group
Avocado sunblOlch viroid ASBV 247 Chlorosis

Source: SlIngcr (1988) and Koltunow and RCZllian (1989),

Autocatalytic self-cleavage has al:;o been ob
llerved during replication of some linear satellite
RNAs. e.g., of tobacco ringspot virus, and in particu
lar for circular satellites (referred to as "virusoids").
This self-cleavage occurs at specific secondary struc..

tures in the RNA, so-called "hammerhead" struc
tures. Self-clea,.ving RNA sequences (referred to as
"ribozymes") are currently being tested in various
laboratories for their potential as antiviral agents
(Gerlach et al. 1990).



Table J. AvlruJence genes or bacterial palhDKens.

Gene

Chromosomal
avrA
avrB
avrAsphl
avrAspl/
avrJJz
avrBJ
avrB(j
avrBN
avrB/1l

avrRxv
avrBsz

PlasmJdborne
avrC
vrBspll
avrBs/
avrBsJ

BllCterlum

P. syringar! pv. glycillea
P. syrillgae pv. glycillea
P. syrillgae pv. phaseollcola
P. syringae pv. pltl

x. c. pv. malvacearwn

x. c. pv. veslcaloria
X. c. pv. veslca/orla

P. s. pv. glyclnea
P. s. pv. plsl
X. c. pv. veslca/orla
X. c. pv. vesicaloria

thomonas campestris have been studied (reviewed in
Keen and Stllskawicz 1988; Vivian 1990; Keen et 01.
1989). Pnrt of these genes are chromosomal while
others a.e plasmidborne. For a number of these
genes, DNA sequences are available that may give
clues to the mode of action of these bacterial gene
products. It is frequently speculated that these prod
ucts are located at or near the cell surface, thus per
mitting direct contact with the plant. However, all of
the bacterial avr gene products determined so far do
not exhibit any sequence homology to those in data
banks, but certain avr genes share significant homol
ogy to each other (Vivian 1990).

Development or Diagnostic Tools

Detection or Protein
Soun:e: Vivian (1990).

Genes and Gene Sequences of Plant
Pathogenic Bacteria

Compared to viruses and viroids, the plant pathogenic
bacteria have been much less intensively studied in
terms of isolation and characterization of specific
genes and sequences. Two types of genes are of inter
est and have therefore been studied in most detail.
These are the genes that encode the pathogenicity
factors, i.e., the proteins and enzymes that make these
bacteria parasitic to plants, e.g., pectin Iyases and
proteinases, and the avirulence (avr) genes that inter
act with dominant resistance (R) genes in the host
("gene-for-gene" interactions, as hypothesized by
F10r 1942) 10 trigger the hypersensitive response
(HR) reaction. HR is a localized defense mechanism
occurring at or close to the site of inoculation of the
pathogen, involving rapid necrosis of plant cells, the
accumulation of phytoalexins, and the synthesis of
pc Jtogenesis-related (PR) proteins.

While the hypothesis of gene-for-gene interaction
(an avr gene of the pathogen should match a domi
nant resistance gene 10 induce the HR) has been
based for many years solely on genetic evidence, di
rect molecular indications have been obtained for this
interaction during the past S years. For various plant
pathogenic bacteria, avr genes have now been cloned
and analyzed (Table 3). In particular, the avr genes of
various pathovars ofPseudomonas syringae and Xan-

Enzyme-linked immunosorbent assay (ELISA) is by
far the most widely used serological test for the detec
tion of plant pathogens. Several improvements have
been made to the classical method developed by
Clark and Adams (1977). These include more effi
cient methods for the isolation and purification of
gammaglobulins, of both polyclonal and monoclonal
antibodies, and introduction of inexpensive and
highly sensitive enzyme/substrate and amplification
systems (Stanley et aI. 1985). In our laboratory 50 ng
of purified potato leafroll virus was detected using
enzyme amplification reaction combined with cock
tail ELISA (Van den Heuvel and Peters 1989). Poly
clonal antibodies made against purified virus prepara
tions are superior compar.:d to monoclonals, because
detection of monoclonals is influenced by conforma
tional changes in the pathogen as a result of variable
sap conditions.

If amino acid sequences of the surface proteins of
pathogens are known, antisera can be developed
against linear peptides that are exposed in the protein.
These exposed amino acid sequences can be deduced
from hydrophillcity plots. If the three-dimensional
structure of the surface protein is known, e.g., coat
proteins of TMV, SBMV, TCV, TBSV, BPMV,
CPMV, surface epitopes can be selected for detection
and specific antisem production. Expression of the
open reading frame underlying the amino acid se
quence of the surface protein of the pathogen, in ex~

pression systems, e.g., baculoviruses in insect cells,
results in pure antigen that can be used tor the induc
tion of antibodies.
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The Western blots (combinarion of ELISA and
electrophoresis) allow discrimination of pathogen at
the level of the visualized individual proteins. Re
cenlly Lin et al. (1990) demonstrated a technique
where fresh sections of healthy and infected tissue
were blolted on filters. The pathogen was detected in
specific tissues with immunological techniques and
could be traced with a light microscope on the filler
because the precipitate formed a cellular replica of
the infected tissue.

Immunoglobulins conjugated to gold have been
applied to detect antigen-antibody complexes 011 fil
ters. They are also currently being used for the detec
tion of pllll10gens in thin sections of infected leaf
tissue. At low magnification with the epi-illumination
microscope, a brilliant blue color is seen at the la
belled sites while at high magnification in the electron
microscope black spheres mark the location of the
pathogen (Van Lent and Verduin, 1991).

Detection of Nucleic Acids

Several improvements have been made to the applica
tion of complementary DNA or RNA probes to detect
pathogens. Moslly 32P-labelled nucleotides were used
to label these nucleic acids radioactively, with spe
cific activities up to 1010 cpm ~g-I, which can detect I
pg of target sequences. Squash blots have been used
successfully with small tissue samples and aphids
(Boulton et al. 1984).

Over the past 10 years, several laboratories have
reponed utilization of nonradioactive probes. At first
biotinilated probes were used (Langer-Safer et al.
1982) since they interacted strongly and specifically
with avidin and streptavidin, which in turn were cou
pled to alkaline phosphatase. Streptavidin was pr(~fer·

red because of its more neutral isoelectric point and
in causing lower backgrounds. Many other haptens

AMPPD
3-(2'-spiroadamantane)-4-methoxy-4-(3"-phosphoryloxy)phenyl-I ,2-dioxetane

Internal energy source

Stability Emission

0-0

{

Phosphate

o or

\ GalaclO""

Alkaline phosphatase

Figure 6. Schematic representation of AMPPD [3.(2'·spiroadamantane).4.methoxy-4.(3"-phospho
ryloxy)phenyl.l,2.dioxetane] and its separate functional building blocks.
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Figure 7. Schematic representation of nonradioactive hybridization and subsequent detection with
alkaline phosphatase and AMPPD as chemilumlnescent substrate.

such as dinitrophenol (Shoyer and Nakane 1983),
2-acetylaminofluorcne (Landegent et al. 1984) and di
goxigenin (Boehringer-Mannheim, GmbH., Man
nheim, Germany) have been used as substitutes for
biotin. Digoxigenin was originally developed for rou
tine detection of viroids but now it is used in many
other systems. High-quality digoxigenin-Iabelled nu
cleotides, e.g., Dig-dUTP, are commercially avail
able. The detection of the hapten occurs with systems
similar to those used for protein detection. The en
zyme/substrate combination most commonly used is
alkaline phosphatase/nitroblue tetrazolium with di
chlorophenol indophenol. The sensitivity of this
method is comparable to radioactive labeling, i.e., up
to 1pg of target sequences (Roy et al. 1989).

Computer-aided design and sophisticated syn
thesis protocols have led to development of a well-

defined substrate that meets the requirement of an
ideal substrate. AMPPD (3-(2'-spiroadamamane)-4
methoxy-4-(3"-phosphoryloxy)phenyl-l,2-dioxetane)
(Bronstein et al. 1990) consists of three different ele
ments (Fig. 6), one to make the compound soluble
and stable in water, one that contains the energy
source, and one that acts as a fluorophore. This com
plex is activated by alkaline phosphatase resulting in
removal of phosphate. The phosphatase excites many
fluorochromes that can emit a constant amount of
light for a certain time period. The light emitted by
the fluorochromes is detected by autoradiography
(Fig. 7). Several exposures can be made on different
films. A further advantage is that fluorochrome can be
washed away and the alkaline phosphatase can be
inactivated, thus permitting probing of target se
quences with a different label.
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Reproblng is often applied with the restriction
fragment length polymorphism (RPLP) method to de
tect different genes or other molecular markers. This
method has been used in detection, classification, and
identification of pathovars in fungi and bacteria (Pan
abi~res et al. 1989).

In the 1970s, most probes were prepared by nick
translation of double-stranded DNA and, later,
primer-directed synthesis of pathogen sequences was
achieved by cloning into phage DNA. Often vector
sequences were allached 10 the probe. The develop
ment of vectors carrying two different promoters for
DNA.dependent Ri~A polymerltses in different direc
tions enclosing a multilinker site enables preparation
of RNA transcripts with both polarities and without

any vector sequences. Of course the abovementioned
nucleotidcs conjugated to different haptens have also
been applied to these transcripts called "rlboprobes".
The advantages and disadvanlages of nonradioactive
probes are the following.

Advantages
• Stability of probes
• No radioactivity
• Inexpensive
• Rapid detection

Disadvantages
• Possible stearic hindrance during hybridization, be

cause of hapten presence

Polymerase Chain Reaction

plant virus RNA
5' ....1 --113'

«««« [=::J
cDNA
synthesis

- »»»»)

Repeat I
n times {

dsDNA
synthesis

polymerase
chain
reaction

«««« c::J

2n copies of target
DNA to be visualized
by ethidium bromide
staining of gel

_ Positive Strand c:::J Negative Strand

Figure 8. Schematic representation or the amplification of S ;.oiant virus single-stranded RNA with the
polymerase chain reaction (peR).
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Detection of TSWV by PCR

MHIO I H H HI HI H HI H I HI M
sizes (kbp)

1.8 
1.I 
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0.4

500bp
PCR fragment

primers

Figure 9. Detection of tomato spotted wilt virus (TSWV) by peR. The agarose gel shows DNA frag
ments obtained by reverse transcription and subsequent amplification of leaf sap samples from healthy
(n) and TSWV-infected (I) tobacc:. plants using synthetic oligonucleotides derived from the TSWV
S·RNA sequence. M =Marker lane (phage DNA restricted with PStl); 0 =negative control without
leaf sap.

Finally, the most recent and one of the most
promising techniques is the polymerase chain reac
tion (PeR). With this technique nucleic acids can be
enzymatically amplified by several cycles of nucleic
acid synthesis. PeR requires knowledge of (some)
sequences of the nucleic acid to be amplified in or
der to prepare the oligonucleotide primers. In case
of double-stranded DNA the strands are separated at
a temperature of around 95'C and after addition of
the primers both strands are reannealed at a tem
perature of around 30'C with their respective
primers. The whole mixture, including the four nu
c1eotides and the thermostllhle Taq-polymerase, is
then incubated for several minutes at 50'C to syn
thesize the full complementary strand~. These are
denatured again and the whole cycle is repeated
(Fig. 8). After 25 cycles, one molecule is amplified
to 30 million molecules. In terms of equipment, a
simple waterbath where the temperature can be
changed within several minutes from 90'C to 30'C
and vice versa is sufficient, though sophisticated.
Highly sophisticated machines have been con
structed that are programmable and can be left over
night to process some 50 different samples.

Possible applications or PeR have been described
in recent handbooks (Ehrlich 1989; Innis et al. 1990).
For detection of pathogens with known sequences, it

is possible to amplify a few molecules from a leaf
sample and visualize the product by ethidium bro·
mide staining of the product as shown for TSWV in
Figure 9. Examples can also be given of amplified
sequences that are hybr.idized with a specific probe.
For example in several picornaviruses there is a re
gion in the genome where the end sequences are
highly conserved and where the middle sequences are
specific for subgroups like rhinoviruses and entero
viruses. After amplification of several samples with
the conserved primers, the product is spotted on fil
ters and hybridized with rhinovirus or enterovirus
specific probes, thus permitting not only detection but
also identification of strains or types within the fam
ily. A similar approac/l may be applicable to plant
virus~s, viroids, and prokaryotes if more genome se
quences become available.
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Biotechnology in Plant Virus Research at the
National Botanical Research Institute of India

G. Chandra, B.P. Singh, R.K. Raizada, Aminuddin,
and K.M. Srivastava I

....

Recent biotechnological approaches have sho"''!'1 im
mense potential in various aspects of /;~'f:1I improve
ment. A wide variety of technique:; used f'Jt the
diagnosis of viruses, methods for elimil:utilig virL:8cs
through tissuc culture coupled with chcmc(herupy,
and recent techniques of transforming plants with de
sired gcnes have not only shown potential in crop
improvement, but have also unraveled approaches that
can be used to manage virus and viroid incited
diseases.

The National Botanical Research Institute (NBRI)
is primarily engaged in research on virus diseases of
ornamental plants, with special reference to their
idcntification, diagnosis, and management. Viruses
affecting Gladiolus, Chrysanthemum, Amaryllis, Pe
tunia, Gerbera, and Ice plant have been identified on
the basis of biological properties, transmission char
acteristics, and morphology of virus particles, and
serology. Viruses that are frequently isolated ar.: bean
yellow mosaic virus (BYMV) on Gladiolus; chrysan
themum virus-B, tomato aspermy virus (TAV), and a
strain of cucumber mosaic virus (CMV) on Chrysan
themum; Hippeastrum mosaic virus on Amaryllis; pe
tunia mosaic virus on Petunia,' Dorotheanthus chlo
rotic spot virus on Dorotheanthus; and an unidentified
ilarvirus on Gerbera. Methods for purification for
various viruses have been standardized and polyclo
nal antisera produced.

Immunodiagnostic techniques such as enzyme
linked immunosorbent assay (ELISA), OuchterlQny's
double diffusion test, dot immunobinding assay, and
immunosorbent electron microscopy for trapping and
decoration of particles as well as their labelling with
gold particles is being used at NBRI for various pur
poses. These purposes relate to identification and
differentiation among strains, mass detection of vi-

rus(es), and detecl"on of conta~ination of unrelated
particles in a purif,ed preparation of a virus.

Double antibridy sandwich ELISA (DAS-ELlSA)
is the method (,f choice for detecting Hippeastrum
mosaic virus in Amaryllis and in Hippeastrum while
indirect ELISA is being csed for detection of BYMV
in Gladiolus, and TAV, CMV, and Chrysanthemum
virus-B in Chrysanthemum.

Tissue culture coupled with chemotherapy is be
ing exploited for elimination of viruses from infected
stock. Inclusion of virazole and some dyestuffs in
tissue culture medium has given encouraging results.
Viruses l,ike potato virus X and Y, eggplant mottled
crinkle virus, Dorotheanthus yellow spot virus, pc·
tunia mosaic virus, and an ilarvirus causing chlorotic
stunt in Gerbera have been successfully eliminated
using virazole. Dyestuffs like ethidium bromide, mal
achite green, acridine orange, and eosin Y, though
effective, were not able to completely eliminate
viruses.

Recently, we have initiated work for developing
transgenic plants expressing coat-protein genes for
management of a virus affecting ornamentals as well
as a few other economic plants. A strain of CMV
causing lethal necrosis in tobacco has been selected
for study. RNA was isolated from purified virus parti·
cles. cDNA synthesis was carried out and the comple
ment,u'y ds DNA fragments have been cloned in a
phsn1r.l p.i3SKS. The cDNA library consists of 630
dOIIO:r. o~ varying sizes.

Five clones were selected and plasmids carrying
the.: inset DNA were digested with Xbal and Pstl and
.,eparate;d from the plasmid DNA by electrophoresis
on agarose gels. The band was excised and the insert
DNA was purified using DEAE paper. The insert
DNA thus separated from the gels were labelled by

t. Plant Virus LaboralOry, National Bocanlcat Research institute. Lucknow 226OOt.IOOIa.
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nick translation. The labellcd probes wcre used to
detcct the corresponding viral RNA in Nonhern
blols. Thus, clones represcnting RNA-I, RNA-2, and
RNA-3 have been idcntified. The RNA-3 clone gave II

weak signal with RNA4 as well, indicating that thc
c10nc representing RNA-3 consists of a major porlion
of RNA-3a and only a minor portion of RNA-3b.

ll1CSC rcsults have provcd that the putative satellite
RNA which we earlier observed in preparation "f
virus particles did not hybridize to any of the c10ncs
representing RNA·I, RNA-2, lind RNA-3. Addi
tionally this satellite RNA is not infectious in the
absence of genomic RNAs that had been worked on
earlier by us lind reported by other workers liS well. It
also WIIS earlier observed that approximately 50% of
the RNA isolated from purified virus particles consti
tutes the satellite RNA. Currenlly, we are studying the
role of this RNA in symptom modulation.

.~. ." (.

Our future work to thcse c10ncs would embrace
severallispeclS. The primary lIim, however, is to raise
transgenic tobacco planlS expressing the coat protein
gene for development of built-in resistance in tobacco
against CMV. Subsequcnt aims Include differentia
tion of CMV strains bascd on RNA proteclion assays
using clones representing RNA·I, RNA-2, RNA-3.
and RNA·4, sepllrately.

Of the six strains of CMV isolated by us from
different hosts, five contain satcllite RNA. Once we
are able to get a representative clone of satellite RNA
of the CMV stmin causing lethal necrosis in tobacco,
we would try to establish its homology/heterogeneily
with satellites associated with different strains. Simul
taneously, we are attempting to isolate and clone the
satellite RNA of the other strains for our future work
on the role of satellite RNA in symptom modulation
in different host-virus combinations.

=
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Immunological Detection and Epitope Analysis of Plant
Pathogens and their Gene Products: Monoclonal

Antibodies in Plant Pathology

R.L. Jordan and H.T. Hsu1

Abstract

Various applications ofmonoclonal antibodies (McAbs) in detection assays. epitope analysis. and
characterization ofstrainslisolates ofplant viruses belonging to tobamovirus. /larvifllS. lllteovirus.
potexvlrus, and potyvirus groups are given. In all these cases viral structural proteins were usedfor
McAb production. Examples ofmonoc/onal antibody productlonfor nonstructural viral proteins are
also given. McAbs so far have not been widely used for studies on plant pathogenic bacteria.
Examples in which McAbs have been produced for bacteriallipopolysaccharides or extracellular
endopectate lyases are given. In limited nwnber ofcases McAbs have been usedfor distinguishing
bacterial strains. Various prokaryotes for which McAbs are available inclwit! spiroplasmas and
mycoplasma-like organisms. rhey facilitated diagnosis and in some cases identification ofstrains.
McAbs are currently not being widely usedfor the identification offungal pathogens. Examples of
McAb producedforfungi are given.

rhe full potentiol ofhybridoma technology has !Jeen exploited only in the case ofplant viruses.
rhe superior discriminatory potential of McAbs. especially for distinguishing strainslbiotypesl
pathotypes in the case ofplant pathogenic bacteria. prokaryotes, andfimgi is yet to be tapped.

I

Introduction

Functions of plant pathologists include diagnosis of
plant diseases, detection and identification ofdisease
causing organisms, and research on biotic pathogens
and host-pathogen interactions (Grogan 1981). An ul
timate goal in plant pathology is plant health, that is,
disease control. The correct diagnosis of any disease
is, of course, a prerequisite for its control. The more
rapidly and accurately the disease-eausing organism
can be idelltified, the sooner proper control measures
can be initiated. Common methodologies in disease
diagnosis and pathogen detection include symp
tomatology, microscopy, microbiological techniques,
bioassay techniques, and serological techniques.

Plant pathologists have found immunochemical
techniques to be extremely useful for the rapid and
accurate routine detection of plant pathogens and ulti-

mately the diagnosis of the plant disease (Clark 1981;
Hampton et al. 1990). These techniques have also
been found u~ful for the identification and quantita
tive assay oj plant plSthogens and for determining the
degree of similarity between members of the various
groups of plant pathogens (taxonomy), as well as for
studying the functional and structural aspects of spe
cific antigens associated with plant pathogens, i.e.,
structural and nonstructural gene products.

The introduction of hybridoma technology (Ko
hler and Milstein 1975) has provided methods for the
production of homogeneous and biochemically
defined ~mmunological reagents (monoclonal anti
bodies) of identical specificity, which are produced
b; a single eel! line and are directed against a unique
epitope of the immunizing antigen. HowC'/er, mono
clonal antibody production has only recently been
adapted to the field of plant pathology (Halk and

I. u.s. Department or AgricullW'e. Agric:uhural Research Service, BchsvllJe Agriculbllal Research Center, Bchsvilic. Maryland 2070$, USA.
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DeBoer 1985; Hsu et 01. 1984; Sander and Dletzgen
1984; Van Regenmortel 19840). The purpose of this
report is to review the current status on the produc
lion, characterization, and use of monoclonal anti
bodies in plant pathology. Detailed procedures on the
production of monoclonal antibodies have been well
documented. Readers interested in the various aspects
of producing hybridomas arc referred to Campbell
(1984), Goding (1983), lola (1987), and Jordan
(1990). Attention here wiJI be focused on the utiliza
tion of monoclonal antibodies for the detection and
Identification of plant pathogens, the characterizalion
and analysiG of variants and strains, and the study of
the antigenic structure of pathogen-related proteins.
Additional, alternative, and new avenues in hy
bridoma production reported in the last few years wiJI
also be discussed. For a more detailed consideration
of specific pathogen groups or species, the reader
should consult reviews by Halk and DeBoer (1985),
Hsu et al. (1984), Sander and Dietzgen (1984), Van
Regenmortel (1984a, 1984b), and specific research
articles.

Some Useful New Avenues in
Hybridoma Production

The hybridoma technique has made it possible to
develop monoclonal antibodies (McAbs) in almost
every situation where polyclonal antibodies are used
at present and in several cases where conventionally
produced antibodies have been unsatisfactory. Large
numbers of hybridomas (high efficiency of fusion of
donor spleen cells and myeloma fusion partner) have
been developed from fusions using viruses as immu
nogen, and a large proportion of those hybridomas
secreted the desired antibodies specific for the immu
nogen (high specific efficiency). However, many fu
sions have had specific efficiencies of close to zero.
Realizallon of the potential of antigen-specific McAbs
is often limited by failure to stimulate adequate num
bers of antigen-specific B lymphocytes (spleen cells)
during the in vitro immunization procedure. This fail
ure can be due to any number of factors. Some of
these include: low levels of antigen or 'poorly' immu
nogenic anllgen (resulting in low splenic content of
the appropriate cells), an antigen hierarchy response
(selective responsiveness to one or a few components
of the immunogen preparation; usually the wrong
one), or tolerance (anllgen-specific unresponsiveness)
(Reading 1986). Several techniques have recently
been employed to improve the yield of antigen-spe-
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clfic hybridomas. Some of these procedures IIrc de
scribed below.

1ntrasplenlc (direct injection of the spleen in the
animal; Spitz 1986) and in vitro (sensitization of cul
tured spleen cells with antigen; Reading 1986) immu
nization protocols have been found to increase
specific efficiency compared to the standard in vivo
immunization. These procedures are extremely useful
when very low amounts of antigen are available. The
"immunization" schedule is reduced to 4-10 days.
However, most f)f the McAbs obtained are concomi
tantly of the IgM isotype. An increase in the IgG
response can be achieved by using an in vitro immu
nization as the secondary (or tertiary) immunization
(Jordan et al. 1984; Spraganian et al. 1983). Adoptive
transfer of spleen cells from immunized animals to
X-irradiated syngendc recipients followed by in vivo
antigen boosting has resulted in a 10- to 50-fold
increase in the percentage of antigen-specific hy
bridomas (Spraganian et al. 1983).

Other immunization-related techniques include
using more highly inllllunogenic adjuvant peptides,
e.g., N-acetylmuramyl-L-alanyl-D-isoglulanline (Read·
ing 1986), and injecting suspensions of antigen-bear
ing particles derived from antigen-spotted or blotted
nitrocellulose (Abou-Zeid et al. 1987; Knudsen 1985).

Procedures relating to the selection and/or enhan
cement of antigen-specific B lymphocytes or to the
suppression or induced tolerance of nontarget anti
gen-specific lymphocytes have also been described.
Separation of spleenocytes prior to fusion over a Per
coli gradient, in order to prevent overgrowth of hy
brids by macrophages and fibroblasts and increase
fusion efficiency, has led to a higher yield of antigen
specific hybridomas (Van Mourik and ZeizleIr-aker
1986). Solid-phase immunoadsorption removal of
nontarget antigen-specific lymphocytes using anti
nontarget antigen antibodies has also been shown to
be a viable protocol for increasing the yield of target
specific hybridomas (George and Converse 1988;
Mage et al. 1977). Monoclonal antibody production
by receptor-mediated electrically induced cell fusion
(La et al. 1984) is another form of the B lymphocyte
enrichment procedure. Suppression of immune re
sponse by cyclophosphamide (Campbell 1984) or in
duction of tolerance (Hockfield 1987; Hsu et al. 1988,
1990a, 1990b) has also been used. High doses of an
identified nontarget antigen presented neonatally can
suppress the ability of the immune system to recog
nize that nontarget antigen later in life when both
target and nontarget antigens are present in the immu
nogen mixture (Golumbeski and Dimond 1986;
Hockfield 1987; Hsu et al. 1988, 1990a, 1990b).
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The successful produclion of slnble rabbiI-mouse
hybridomas Ihal secn~1e complele rabbillg monoclonal
anlibody of defined specificity (Raybould and Taka
hashi 1988) should enable Ihe production of McAbs 10
anligens Ihat were not immunogenic in mice.

Monoclonal Antibodies in Plant Virology

Monoclonal antibodies have been produced to nu
merous plant viruses representing different lax
onomic groups since 1981. McAbs have been ob
tained that react with one or more members of the
tobamoviruses (AI Moudallal el al. 1982, 1984;
Briand et al. 1982). the pOlexviruses (Torrance el al.
1986a). the potyviruses (Bahrani et al. 1986; Culver
and Sherwood 1988; Dougherty et al. 1985; Gugerli
and Fries 1983; Hill et al. 1984; Hsu et al. 1988;
Jordan and Hammond. 1991; Mclaughlin et al. 1986;
Sherwood et al. 1987; Wang et al. 1984; Wisler el al.
1989; Yao et al. 1984), the luteoviruses (Diaco et al.
1986b; Hsu et al. 1984; Hu and Rochow 1988; Marlin
and Stale-Smith 1984; Slack et al. 1984; Torrance et
al. 1986b). the sobl:moviruses (Tremaine et al. 1985a,
1985b). the nepoviruses (Power 1986). the ilarviruses
(Aebig et al. 1987; Halk 1984: Halk and Burhop 1985;
Halk et al. 1984; Jordan and Aebig 1985; Jordan et al.
1984. 1985a). the phytoreoviruses (Jordan et aI.
1985b). the caulimoviruses (Hsu and Lawson 1985).
as well as to a number of viruses in other groups
(Gracia et al. 1986; Hiruki et 81. 1984; Hsu et al.
1990a; Hu et al. 1990; Martin 1984; Parmer 1990;
Sherwood et al. 1989; Vela et al. 1986).

Monoclonal antibodies have also been produced to
nonstructural viral proteins. For example. McAbs
specific to a cloned protein from cucumber mosaic
virus were produced by MacKenzie and Tremaine
(1988). McAbs specific to potyvirus helper compo
nents (Jordan et al. 1990) and potyvirus cytoplasmic
inclusion protein (Baker and Purcifulll990) have also
been generated. In addition, McAbs specific to dou
ble-stranded RNA have also been produced (Garcia et
aI. 1986; Lukacs 1990; Power 1987).

In the following sections, we will attempt to illus
trate. with specific examples, the application of hy
bridoma technology to plant virology and how it has
provided an expanded battery of both biological and
analytical tools for the investigation of plant viruses
and virus-host interactions.

Tobamovlruses

The monospeciflcity of McAbs makes them partic
ularly useful for studying the complex antigenic struc-

ture of proleins. Onc of the tirst reporls in plant pa
thology using monoclonal anlilJodies 10 map Ihe anti
genic slruclure of a protein \~/lIS given by AI
Moudallal el al. (1982) and Van Regenmortel (l984a)
with tobacco mosaic virus (TMV). The anligenic
struclure of TMV was analyzed by measuring the
ability of nine McAbs to distinguish between wild
type virus and thirteen mutants having single and
double amino acid substitution:: in the c'Jat protein.
The majority of the teslcd antibodies delecled those sub
slitulions that were situalcd on the ouler surface of Ihe
virion. In addition. some of them also recognized confor
malion changes that were induced by substitutions oc
curring deep within Ihe protein subuniL Each of Ihe nine
tested McAbs possessed a unique discrimination pallero
with respect to Ihe different substitutions.

In another study with these same nine McAbs
(Briand et al. 1982), several serologically indis
tinguishable (by polyclonal sera) strains of TMV
could be differentiated for the first time. Dietzgen and
Sander (1982, 1984) produced and identified a virus
infectivity-neulralizing McAb that reacted with the
carboxy-terminus of TMV coat prolein. They pro
posed a biological function for the carboxy-terminal
tetrapeptide based on this data.

lIarvlruses

The i1arviruses, apple mosaic virus (ApMV) and
Prunus necrotic ringspot virus (NRSV), have been
shown to cause serious diseases in a number ofcrops.
including stone and l'0me fruits, and rose. Halk et al.
(1984) produced 14 hybridomas secreting McAbs
specific to NRSV. ApMV. tobacco streak virus (TSV)
or alfalfa mosaic virus (AMV). Seven of the McAbs
recognized six distinct epitopes among the two vi
ruses NRSV and ApMV. These McAbs were able to
define 5 serotypes of ApMV and 3 serotypes of
NRSV from a collection of 21 ApMV or NRSV
strains. In using various immunosorbent and western
blot analyzes with these McAbs. it was demonstrated
that these seven antibodies possessed seven unique
epitopes. two of which are common on other unre
lated i1arviruses (Aebig et al. 1987; Jordan and Aebig
1985; Jordan et al. 1985a). Some of these epitopes are
present only on intact virions (conformation depen
dent. external epitopes). whereas other epitopes are
present only on disrupted virions (conformation inde
pendent. non-surface epitopes). Three of the McAbs
have been shown to neutralize infectivity in vitro (Ae
big et aI. 1987). A modified indirect ELISA using a
mixture of three NRSV-specific McAbs as "coating
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antibody" and a mixture of two NRSV-specific
McAbs as alkaline phosphatase-conjugated "detect
ing antibody" was shown to be effective in detecting
purified virus and virus-infected plants (Halk 1984).

Lutcovlruses

Barley yellow dwarf virus (BYDV) is an economi
cally important plant virus worldwide in barley,
wheat, and oats. It occurs in many perennial grasses.
Several distinct strains have been characlerized based
upon specificily of aphid lransmission. The five Norlh
American groups are serologically distinct using
polyclonal antisera. Hsu et al. (1984) produced four
slrain-spedfic McAbs and three cross-reaclive McAbs,
illustrating the presence of at least two common epi
lopes among two separate strain-pairs. They also
demonstrated thaI injection of one of the BYDV-spe
cific McAbs into aphids reduced their ability to trans
mit virus. Anti-idiotypic polyclonal antibodies were
raised against this neutralizing McAb to study epitopc
specificity of the McAb and to probe salivary gland
membranes for virus receptors (Hsu and Rochow
1988).

In another study, Torrance et al. (1986) produced
five rat McAbs to a UK isolate of BYDV and used
these antibodies to characterize field isolates of
BYDV. All of the UK, North American, and Swedish
isolates could be placed in one of four groups based
on McAb reactivities.

Using 27 McAbs (those above and others) to 4
luteoviruses, D'Arcy et al. (1989) detected strong he
terologous reactions with 17 strains of 7 luteoviruses
and identified common epitopes among many pairs of
luteoviruses.

Potexvlruses

A panel of 10 rat McAbs specific to strains of potato
virus X (PVX), an economically important virus
commonly found in potato-growing areas worldwide,
has been produced (Torrance et al. 1986a). One of
these McAbs reacled with all 33 PYX isolates tested,
whereas another McAb reacted with only 2 of the 33
isolates. Two of the McAbs were shown to be ex
tremely useful in identifying "resistance·breaking"
PYX strains from indigenous non-resistance-breaking
phenotypes. Polyclonal sera currently used in testing
imported germplasm cannot distinguish the two phe
notypes.
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In further studies with these McAbs, Koenig and
Torrance (1986) were able to define at least three
antigenic determinants on the prolein subunits of the
B strain of PYX when native and denatured virus
preparations were studied in various serologicaltesls.

Potyvlruses

The potyviruses comprise the largest and economi
cally most important group of plant viruses and affect
a wide range of crop plants. It is no wonder then that
the majority of monoclonal antibodies that to date
have been generated to plant viruses have been to
members of the potyvirus group (Bahrani et al. 1986;
Dougherty et al. 1985; Gugerli and Fries 1983; Hill et
al. 1984; Hsu et al. 1988; Jordan and Hammond 1990;
McLaughlin et al. 1986; Sherwood et al. 1987; Wang
et al. 1984; Yao et al. 1985).

Monoclonal antibodies generated to potato virus Y
(PVY) by Gugerli and Fries (1983) reacted with com
mon epitopes of 24 isolates belonging to the tobllCCO
veinal necrosis (N), common (0), and stipple streak
(C) strains of PVY. A McAb specific to a common
PVY antigenic epitopc gave more uniform reactions
in ELISA for the detection of PVY viruses than poly
clonal antibodies from rabbit serum.

Hill et al. (1984) produced McAbs to lettuce mo
saic virus (LMV), soybean mosaic virus (SMV), and
to two strains of maize dwarf mosaic virus (MDMV).
Seven of the eight McAbs were strain specific. The
other, LMV-generated, McAb was very weakly cross
reactive with MDMV and SMV when used in radio
immunoassay. Two SMV-specific McAbs that recog
nize two different epitopes were used in a double
monoclonal antibody-based, nonisotopic, biotin-avi
din ELISA for the detection of SMV antigen in soy
bean seeds (Diaco et al. 1985). One of these McAbs
was also shown to be useful for the purification of
SMV by immunoaffinity chromatography (Diaco et
al.1986a).

Dougherty et al. (1985) prepared 10 McAbs to the
capsid protein of tobacco etch virus (TEV). Three of
the McAbs were specific to externally located epi
topes present only on TEV isolates. The remaining
seven McAbs were specific to epitopes not readily
accessible on the virion surface of a variety of differ
ent potyviruses including TEV, PVY, tobacco vein
mottling virus, pepper mottle virus, watermelon mo
saic virus II, -;od MDMV. The latter results suggest
that some epitopes common to many potyviruses that
reside within the interior of the virions have been
conserved during evolution (Dougherty et al. 1985).

I
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Monoclonal antibodies prepared to tulip breaking
virus (TBV) (Hsu et al. 1988) that were selected by
indirect ELISA when viral antigen was used to coat
the plates were not useful in detecting TBY infections
in double antibody sandwich ELISA (polyclonal rab
bit antibody coated plates). These McAbs were
shown, however, in indirect ELISA to be able to dif
ferentiate strains of TBV and to react selectively to
distinguish at least 10 other potyviruses, including
bean yellow mosaic virus (BYMV), iris mild virus
(IMMV), and iris severe mosaic (ISMV) viruses
(Hammond and Chastagner 1989; Hammond et al.
1985; Hsu et al. 1988).

Using as immunogen a mixture of different poty
viruses (including BYMV, ISMV, IMMV, and PVY),
30 potyvirus-specific McAb-secreting cell lines were
generated by Jordan and Hammond (1991). All of the
McAbs react with at least one BYMY isolate. Four
teen of them recognize epitopes found only
on strains of BYMV or BYMV-subgroup isolates,
whereas the remaining 16 McAbs react with a BYMV
isolate and with at least 1 of the other 43 potyvirus
isolates tested. At least 25 different poty-virus coat
protein epitopes could be delineated with the McAbs
based on antigen specificity using more than 55 poty
virus isolates. As was shown with the TEV McAbs
(Dougherty et al. 1985), most of these potyvirus
McAbs that were specific to conserved epitopes com
mon to many members of the potyvirus group reacted
\" antigenic sites not found on the surface of intact
virions (Jordan and Hammond, 1991; and Jordan, un
published data). These McAbs have also been shown
to be extremely useful in the detection of various
potyviruses in infected plants (Jordan and Hammond
1990) as well as for the detection and characterization
of fusion proteins expressed in cloned inserts of the
viml coat protein gene (Hammond et al. 1990; and
Jordan and Hammond, unpublished).

The above examples illustrate that strain-specific,
virus-specific, and possibly even group-specific McAbs
have been generated to the potyviruses. Their poten
tial usefulness as serological probes in taxonomic and
structure-function studies of potyviral capsid protein,
and in routine virus detection, is obvious.

Monoclonal Antibodies in Plant
Bacteriology

Plant Pathogenic Bacteria

Although polyclonal antibodies have been widely
used for the serological detection, serotyping, and tax-

onomic classification of bacteria, the application of
monoclonal antibodies in plant bacteriology is still In
iIB infancy. Monoclonal antibodies have been made to
only a small number of plant pathogenic bacterin.
These include Agrobacterillm tllmelaciens (Bishop et
al. 1989), Corynebacterium sepedoniclml (DeBoer
and Wieczorek 1984; DeBoer etal. 1988; Magee et al.
1984), Xant/tomonas campestris (Alvarez et al. 1985,
1986; Norman and Alvarez 1989; Yuen et al. 1986;
Ci'leolo and Hsu, unpublished data), Erwinia ananas
(Sheng et al. 1986), and E. alllylovora (Lin et al.
1986). In addition, monoclonal antibodies have been
made to lipopolysaccharide of E. carotovora subsp
atroseptica (DeBoer and McNaughton 1987) or extra
cellular endopectate Iyases of E. carotovora subsp
carotovora (Livingston et a!. 1986; Klopmeyer and
Kelman 1988).

Because monoclonal antibodies are specific to
single epitopes, they should be useful in bacterial
strain analysis. In fact, monoclonal antibodies pro
duced for X. campestris pv. campestris have been
used for rapid identification of strains and for tracing
strains in epidemiological studies of black rot of
crucifers (Alvarez et al. 1985; Yuen et al. 1986).
Using a panel of monoclonal antibodies, a unique
strain of X. campestris pv. citri causing Mexican
citrus bacteriosis was identified (Alvarez et al.
1986). On the other hand, broad spectrum monoclo
nal antibodies generated to C. sepedonicum, which
react with all strains of the pathogen, have been
shown to be useful probes for disease detection and
in seed certification programs (DeBoer and Wiec
zorek 1984; DeBoer et al. 1988).

Many broad-spectrum monoclonal antibodies,
however, when diluted, show different degrees of re
activities to various strains of a pathogen (Sheng et al.
1986; Civerolo and Hsu, unpublished data). Many
positive results may be observed when high concen
trations of antibodies are used. Fewer positive reac
tions are recorded when higher dilutions of antibodies
are employed in the tests. Such quantitative differ
ences may be useful in differentiating strains of bacte
rial pathogens.

Enzyme immunoassays (BIA) and immunofluor
escence assays are two of the most commonly used
methods for identification of bacterial pathogens. En
zyme immunoassays are popular because the tech
niques are sensitive and the results are visible without
aid of specific instruments. Immunofluorescent as
says, although not as widely used as EIA for identi
fication of plant pathogenic bacteria, are extremely
sensitive methods for localization of pathogens. Ap
plication of monoelonal antibodies in immunofluores-
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cent assays Is a feasible method for identillcatlon of
pathogens in Infected tissues (Lin ct al. 1986).

Finally, monoclonal antibodies specific to lipo
polysaccharide (DeBoer and McNaughton 1987) or
extracellular endopectate Iyases (Livingston et al.
1986; Klopmeyer and Kelman 1988) are very useful
reagents in studies of host-parasite Interaction. They
can be high-precision tools for Investigating the role
of those molecules in pathogenesis. Their usefulness
as specific probes is now being investigated (Klop
meyer and Kelman 1988; Maher et al. 1986).

Fastidious Gram-negative Bacteria

Hung et al. (1987) have reported the production of
three hybridomas that secrete antibodies specific to
strains of the plum leaf scorch bacterium that are
responsible for the plant diseases designated as plum
leaf scorch, phony peach, Pierce's disease of grape
vine, elm leaf scorch, periwinkle wilt, sycamore leaf
scorch, and mulberry leaf scorch. One McAb reacted
only with the elm leaf scorch bacterium. These anti
bodies should be useful reagents to begin to under
stand the biology, epidemiology, and pathology of
these organisms.

Splroplasmas

Spiroplasmas are cell wall-less prokaryotes that are
characteristically helical and motile and that have
beel, shown to be important pathogens of plants, in
sects, and vertebrates. Monoclcnal antibodies have
been generated that are highly specific to Spirop/asma
citr; (Jordan et al. 1989; Lin and Chen 1985a), to the
corn stunt spiroplasma (CSS) S. klUlkelii (Jordan et al.
1989; Lin and Chen 1985b), or to epitopes present on
both spiroplasmas and/or other Group I spiroplasmas
(Jordan et al. 1989).

All nine McAbs produced agains~ S. cirri (Maroc)
by Lin and Chen (l985a) were highly specific for 10
of 14 isolates of S. citr;. None of the McAbs reacted
with any of the 27 other spiroplasmas tested. Based
on the antigen specifi:ity tests reported, no valid con
clusions can be drawn concerning epitope specificity.

In a separate study, Lin and Chen (l985b) pro
duced a panel of 7 McAbs to CSS (1747) that reacted
only to 3 strains ofCSS and not to any of the 29 other
spiroplasmas tested. Again, no statements can be
made concerning epitope specificity.

Forty-six McAbs were obtained by Jordan et al.
(1989) using a mixture of S. citr; (R8A2) and CSS

(1747, F32, PUB-I?) as an Immunogen and screening
antigen. When tested against 36 strains of spiro
plasmas representing group I and groups IV-XI spiro
pl&smas, 17 McAbs were selected that react only with
the strains of S. citr; tested, and 17 McAbs that react
only with S. kllnkelii Isolates. The remaining 12
McAbs react with antigenic sites common in three to
eight of the eight group I spiroplasmas, including
honeybee spiroplasmas (AS576), Maryland flower
spiroplasma (MS5), Cocos spiroplasmas (N525), and
the periwinkle spiroplasma, S. pllOell;cellm. Based on
the McAb reactivities to the various spiroplasma
strains tested, the 46 McAbs define at least 17 differ
ent h'J'ouP I-spiroplasma epitopes. Three of these epl
topes are located on nonmembrane-bound protein(s)
(Jordan et al. 1989; Konai et al. 1986; Jordan, un
published).

All of these highly specific serological reagents
should be very useful in providing new information
on the antigenic relationships among the spiro
plasmas, as probes for the detection and identification
of spiroplasmas in plants and insects, and as molecu·
lar probes in identifying and locating specific spl·
roplasma proteins.

Mycoplasma-like Organisms

Mycoplasma-like organisms (MLOs) have lY:en im
plicated in more than 300 yellows-type dif,eases in
plants. Diagnosis of diseases caused by MLOs and
identification of the casual agents are not only diffi
cult but also time consuming. Currently, the yellows
diseases are only differentiated by host 'fange, symp
tomatology, and insect-vector relations; none have as
yet been cultivated in vitro. Although serology offers
several reliable and rapid metho..."s for pathogen de·
tection and disease diagnoo;is, suffj~;::r.i pure quan
tities of MLO have not been oNaintA for conventional
polyclonal antibody production. Monoclonal anti
bodies, however, have been produced to a limited
number of plant pathogenic MLOs inclUding the aster
yellows agent (Lin and Chen 1985c), the maize bushy
stunt agent (Chen and Jiang 1988), the primula yel
lows agent (Clark et 01. 1989), the peach eastern
X-disease agent (Jiang et al. 1989), and an agent that
induces tomato big bud disease (Hsu et al. 1990).

Lin and Chen (l985c, 1986) reported the first suc
cessful production of McAbs to an MLO agent, the
aster yellows (AY) agent, which was achieved by
using insect vector salivary glands as the antigen for
immunization and for hybridoma screening. In indi
rect ELISA tests, a selected McAb reacted specifi-
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clllly wllh Ay-MLO-lnfected plants and differentiated
the AY agent from other MLO's. In in situ detection
by Immunofluorescent staining, the McAb bound spe
cifically to the AY-MLO in sieve tubes in infecled
plllnls. Similar results were also obtained for the
peach eastern X·disease agent (Jiang et al. 1989). Em
ploying an immune tolerance inducing procedure
using mice neonatally injected with nontarget anti
gens prescnt in immunogen preparations before 1m
munlzatlon-20 McAbs specific to the tomato big
bud disease MLO agent were produced by Hsu et al.
(l990c). 'l11e highly discriminatory capacity of these
McAbs to differentiate MLOs will be the most impor
tant advantage over polyclonal antibodies for MLO
disease diagnosis, disease forecasting, and epidem
iological stUdies.

Monoclonal Antibodies in Fungal Plant
Pathology

The application of monoclonal antibody technology
in the field of fungal plant pathology has, so far, been
mostly limited to just a few diseases (Banowetz et al.
1984; Benhamou et al. 1985a, 1985b; Gendloff et al.
1987; Iannelli et al. 1983; Miller et al. 1986; Nameth
et al. 1990). Monodonal antibodies against spores of
Fusarium oxysporwn f. sp Iycopersici rtacted with
several Fusarium spp (Iannelli et al. 1983). However,
based on quantitative differences in specific antibody
binding patterns, different Fusarium spp, as well as
formae speciales of F. oxysporwn, could be differen
tiated. Similar types of results were reported by Ban
owetz et al. (1984) using McAbs directed against
teliospores of Tel/etia in immunological comparisons
of two species of the wheat bunt fungi. A monoclonal
antibody directed against Pythium aphanidermatWlI
was shown by Miller et al. (1986) to react with four
different species of Pyt!Jium, all of which have been
shown to be involved in Pythium Blight in turfgrass.
In a McAb-based diagnostic immunoassay, the Py
thium spp could be detected in inoculated and natu
rally infected turfgrass samples and no cross-re
activity was observed with other common turfgrass
pathogens. Nameth et aI. (1990) developed a McAb
against the necrotic ringspot of turfgrass pathogen
Leptosphaeria ko"ae. This McAb was shown to be
~pable of detecting L. korrae in culture and in natu
rally infested bluegrass. A McAb against T-2 toxin, a
mycotoxin produced by various plant pathogenic Fu
sarium spp, was produced by Gendloff et aI. (1987)
and shown to cross react with several T·2 toxin
metabolites.

The successful production and usc of two mono
clonal antibodies speclnc for a phytotoxic
glycopeptide produced by OplJlostoma IIlml, the
Dutch elm disease pathogen, has been reported by
Benhamou et al. (l985a, 1985b). TIlese McAbs were
utilized by immunohistochemical and Immu
nocytochemicaltechniques for the in situ identification
of the toxic glycopeptide. The toxin was detected, lit
the light microscope level, in the fungus by immu
nofluorescence and immunoperoxidase techniques,
and in the infected elm host tissues by the latter tech
nique. At the electron microscope level, the antigenic
macromolecule was detected and localized in the
fungus and infected elm tissue using monoclonal anti
body-protein A-gold complexes. This work demon
strated quite elegantly the use of highly specinc
antibodies for evaluating qualitatively the distribution
of a phytotoxic compound.

Conclusions

The initial intended use of monoclonal antibodies in
plant pathology has been for diagnostic purposes. The
great potential for McAbs in pl.ytopathological diag
nostics is essentially because homogeneous anlibody
preparations with defined activity and specificity can
be produced in large quantities over long periods.
Even though the hybridoma technology is a laborious
and expensive enterprise compared to standard im
munization procedures, in the next few years McAbs
will most probably be generated against many plant
pathogens, especially those for which there is a de
mand for large-scale diagnosis. Diagnostic applica
tion for plant viruses and for plant pathogenic bacteria
and fungi have already been demonstrated, albeit on a
limited scale.

Compared to polyclonal antisera, McAbs often
possess a superioi discriminatory capacity for reveal
ing small differences in the structure of epitopes.
McAb use in plant pathology has demonstrated that
certain fine details of the antigenic structure, espe
cially conformational aspects, could only be ascer
tained by using hybridoma technology. Current
observations indicate that with McAb probes it
should be possible to evaluate qualitatively and quan
titatively the antigenic nature of plant pathogenic
agents and their gene products, the interactions of
these pathogen gene products and toxins with the
plant host, especially in discerning the distribution,
the site of action, and the cytopathogenic effect of
these macromolecules. With the expanded use of
McAbs, immunochemistry will continue to be an
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even more powerful 1001 for Ihe deleclion, asslIY, dif
ferenlialion, and lopographical and slrUClural analysis
of Ihe wide variely of molecules em:ounlered in plam
palhology.
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Abstract

, -c> ~ Maps

The detectloll and exploitation ofpolymorphism ill plams alld allimais represents one of the most
sigllificam developments ill biology. The tools of molecular biology prollide the opportllllity to
develop large lIumbers ofphellotypically fleutml gelletic markers ill any orgallism from which DNA
call be extracted. The exploitatioll of both proteill alld DNA markers in crop improvement are
described. Particlliar attelltion is given to methods for the idemification ofdesirable recombillam
gellotypes in segregating populations. Strategies for the creation of linkage maps are considered
alld the characterization of germplasm at the nuclear alld organellaI' levels is i/lustrated with
reference to crops of particular importance in Asia. The lise of near-isogenic lines to rapidly
idemify gelletir. markers linked to traits of interest is described and the potential of moleclliar
markers to improve the speed and precision of gene introgression from exotic germplasm into
adapted cultivars is emphasized. The role ofmolecular markers in tlte maniplliation ofquantitative
traits is discllssed alld the value of recombinant inbred lines, particlliarly dOlibled haploids, in
IInderstanding the genetic control of polygenic systems is i/lttstrated in barley. Limitatiolls to the
exploitation of marker-baJed technology are considered and lIew approaches for detecting poly
morphism based on the lise of short oligollllcleotide primers in conjllnction with the polymerase
chaill reaction is reviewed. The significant developments in plant genome mapping have beell
dependent on the germplasm. Fllrther advances wi/l demand an integrative, mllitidisciplinary
approach.lmernationalnctworks that provide the conceplllal and administrative framework will be
an importam featllre offUlllre genome mapping projects.

}

Introduction

In most plant breeding programs, the synthesis of new
and improved genotypes relies upon the proc'sses of
recombination and segregation that occur in the pro
genies of heterozygous individual8. A major chal
lenge for the plant breeder is to identify the desirable
recombinant phenotype among the segregating popu
lation. Various scientists have suggested marker
based selection strategies to improve both the speed
and precision of plant breeding programs. The theory
exploits the fact tltat a marker locus identifies a chro
mosomal segment and enables that segment to be
monitored in subsequent generations of selling or
crossing. In this situation the marker should be
readily scoreable. Reports of the association between
seed size and alleles influencing seed color in Pha-

seolus were first reported by Sax (1923). The concept
of using morphological markers in plant breeding is
therefore not new. Examples include those conferring
dwarf stature, inflorescence morphology, and chloro
phyll deficiencie~. Purpi~ mottled seed color in P.
vlligaris is tightly linked to a dominant allele control
ling resistance to bean common mosaic virus (Temple
and Morales 1986).

In a plant breeding context, many morphological
markers have undesirable effects on plant phenotype
and their use in crop improvement has been limited.
Developments in the electrophoretic separation of
proteins and in the exploitation of recombinant DNA
technology have dramatically increased the number
of genetic markers available for use in plant breeding.
The greater utility of molecular markers arises from
live inherent properties that distinguish them from

I. Cell and Molecular Genetics Deplll1ll1ent. Scollish CW:"' Research Institute. Invergowrie. Dundee 002 SDA, Scotland. UK.

Powell, W. t992. Plant gcnomes, gene markers, and linkage maps. Pages 297-322;/1 Bioteelulology and crop improvement in Asia (Moss, J.P••
cd.). P:uancheru. A.P. SOl 324. India: International Crops Research Institulc for the Semi-Arid Tropics.
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of most morphological markers can only be determined
at the whole plant level; whereas molecular loci can be
assayed at the whole plant, tissue, and cellular levels.
Allele frequcncy tendq to be much higher at molccular
loci compared with morphological markers. In addition,
morphological mutanls tend to be associated with unde
sirablc phenotypic effccls. Alleles at morphological loci
interact in a dominant·recc.<iSive manner that Iimirs the
identification of heterozygous genotypes. Molecular loci
exhibit a codominant mode of inheritance that allows the
genotypic identification of individuals in a segregating
population. Fewer epistatic or pleiotropic effects arc ob
served wi!h molecular markers !han with morphological
markers. Hence, a large number of polymorphic mar
kers can be generated and monitored in a single cross.

Inherent in research on genetic transformation is tl'c
approval of the rcgulatory au!horities prior to the release
of genetically transformed material. Although recombi
nant DNA teclmology is used in linkage map creation.
the strategies do not include !he genetic engineering of
plants. Gcne mapping research is !hercfore not con
strained by regulations relating to the release of genet
'.tally engineered organisms.

The detection and exploitation of polymorphism in
plants and animals represents one of the most significant
developments in biology and the objecti\.:s of this re
view arc: to outline the methods used in detecting poly
morphisms in plants; to describe the applications of
marker-based technologies in plant breeding; and to
highlight limitations to current approaches for the inte
gration of molccldar markers with convcntional ap
proaches to crop improvement Molecular markers can
be divided into two categories: protein and DNA
markers.

Protein Markers

The most widely used protein markers in plant breeding
are isozymes. The application of isozymes in plant ge·
netics has been thoroughly reviewed by Tanksley and
Orton (1983) and only recent developments, particularly
in relation to the selection of disease resistant plants, will
be described. Isozymes, or multiple molecular forms of
enzymes, are enzymes that share a common substrate
but differ in electrophoretic mobility (Markert and MoI
ler 1959). They are revealed when tissue extracts are
subjected to electrophoresis in various types of gels and
subsequently immersed in solution containing enzyme·
specific stains. Electrophoretic separation of complex
mixtures of proteins can be accomplished in several
types of support media, including starch gel electro-
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phoresis (SOB), 1~'I""'I'U''''''''' gel
(PAGE) and agarose gels, and cellulose acelate mem
branes (Wendel and Weeden 1990). TIlc two most
widely used systems arc starch and polyacrylamide elec
trophoresis. TIle technique of isoclectric focusing (IEI')
is a further protein electrophoretic technique with high
resolution (Radola 1980). IEF offers several advantages
over conventional continuous syslems such as SOE. In
the case of IEF, protein separation is carried out in a pH
gradient established between two electrodes thut are sta
bilized by carrier ampholytes. Due to tlleir amphoteric
properties, proteins migrate to their isoclectric point (pi),
the pH at which they possess no net charge. Proteins
focus at their pI allowing proteins naturally present at
low concentralions to be detected. IEF is thus an electro
phoretic tr.chnique which gives a high degree of resolu
tion and raises the level of detectable polymorphism.
This is illustrated in Figure 1 where zymograms for
barley leaf esterase (E.C 3.1.1) arc presented for starch
gel electrophoresis and lEE

Electrophoresis of leaf esterases in barley

(a) Starch

.1
(b) IEF

\, f

~H.. .'-.- ....

Figure 1. Comparisons of zymograms for barley
lear esterase using starch gel electrophoresis and
isoelectric focusing (IEF).



IEF over SGE, the relative simplicity of starch gr.1
preparation ensures that SGE is stili a widely used
and effective separation system. In addition, SGE
docs not involve the usc of toxic material whereas the
acrylamide used for PAGE and IEF is a neuroloxin.
Furthermore, starch gel systcms can be easily repli
cated to allow the simultaneous evaluation of a range
of enzyme systems. Thus, where a large number of
enzyme systems are being assayed, the efficiency and
cost effectiveness of starch may compensate for irs
lower resolution relative to IEF.

Two of the main uses of isozymes in plant breed
ing arc given below.

GermplllSm Characterization

Polymorphic isozyme and storage protein systems
have been investigated for usc in classification of a
wide range of crops including wheat (Cooke 1987),
maize (Cardy and Kannenberg 1982), soybean (Cardy
and Beversdorf 1984), and barley (Nielson and Jo
hansen 1986). Recently Thompson et al. (1990) have
used IEF in conjunction with seven protein and iso
zyme marker phenotypes to uniquely characterize 27
out of 29 barley varieties examined. The number of
phenotypes identified in the spring and winter vari
eties is given in Table I and the zymograms illustrat
ing the protein profiles are presented in Figure 2. The
protein profiles at the ~amylase (p-Amy-J) and water
soluble (Wsp-2 and Wsp-3) loci have been examined
in 44 spring and 39 winter barley varieties (Forster et
al. 1991). The frequencies of alleles at the three loci
were found to be different in winter and spring geno
types. Spring genotypes possessed a wider range of
phenotypes than winter cultivars. This is particularly
evident in the case of the Wsp-3b allele which is very
rare in the winter group of barley cultivars. Panda is
the only winter cultivar we have lef 1 possessing this
allele. Similarly, the majority of winter cultivars POSt
sess the 13·Amy-Jb allele. The p-Amy-J locus is known

!md segregation analysis indicatcd that Wsp-3 and
p.A/l'JY.J arc linked (0.111 ± 0/122) (Forster et al.
1990). Winter and spring barley g~'notypes can there·
fore be distinguished on the basis of Wsp·3 and
p·Amy·J phenotypes (Fig. 3). Both genes arc easily
detected on IEF gels and they can be extracted simul·
taneously from the endosperm in half of the grain,
thus the embryo can be retained for future plant reo
generation following protein analysis. These charac
teristics make p-Amy-J and Wsp-3 potentially valu·
able biochemical markers for spring/winter habit in
barley breeding programs.

Isozyme analysis has been extensively applied to
rice (OryZQ saliva L.). Glaszmann (1987, 1988) has
used isozymes to classify Asian rice varieties and to
examine the relationship between electrophoretic
variability and the geographic distribution of rice ge
notypes. Nonrandom distribution of alleles at 15 iso
zyme loci was detected and Southeast Asia was
identified as the region with the highest genetic diver
sity in the japoniea subgroup.

Isozyme variation in old world raCfS of Sorghum
bieolor was relatively low with an allelic diversity of
2.38 alleles per polymorphic locus (Morden et al.
1989). Based on isozyme information there was no
obvious grouping of genotypes related to geographi
cal distribution. Higher levels of isozyme variability
were detected in arundinaceum spp than in cultivated
sorghum (Morden et al. 1990). This observation is
consistent with the view that cultivated sorghum ex
hibited a loss of genetic variability during domestica·
tion. Thwafe et al. (1988) examined the inheritance
and geographical distribution of isozyme polymor
phism in chickpea (Cicer ariel;num L.). Six isozyme
systems were analyzed and four polymorphic loci
were identified. These studies indicated that the great
est genetic diversity was associated with germplasm
originating from Middle Eastern, Asian, and East Af
rican countries. These regions would therefore ap
pear to be important locations for future germplasm
collecting expeditions.

Table I. Phenotypes Identlhed ror spring and winter varieties or bartey using eight protetn markers.

Protein Markers

--p-Amy-t Est-IO Est-3 a-Amy-I Wsp-I Wsp.2 Wsp-3 L. Est

Variety Phenotype
Spring ABCD AD AB ABC AB ABCD ABCD ABCDERJ
Winter AC AB AB AB A ABO AB BCDE

~ 299



II

+
WSp·1fl·AMY·1

,-,<t,.

_..... "..'!"T:~ ......

A B B C D A B

",,·AMY·I

ABC

:;~~l,

••••
EST·10 ~'_...a..

A B

EST

EST·)

WSP L.EST
.........-'_•.~'.,.,

_ ___._--

WSp·2 { '.

WSP-+

~
-;
!

CDBA ABDC COB BE FG
C BAD

Figure 2. Zymograms or esterase·) (EST·3), esterase-tO (EST·I0), -amylase-I (p-Amy·l), 8·amylase-t (JJ
Amy.I), water soluble protein-I, -2 and -) (Wsp-I, Wsp-2, Wsp-3), and leafesterase (L. EST) showing the
vllrlous phenotypes (A-G) observed In barley.
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The identification of suitable sources ofdisease resis
tal,'ce genes and the incorporation of these genetic
trails into commercial cultivafll rcrresents a major
challenge for plant breeders. ARS;.IY~ lOI' disease resis
tan;e necessitate the presence of the pathogen, arc
often laborious, tuke several months, can be inaccu
rate due to variation in disease preSRure, and often
involve the ~estructive testing of numerous plants. A
biochemical marker closely Ilnkeo to the gene confer
ring disease resistance would be a valuable breeding
tool. One of the first examples of an isozyme associ
ated with pest resistance was reported by Rick and
Fobes (1974). They reported tight linkage between an
acid phosphatase locus, Aps-J and the locus Mi con
trolling nematode (Meioidogyne incognita) resistance
in tomato. Detection of this linkage has had a major
impact on tomato breeding programs: the codominant
Aps-J locus is now widely used as a selectable marker
for nema-tode resistance in tomato (Medina-Fihlo
and Stevens 1980). In this case, the variant Aps-J and
Mi alleles were introgressed from the wild green
fruited tomato species Lycopersicon peruvian/un.

In the garden pea, an esterase polymorphism can
be used to mark Fw, the gene conferring resistance to
Fusarium wilt (Hunt and Barnes 1982) and bean yel-

A B

=-
~=-

WSP-2 II a b b II b :\ b
WSP-3 CUll b abc
Figure 3a. Polymorphlsms of Wsp-2, Wsp-3, and
jJ-Anry-lln barley.

low mosaic virus resistance is tightly linked to phos
phoglucomutase (Pgm-P) on chromosome 2 (Weeden
et al. 1984). More recently, Weeden and Providenti
(1988) have proposed the ADHI isozyme in Pis/un
sQtivum as a biochemical marker for En, the locus
controlling resistance to pea enation mosaic vil'us.

..-
=

~.'.'
~;

WSP-2 a b b b a a a a b a a b b b b b b b b b l> b
WSP-3 a a a a a a a a a a a b b a b a a b b a a b
Figure 3b. Segregation of Wsp-2 and Wsp-3 genotypes in 10 lines from two doubled haploid populations:
(A) 'Dissa' x 'Sabarli!", segregation of Wsp-2a versus Wsp.2b; (B) TS42/3/5 x 'Apex'. segregation of
Wsp.3a versus Wsp.3b.
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.' ' wide I endo-
sporel/a herpotrichoides) hml been introgressed from nucleasell-has allowed :l much greater portion of the
Aegilops I'efltricosa into cultivated hexaploid wheat plant genome to be assayed for gen~tic markers. Re-

- (Triticllm aestil'lml) by French researchers (Maia striction endonucleasesare bacterial enzymes that re--- 1967; Doussinault et 01. 1983). Genetic linkage has spond to certuin short base sequences in DNA by
-- been established between the eyespot resistance gene catalyzing endonucleotic cleavage at a specific point

and an allele: of endopeptidase-I (Ep-Dlb) also trans- in the sequence, facilitating the creation of n restric-
mitted from A. vefltricosa (McMillin et al. 1986; tion map specinc to that enzyme (Botstein et al. 1980).
Worland et al. 1988). Since the Ep-Dlb allele can be In order to delect polymorphism at the nucleic acid
established by eleclrophoretic separations from em- level, genomic DNA from two genetically distinct in-
bryo or leaf tissue, this codo.ninant genetic marker is dividuals arc digested with a restriction enzyme and
being used in wheat breeding programs to screen pro- the DNA is separated by gel electrophoresis. Follow-
genies for resistance to eyespot (Summers et al. 1988; ing transfer of the DNA to a membrane by Southern
Bingham 1986). blotting, a radioactively labelled DNA clone (probe)

Barley yellow mosaic virus (BaYMV) is an ira- is hybridized in ,mlution with the membrane. Poly-
portant soilborne disease of bar\l~y. Rc:sistant barley morphism can r(~sult due to differences in the distri-

-.., varieties originating from Japan an~1 China have been bution of the rl:striction sites in the two genotypes and
identified and segregation analysis indicated that the this is illustrated in Figure 4. r

BaYMV resistance locus is tightly linked to three leaf The production of probes if> crucial for RFLPs and
esterase loci on chromosome 3H (Ko!1ishi et al. 1989). in general single-copy DNA sequences are required

-= The intensity of linkage (1.26 ±0.622cM) is sufficient for mapping. In most higher plants the nuclear ge-
to allow the usc of leaf esterase isozyme profiles as nome consists of a large proportion of repetitive DNA
a means of selecting indirectly for resistance to sequences (Flavell 1980). Often these repeats arc in-
BaYMV. Bournival et al. (1989) used an interspecific terspersed with unique single-copy sequences that -
tomato cross to demonstrate that the Gvt-2 locus on render the isolation of low-copy DNA sequences
chromosome 7 is linked to the gene 1-3 conferring more difficult. The proportion of repeated DNA and
resistance to FlIsariwlI oxysporlml f.sp. Iycopersicl. the extent to which it is interspersed with single-copy
These authors propose that the Got-2 locus is a suita- DNA is generally a function of the overdil DNA con-
ble marker for the transfer of the race 3 resistance tent of the organism. Compared with other organisms,
genes into tomato cultivars. plants have a wider range of DNA content and on

These examples illustrate the principles behind the average have more DNA per nucleus. The large ge-

- usc of protein markers to identify desirable recombi- nO/r.e size of certain crops makes it difficult to isolate
nant genotypes in segregating populations. Further- clones consisting entirely of single-copy DNA.

...=i more, they highlight tne value of biochemical mar- Random complementary DNA (c-DNA) clones
kers as indirect selection 'r Jls in plant breeding pro- have been used extensively for RFLP analysis in

= grams. Compared to DNA markers, isozymes have plants (Lan,lry and Michelmore 1987). c-DNA clones!!!!!

ii the further advantage of being relatively inexpensive are derived from gene transcripts and nre a good
~ and a large number of samples can be processed rap- source of single-copy clones (Tanksley and Pichersky

idly. lsozymes have also been used to manipulate 1987). In contrast, the majori~ of random genomic
quantitatively determined characters (Stuber et al. clones are likely to contain repeated sequences, mak-
1987) and this will be discussed further in the section ing them unsuitable for RFLP mapping. Colony hy-
on character dissection. bridization with 32P·label1ed total genomic DNA is

one method of selecting low-copy genomic clones
(Bernatzky and Tanksley 1986a). A strategy for pro-

Restriction Fragment Length
ducing genomic libraries enriched for single-copy se-
quences is based on the use of methylation-sensitive

Polymorphism (RFLP): Theory and restriction enzymes. Data from maize suggest that :...
Methodology repeated DNA sequences are methylated to a greater

degree than single-copy DNA, with the result that
Morphological and protein.based marker systems cloning with methylation-sensitive enzymes such as
only sample actively expressed regions of the ge- Pstl produces libraries enriched for single copy se-
nome. However, the relative ease with which DNA quences (Burr et al. 1988). In a comparison of EcoRI
molecules can currently be cloned-allied to the and Pstl tomato genomic libraries, Miller and Tank-
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Allele
IOkb EcoRI

a --.JL..-- ---L-

probe

EcoRI EcoRI EcoRI

b 4kb 6kb

probe

Figure 4a. EcoRI restriction sites of different alleles In which fragment length polymorphism cion he
detected wl(~ a probe hybridizing with the region shown.

frequently with c-DNA probes than random genomic
probes. Similar results have also been obtained in
lentils (Havey and Muehlbauer 1989). Comparisons of
c-DNA and genomic probes produced by EcoRI and
Pstl-digested tomato DNA revealed that c-DNA
clones produce 25% more unique restriction patterns
than from the Pstl library and 50% more clones than
from the EcoRI library (Miller and Tanksley 1990b).
However, it should be borne in mind that c-DNA
clones tend to be shorter than genomic clones and
therefore tend to require a longer exposure time with
autoradiography (Tanksley et al. 1988).

The methods described have relied exclusively on
the use of DNA probes labelled with 32P. The use of
radioactive probes in many developing countries is
limited by the short half-life of 32p. Alternative non
radioactive probes must meet l!te criteria of sensi
tivity and the reuse of filters achieved with radio
active probes. Two nonradioactive detection methods
have been employed. Ishii et al. (1990) have published
protocols for the detection of rice RFLPs based on the
incorporation of digoxigenin·dUTP into probe mole
cules by random priming and subsequent immu
nological detection of hybridizing fragments. A
chemiluminescence method has been described by
Kreikl; et al. (1990) based 011 a new substrate AMPPD
for the enzyme alkaline phosphatase. The substrate
produces light rather than forming colored precipitate
on the blot and the detection of the light signal is

=

= =
=

Figure 4b. Autoradlograph of different genotypes
when fragments are hybridized with a probe as in
Figure 4a.

Genotypes
bb ab

sley (l990a) have demonstrated that the Pstl library
contained 92% single-eopy clones whereas only 36%
of the EcoRI clones ,,'ere single copy. The efficiency
of c-DNA and genomk '1braries in detecting poly
morphism has been comf~tcd in lettuce ,£.andry et aI.
1987). Polymorphism was detected 2.5 times more
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lelp in the ratlonali7.a1ion of e.dstln8 ger
mplasm collections and allow future coll~etlon strate
gies to be targeted toward specific geographical areas.

Cytoplasmic diversity. The Importance of cyto
plasmic diversity has been emphasized on several oc
caslon3 particularly In relation tn the monoculture of
varieties suscept;ble to pest attack. TIle devastation of
the U.S. maize crop In 1970-73, all hybrids possess
ing the T-type cytoplasmic male-sterility factor, iIIus
trales the dangers associaled with a narrow genetic
base. A similar disaster occurred in India in the early
1970s when pearl millet hybrids (Penn/setum ty
plio/des), all possessing a common cytoplasm, were
severely damaged by downy mildew disease (Swami
nathan 1984). Restriction r.ndonuclease digestion of
total cellular DNA followed by Southern transfer and
hybridization with chloroplast or mitochondrial-spe
cific probes provides a convenient way of assessing
cytoplasmic diversity In crop plants. This approach
has been pursued in potato (Waugh et al. in press) and
the level of diversity detected in 18 tetraploid potato
cultivars and 2 wild Solanum species is given in Fig
ure S. Four cytoplasmic DNA (ctONA) phenotypes
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Application of RFLPs

.' I. I

hours Is reporled to be sufficient for the detection of
single copy signals. It is anticlpaled that with further
refinemenlll, such nonradioactive methods for detect
Ing RPLPs will playa vital role in the exploitation of
molecular markera in developing countries.

Studies or Gtnct/'c Diversity

The maintenance and evaluation of germplasm (:01·
lectioll.s is a major feature of many inlemational auri
cultural research centers (Williams 1989). Tradi
tionally, genetic resources of crop plants have b!:en
characwdzed using a combination of morphological
and agronomic traits. The suitability of using mor·
phological characlers to ..:stimate aUeHG diversity has
been questioned by several workers (e.g., Brown
1979; Gottlieb 19'17). Molecular and biochemical
markers that are not subject to environmental influ
ences provide an opportunity to examine more pre
cisely the genetic relationships between accessions.

-=

Figure 5. Autoradiogram derivoo rrom probing HlntllIl dlgesteci DNA or 20 Solanum genotypes with
HVC4.

• indicates variant cytoplasmic types.

Track I. Stormont Enterprise·
2. Cam
3. Pentland Crown
4. Fox'llft
5. Record
6. Pentland Javelin
7. Baillie
8. Golden Wonder
9. Wilja

10. Moira

Track II. Croft·
12.Morag
13. Estima·
14. Maris Piper'"
IS. Desiree
16. Fiona
17. Pentland Dell
18. Russet Burbank
19. S. papita·
20. S. stoloniferum·

,-
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Maris Piper, Estima, und Stormont Entcrprisc dlffcr
from the majority of the cultivurs examincd in terms
of their ctDNA restriction pallerns, This mcthod al
lows thc detcctlon lind characterization of the orgun
ellar genomcs of potato cultivara without the
complication of isolating purilied chloroplast DNA.
The relatively high (18%) level of chloropl:>st DNA
diversity detecled in the European potato cultivars
reflects thc more broadly-based potato improvement
programs, particularly UI the Scollish Crop Research
Institule (SCRI), that have included the usc of wild
species and Andigcna (Neo-tuberost:.m) populations
(Glendinning 1983).

Intraspecilic chloroplast DNA variability bas been
reported in lea mays (Doebly et al. 1987), Lycopersi
COli perl/vial/um (Palmer and Zumir 1982), Pisum sat
iVllnJ (Palmer ct al. 1985), and Hordellm vulRare
(Clegg et al. 1984). In rice, Dally and Second (1990)
were able to distinguish between indica andjap(J1/ica
chloroplast DNA (cpDNA) types. Nine different
cpDNA types were identified among 65 Oryza sativa
cultivars, but in a smaller sample of six O. RlalJerima
cultivars the cpDNA was monomorphic. Two studies
of pearl millet (PenniSell/l1/ glaucum L.) by Clegg et
al. (1984) and Gepts and Clegg (1990) using both
cultivated and wild genotypes of various geographic
origins demonstrated monomorphism for cpDNA.
These authors propose that a bottleneck induced at
some stage in the evolution of pearl millet may have
been responsible for the lack of chloroplast DNA di
versity. Similar studies with cowpea (Vigna un
guiculata [L.] Walp) and sorghum (Sorg/II/l11 bicolor
L.) that share a common history of evolution in Africa
may allow the identification of primary ecogeo
graphic factors that influence cytoplasmic DNA
diversity.

The restriction endonuclease digestion of mito
chondrial DNA has been particularly useful in the
identification ,)1' differences between normal and cy
toplasmic male sterile (CMS) lines of maize, sor
ghum, sugar beet, pearl millet, and sunflower. Kemble
et al. (1980) demonstrated that Mexican maize lines
have greater mitochondrial DNA variation than U.S.
maize lines. Mitochondrial DNA probes have also
been used to detect variation in CMS and normal
maize cytoplasms (Lonsci~le et at. 1981). A 10.5 kb
soybean mitochondrial DNA fragment has been used
as a probe by Grabau et at. (1989) to distinguish be
tween Mandarin (Lincoln) and other soybean cyto
plasms.

The hybridization of total cellular DNA to defined
chloroplast or mitochondrial sequences provide" an

. ,

of crop plants, Chloroplast DNA, in particular, also
provides a uscful markcr for biosystemutic studies
(palmcr 1987) and can be used to truce the cyto
plasmic origin of allopolyploid crops.

Nuclc3I' dlvcrslty. Nuclear RFLPs can also be used
to provide gcnetic fingerprints of individual geno
types. Jeffreys et al. (1985) have shown that multiple
highly variable regions in humans provide hy
bridizution fragments that arc unique to each individ
ual tested. Human mini-satellitll clones (33-band
33.15) have been used by Dallas (1988) Ie fingerprint
ninc cultivarr)f O. sativa and O. glaberima. Thc
MI3 rcpeat probe has becn used to detect v::ilation in
gymnosperms and angiosperms (Rogstad et al. 1988;
Ryskov et al. 1988), to distinguish between Malus.
Primus, and Rubus gcnotypes (Nybom et al. 1990),
and as a basis for paternity analysis in apples (Nybom
and Schaal 1990).

In plants, the number of single-copy RFLP mar
kers necessary for fingerprinting of cultivars, protec
tion of brceders' rights, and parentage identification
has been calculated (Burr et at. 1983; Soller and
Beckman 1983). For ~xample, in an inbrceder where
thcrc arc two aUelcs per locus and each aUele o';curs
at a frequency of 0.5 among 20 inbred lines, the prob
ability of distinguishing each of thc 20 lines is 0.99 if
20 probes are used. However, in some plants, the level
of polymorphism detected is much greater and fewcr
polymorphic probes arc necessary to obtain accurate
identification of genotypes (Beckman and Soller
1986; Evola et al. 1986). In potato, two c-DNA clones
with one restriction enzyme were sufficient to dis
criminate between the 27 potato cultivars examined
by Powell et at. (1991). This is illustrated in Figure 6
which emphasizes the high level of RFLPs detected in
potato. Similar results have been obtained by Geb
hardt et al. (1989).

The key factor is the level of variation detected
within a species. A number of studies have shown that
the level of variation detected as RFLP within a spe
cies differs from one species to another (Helentjaris et
al. 1985; Bernatzky and Tanksley 1986b; Apuya et at.
1988). The two species that exhibit the two extreme
levels of variability are probably maize and tomato.
In maize (lea mays), more than 95% of unique se
quence clones are capable ofdetecting polymorphism
with up to 13 aUeles per !ocus (Helentjaris 1985). In
contra~t only 5% of unique sequence clones are capa
ble of detecting RFLPs in Lyc(jpersicon,·escillentum.
Furthermore, when polymorphism is detected only
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1<lgure 6. DNA Isolated from potato cultlvars and wild species was digested with EcoRI and probed with
lUI anonymous potato sprout eDNA clone pSTC34. Lanes 1·20 as in Figure 5.
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two alleles arc present-one of which predominates
in the tomato germplasm.

RFLPs can be due to either a loss of a restriction
site or a gain of a new olle. This can occur through
base changes, deletions, additions, or rearrangements
in the DNA sequence homologous to the cloned ,,~g

ment or in the area surrounding the cloned Hegmenl.
RFLP analysis docs not allow the genetic events re
sponsible for these changes to be identified. However,
polymorphism revealed by a single restriction en
zyme is probably due to a sequence difference within
the recognition site of that enzyme. Alternatively,
polymorphisms that are revealed by several enzymes
may reflect complex .:arrangemenls such as inser
tions or deletions. II". JOth rice (McCouch 1988) and
tomato (Miller and Tanksley 1990a), there is a posi
tive correlation between the size of genomic frag
ments generated and the amount of polymorphism
detected. These results would be expected ifpolymor
phisms arc generated by insertions or deletions since
the larger the fragment size the more likely that it will
encompass an insertion or a deletion. The significant
level of RFLPs detected in plants may therefore re
flect variation in the frequency of rearrangements
whereas the frequency of single nucleotide substitu
tions would be similar between species. Shalluck-Ei
dens et al. (1990) have recently used polymerase
chain reaction (PCR) amplification and sequencing to
compare DNA sequence variation in maize and
melon. As would be ~redicted from RFLP analysis,
I he sequence variation in maize is much higher than
:,n melon. both in the number of base changes and
DNA rearrangements. Mor~ significantly. the pro
cesses generating and maintaining the neutral point

mutations in maize differed for the four genomic re
gions examined. Transposah!e element activity may
be one of the factors responsible for the high RFLP
diversity observed in maize (Schwartz-Somm~r et al.
1985).

The development of molecular marker techniques
has provided more detailed assessments of genetic
diversity. For a number of crop improvement pro
grams, particularly maize, progress is based on the
rxploitation of heterosis. Pedigree information and
the field evaluation of F. hybrids has been the main
method used to predict and test heterotic combina
tions. Isozymes have been used to study the relation
ship between genetic diversity and heterosis (Frei et
al. 1986). These studies were limited by the number
of markers and the number of alleles per locus. The
advent of RFLPs has allowed the relationship be
tween genetic diversity at the DNA level and het
erosis to be examined. Extensive studies by Lee et al.
(1989) and Godshalk et al. (1990) have indicated that
RFLP analysis is of value in allocating maize inbred
lines to heterotic groups but no relationship between
RFLP-based genetic distance and hybrid perfor
mance was d.:lected.

Genetic Maps and Gene Introgression

The main application of RFLP technology is in the
development of detailed genetic linkage maps. An
attractive feature of RFLP mapping is that it can be
accomplished in any plant species that undergoes sex
ual recombination. Genetic maps are based on meio
tic recombination among homologous chromosomes

306



lutlonships among gcnctic loei, onc IIIWiI gcncrate
crosses thut segrcgulc IIJr thc gencs of intcrcst. Since
lIIost of thc traditionul gCIJl:tlc murkcrtl uffect sOllie
aspcctll of whole plant phenotype, it hus becn difficult
to score morc thun u few scgreguting llI11rkers simul
laneously in a single cross. The gencratlon of c1assi·
cal gcnetlc llIaps has thus required hundrcds of
crosses and thc analysis of thousands of segregating
progeny. Since the level of allelic varilltion is highcr
with DNA murkers than convcntionul lIIorphological
markcrs, detailcd genctic linkage maps can be crcatcd
from a single cross.

A kcy feature in Ihc dcvelopmcnt of a linkage map
is the identification of parents that willliegregate for a
trait of importance. However, it is diflicult to predict
the extent of RFLP variability between parents for usc
in linkage map creation. Sinc~ the usefulness of
RFLPs iG depclldent on the degree of polymorphism
existing in the organism of interest. the first phase of
RFLP mapping often involves screcning potential

Ven ct ul. (I~~() scrccncd 16 Vida fa/Ill ucccssiontl
for IWLP variubilily with both four- and six-buse pair
cutlers in conjunction with c-DNA cloncH. This ap
proacl! allowed the identificallon of relutivr.ly diverse
but hybridi~uble parcnts tll:lt /:Quid be used to crcate a
mapping population. I-Ial';/Ig idcntilled the parenls,
DNA extractcd from each inbred can be cut with a
range of restriction en~ymes and Se(IUenlilllly probed
with singlc copy c1oncs. 'nlis is illustrated in Pigure 7
for three V. faba genotypes: Optiea, 172, lind ABC.
Polymorphism is detected between 172 and ABC wilh
the restriction enzymes: Ban~l-JI, BglII, EcoRI, Hin
dlI/, and Xbal. These probe/enzyme combinations
can thcn be uscd to monitor thc scgregation of allelcs
in the mappine population derived from 172 and ABC
as parents. Both the 1'2 and backcross gcnerations can
be used for linkage map creation, but Tanksley ct al.
(1988) have emphasized that the F2 population offers
the grcatest resolution for a given number of individ
uals. Recomb. Jllllt inbred lincs offer an allraetive ai-

...
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Figure 7. DNA isolated from three Vieia/aba genotypes (Optlca, 172, and ABC) digested with six 3 bp
cutting enzymes and probed with cDNA clone 7.14.
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rcprellcllt fixed, hOIJlOlygoUIl IlIdivldllUl1l thnt CUll hc
IIllcd indeflnitely for gCllc muppll1g ~ludlcH (Burr ct ui.
19KK). RcclJlJlhinunl inhrcd IillcH CUll he crcated hy
llinHlc-Hced deHccnt (Brimm 19M) or doublcd hup
loldy (Buju.l1990) und urc purileulllrly relevunt for Ihc
mupping of Cjllunlilutivc trullll. The avullabilily of UII

euploid gcnctie IllOckll can fucllitule the 100;ulizutioll of
speeHl/; RPLP loci to chromosomell (Curlson 1972:
KhuNh In3). lIc1enlJarlll (I91l6) IIHed monosomic
unulysiH to mup maize I{FLP loci to chromosolJlcs
und Evola et ul. (I91l6) have propollcd thut the IJ·A
tranHlocatlon method can also bc uscd in maii'.c for
loealizntion of RFLP loci to chromosomcH. Primary
trisomiell huvc bccn ulled to ussign genc murkcrs to
chromosomcs viu gcnc dosugc cffccls in tomuto
(Young cl ul. 19l:l7) and rice (McCouch ct al. 19111l).
The isolution of alicn chromosome addition lines in
the Triticeae (Gale ct al. 1911l:l) has allowed PfiLP
probes to be assigned to chromosomcs prior to formal
linkage analysis.

Backcross, F2, and doublcd haploid (DH) familics
have been useo 10 create linkage maps. It is interest
ing to note that in maize where high levels of DNA
polymorphism exist, It is sufficient to make crosses
between unrelated inbreds. In the case of ricc, a cross
between indica and japonica ricc cultivars was used
to genr-rute the linkage map (MeCouch et al. 1981l).
However, cultivated tomato is highly monomorphic,
I'lld both the creation and exploitation of linkage
maps have involvcd intcrs(":cific hybridization bet
ween Lycopersicon esculentlwl and L. chmielewskii
(Tanksley et al. 1989). The usc of wild species is
relevant for two reasons. First by using diverse par
ents in creating a linkage map, the probability of de
tecling polymorphism is increased and this facilitates
the development of a linkage map. Second, primitive
races and wild species possess a wealth of valuable
genetic variation. The segregation of genes control
ling resistance to various pests, pathogens, and abiotic
stresses in the mapping population provides an oppor
tunity to search for linkage between molecular mar
kers and traits of importance. RFLP markers have
been identified that are tightly linked to genes for
resistance to tobacco mosaic virus (Young et al.
1988), Fusaritml wilt, bacterial speck, and root knot
nematodes in tomato (Paterson et al. 1988). A domi
nant resistance gene for Fusarium oxysporum f.sp.
iycopersici race 3 was introgressed from L. pennelJii
into the cultivilted tomato (McGrath et al. 1987), and
Sar/aui et al. (1989) have identified RFLP markers
linked to the resistance gene on chromosome 11 of
tomato. Recently, Barone et aJ. (1990) have identified
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nalll I(JCWl conferring relilHlance IIgain!,1 Ihe root cyst
nCllIlllodc (lfo/)(Itll'/'{J m,vtoc"/t·/I.\'/,I' on dlrollIoNOIlW l)

of Jlolllio. The rCNINlllnce genc WIll; lfllllsii:rred frolll
S. ,1'I'('/lIJZZ/,,/i hllo one of the diploid S. tIIlJl'l'O,I'Iil/l

purenls liNed for the IJ1l1pping Ntudy. The genelics and
hrceding of Jlllillto have hecn hllllllJered hy the ah
Nencc of a genctic linkage mllp. The idenlillclltion of
ellsily Ncon'd II1l1rkers linked 10 imporlllnt disease rc
sistance gcncs cmphilslzcs Ihc rapid rulc of progrc:m
Ihat can hc achievcd 1()!Iowing the dctlliled churucter
Izalion of IllJ1apping population.

Plant breeders have recognizcd Ihc potential of
exotic germpluHIll for v!Jri(~iul improvcmcnt and nola
ble successcs have becn Ilchievcd, us rcviewed by
Stalkcr (1980). However, eVcn when Ncxual hybrids
can be oblained, Ihe introgression of desirable tluils
into adaptcd cultivars is a slow and ullprcdic~;l!)le

process. The most common mcthod of transferring
genes from cxotic germplasm into adaptcd varieties is
through backcross breeding. The objective is to climi
nate the exotic donor gcrmplasm as rapidly as possi
ble, replacing it with the recipient cultivar gellome
whilc rctaining thc gene of interest from the dOllor.
RFLP markcrs that arc tightly linked to truils of inter
est C,lil he used to select backcross derivativcs with
the le;;:;t amount of undesirable donor DNA. In thi&
way RFLP markers can be used to expedite the trans
fer of small amounts of genetic information into com
mercial varieties. The introgrcssion of important
gClles from wild spccies into cultivatcd plants is re
garded as the most significant contri;~Jtion of RFLP
technology to plant breeding (Tanksley et al. 1989).
This feature of RFLP technology is well illustrated by
reference to rice (Oryza sativa L.) in which an RFLP
map already exists (McCouch et al. 1988). The wild
Oryza species possesses many agronomically-useful
traits, such as resistance to pests and diseases and
tolerance to biotic stresses. For example, hybrids be
tween O. sativa and O. lIivara, O. rufipogen, O. offi
cinaJis, and O. iongistaminata have been created and
backcross procedures are used to selectively intro
duce resistance to brown plant hopper, bacterial
blight, and tolerance to slagnant /Iooding (Tocn
niessen et aI, 1988). The identification of marker
genes tightly linked to these traits will allow gene
introgression to proceed with greater speed and preci
sion. The cultivated groundnut, Arachis hypogaea L.,
is an important food legume that could also benefit
from the application of RFLP technology. Many of
the wild Arachis species arc known to possess genes
conferring resistance to rust (Pllccinia aracJlidicola),
lelJf spots (Cercospora aracllidicola), viruses (e.g.,



groundnut rosette virus, peanut mottle virus), and cer
tain insect pesls. Considerable cffort has been devoted
to the transfer of such genes from wild Arachis spe
cies into the cultivated gene pool (Stalker and Moss
1987). A major challenge in such research programs
is the identification of recombinant genotypes that
contain the introgressed chromosomal segment in a
desirable, adapted genetic background. Traditionally,
plant breeders and cytogeneticisls have selected such
desirable recombinanls on the basis of plant pheno
type. Molecular and biochemical markers are being
used to create a linkage map in Arachis (P. Lanham,
SeRI, UK, personal communication). The establish
ment of a linkage between an easily scored molecular
or biochemical marker and a trait of interest will pro
vide a more direct means of selecting and identifying
desirable recombinant genotypes.

Backcross breeding procedures have been used to
develop near-isogenic lines (NILs) in a number of
crop planls (Young et aJ. 1988). In this situation a
genotype is obtained that carries the target gene in a
background that is nearly identical to that of the re
current genotype. However. small segmenls of DNA
flanking the target gene will persist due to the phe
nomenon of linkage drag (Zeven et aJ. 1983). The
product of backcrossing will, therefore. be sels of
NILs that are similar except for a region near the
target gene. In this situation the introgressed segment
can be used as a target to determine whether a given
RFLP probe or isozyme marker is linked to the target
gene. DNA or biochemical markers that are located
outside the introgressed segment will exhibit identical
electrophoretic profiles between the NILs while mar
kers located within the introgressed segment. i.e.•
linked to the target gene. will exhibit polymorphism.
Using this approach. it is possible to rapidly identify
marker genes that are linked to important major
genes. Young et al. (1988) used NILs to identify
RFLP markers tightly linked to the Tm-2a locus con
ferring resistance to tobacco mosaic virus in tomato.
Sarfatti et al. (1989) used a similar approach to locate
RFLP markers tightly linked to the Fusarium oxy
sporum resistance gene (12) in tomato. NIL analysis
was also used by McMullen and Louie (1989) to link
RFLP markers to a resistance gene for maize dwarf
m05aic virus.

The polyploid nature of certain crops allows such
organisms to tolerate the loss and gain of chromo
somes (aneuploidy). Where they exist, aneuploid
chromosomal types have been used extensively in the
chromosomal location ofgenes and in the formulation
of linkage maps. These methods are best illustrated in

wheat (Triticum aestivum), but have also been used in
oals (Avena sativa). tobacco (Nicotiana tabac/ml), and
species of cotton (Gossypi/ulI) (reviewed by Khush
1973). In these crops cytogenetic techniques have al
lowed whole chromosomes to be manipulated (Gale
et al. 1988) and have allowed the development of
single-chromosome recombinant inbred lines (Law
1966). These genetic stocks provide an opportunity to
associate quantitatively-determined trails with indi
vidual wheat chromosomes (Worland and Law 1986).
The availability of RFLP markers in wheat will allow
greater precision in intervarietal chromosome manip
ulations. Techniques for the incorporation of alien
chromosome segments into wheat based on homo
eologous chromosome pairing are also well ad
vanced. The exploitation of marker-based technology
in combination with cytogenetic techniques repre
SCIlIs a new resource for use in the analysis of alien
gene transfer and wheat chromosome manipulation
(Sharp et aJ. 1989). Although not as advanced as
wheat, Brassica species are also characterized by the
formation of amphidiploids following the hybridiza
tion of diploid species. A series of monosomic
B. oleracea chromosome addition lines have been
constructed in the genetic background of B. cam
pestris (McGrath and Quiros 1990). Seven of the nine
possible B. oleracea addition groups were charac
:rrized with molecular markers (McGrath et aJ.
1990). A number of DNA sequences were identified
that were duplicated on more than one chromosome,
i.e.. they physically mapped to different chromo
somes. These studies indicate that the duplicated na
ture of the B. oleracea genome may allow
interspecies gene transfer to occur. The availability of
molecular markers will allow this approach to be
exploited more fully in Brassica improvement
programs.

Beta procumbens chromosome addition lines have
been created in a B. vulgaris background. Cytogenetic
mutants have been generated from the original addi
tion lines in which a B. procumbens chromosome
fragment possessing a gene for resistance to beet cyst
nematode (Heterodera schacht;;) has been identified
(lung and Wricke 1987). B. procumbens species DNA
probes have been used to screen for resistance to beet
cyst nematode in hybrid progeny (Schmidt et al.
1990). lung et al. (1990) have used pulse field gel
electrophoresis to identify B. procumbens chromo
some-specific probes. The physical mapping of the
nematode resistance gene may. in combination with
the cloning of large DNA fragmenls and transforma
tion, allow the isolation of this gene.



Manipulation of Quantl~ativeTrails

Many of the traits manipulated by plant breeders ex
hibit continuous variation. Yield, maturity date, and
tolerance to abiotic stress are examples of important
traits that usually exhibit a quantitative mode of in
heritance and are a consequence of the joint action of
several genes. Mather and Jinks (1982) have stressed
that polygenes or quantitative trait loci (QTL) are
inherited in just the same WilY as the genes of major
effect; they segregate, recombine, and exhibit link
age. They show the same range of properties in trans
mission and action as do the genes of major effect. In
other words, the features of metrical traits arise from
the action of Mcndelian genes. However, we cannot
monitor directly by conventional methods individual
genes conditioning quantitative traits. A biornetrical
approach is necessary to partition the total variation
into genetic and nongenetic components. This ap
proach has contributed significantly to our under
standing of quantitative variation and has provided
the genetical framework for many plant breeding
strategies (Jinks 1981).

The dissection and manipulation of quantitatively
controlled characters are important objectives in both
basic and applied genetic research. Stuber (1989) has
stated that the plant breeder has limited information
on the number of genetic or effective factors involved
in the expression of the trait, the chromosomal loca
tion of these factors, and the relative size of the con
tribution of these factors to trait expression.

Biometrical procedures for estimating the number
of effective factors controlling a trait have been devel
oped (Mather and Jinks 1982; Powell et al. 1985a;
Cockerham 1986; Zeng et al. 1990), but these are of
little practical value. The most important challenge is
to identify specific regions of the genome that en
hance the expression of quantitatively controlled
characters. The theoretical basis for interpreting the
association of marker loci with QTL has been out
lined by Thoday (1961), Mather and Jinks (1982),
Gelderman (1975), Tanksley et al. (1982), and Beck
man and Soller (1983). Essentially, the theory ex
ploits the fact that the marker locus identifies a
chromosomal segment and enables that segment to be
monitored in subsequent generations of crossing or
selling. Although the importance of character dissec
tion in plants has been recognized for some time,
progress has been hampered by the iack of suitable
marker loci. Many of the earlier studies of character
dissection in Drosophila (Breese and Mather 1957,
1960) and plants (Rasmusson 1933; Everson and
Schaller 1955) were based on morphological markers

and therefore had limited practical applications in
plant and animal breeding. The availability of mo
lecular markers has allowed the theoretical ap
proaches developed by earlier workers to be used
effectively to analyze quantitative variation.

Isozymes were the first molecular markers to be
used for character dissection in plants. Tanksley et al.
(1982) used 12 isozyme loci to locate factors influenc
ing four quantitatively inherited characters in a back
cross population derived from L. esculentlwI x
L. pennellii. Vallejos and Tanksley (1983) reported
linkages between segreg!lting enzyme loci and ge
netic factors for cold tolerance. Isozymes have also
been used to map QTL in soybean (Graef et al. 1989)
and maize (Stuper et al. 1982, 1987; Edwards et al.
1987). These studies, which have been based on F2 or
backcross generations, demonstrate the potential of
molecular markers for studying and manipulating
quantitative traits. The majority of these studies have
been based on single marker associations. The advent
of more complete genetic linkage maps based on
RFLPs has allowed intense investigations of quantita
tive traits. The most detailed genetic linkage maps
exist for tomato and maize and it is, therefore, 'not
surprising that the most exhaustive evaluation of
RFLPs and QTL have been conducted in these crops.
Paterson et al. (1988) investigated a backcross popula
tion of a wild tomato species, Lycopersicon elmli
elewskii, to the cultivated tomato. An analysis of fruit
weight and the concentrations and pH of soluble
solids revealed six QTLs affecting fruit weight, four
affecting soluble solids concentration, and five affect
ing pH. The approach used in this is based on maxi
mum likelihood and exploits the availability of many
markers on a chromosome. Quantitative trait loci are
more likely to be detected between pairs of flanking
markers and Lander and Botstein (1989) have used
interval mapping, which ac;sesses the effects of ge
netic segments rather than effects associated with in
dividual loci. These researchers claim that interval
mapping reduces the confounding effects of recom
bination between marker loci and a QTL, efficiently
exploits the infijrmation from the RFLP linkage data,
and provides greater precision than was previously
attainable. A computer program, MAPMAKER-Q.TL,
that implements interval mapping is available (Lander
and Botstllin 1989).

It is of interest to note that in both tomato and
maize, RFLP markers associated with QTL are often
chromosomally linked to extreme phenotypic mu
tants. For example, the three traits analyzed by Pater
son et al. (1988) have large effects that map to
chromosome 6 and are linked to spinelessness (sp), a
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morphological marker that alters plant development.
Helentjaris and Shattuck-Eideus (1987) have identi
fied RFLP markers on chromosome 9 of maize that
have a significant impact on plant development. These
molecular markers are located near the centromere
adjacent to a known gibberellic acid biosynthetic
dwarf mutant (d3). Robertson (1989) has postulated
that extreme mutant phenotypes that map to specific
chromosomal regions may also be expected to be
implicated in the expression of quantitatively-con
trolled characters. Although this hypothesis requires
further consideration, it does emphnnize the desir
ability of chromosomally mapping morphological
and biochemical mutants in plants.

The majority of the studies designed to analyze
QTL in plants have involved a limited number of
crosses and have been conducted in a single environ
ment. Tanksley and Hewitt (1988) have stressed the
dangers inherent in evaluating the effects of molecu
lar markers in a single cross. Chromosome segments
introduced into tomato, from L. chmielewskii were
identified as having an effect on soluble solids con
tent. The effect of the introduced segrrlent was depen
dent on genetic background and emphasizes the need
to analyze a range of genotypes. Environment and
genotype by environment (GxE) interaction may also
complicate the identification and interpretation of
such experiments. The influence of genetic back
ground (both nuclear and cytoplasmic) and GxE on
the role of RFLPs in character dissection warrants
further investigation.

Studies on the analysis of genes that condition
quantitative traits by the use of molecular markers
share a number of common features.

First, in tomato, interspecific crosses were used to
maximize the number of polymorphic markers avail
able in the segregating crosses. Although the level of
electrophoretic variability for molecular loci in maize
is higher than in tomato, the parents were selected to
maximize the number ofallelic differences in the seg
regating crosses. Such experiments have been suc
cessful in identifying regions of the genome that can
account for a substantial portion of the phenotypic
variance in a segregating generation. However, this
approach may not predict which blocks of genes will
be of use in interva,rietal transfer in plant breeding.

Second, a requirement for the identification of
linkage between a marker and a QTI.. is linkage dis
equilibrium. The majority of the studies to date have
focused on the use of F2 or backcross generations to
measure the effects of marker loci on QTL. This ap
proach, although valid, assumes that there will be no
further breakdown of linkage groups in subsequent

selfing and crossing. It is likely that further rounds of
gametogenesis will result in the auainment of linkage
equilibrium. This indicates that the early segregating
generations of a cross may not represent the optimal
strategy for the complete evaluation of linkage bet
ween a marker lOCHS.

Finally, further complications arising from the use
of F2 and backcross gener::::c:::: include the difficulty
of observing accurate estimates ot the: environmental
and genetical components of variance. The presence
of dominance can also introduce a bias to the estimate
obtained when the unit of replication is' based on sin
gle plants (Powell et al. 1986). Intergenotypic compe
tition is also an important factor influencing the
assessment of quantitative traits (Powell et a!. 1985b).

Many of the problems associated with the assess
ment of segregating populations can be overcome by
the use of recombinant inbred lines. Bailey (1971) and
Burr et a!. (1988) have outlined the advantages of
recombinant inbred lines (RIL) in gene mapping.
These include the fact that RILs represent a perma
nent population that can be used indefinitely for map
ping. Thus, new loci can be continually added to the
linkage map. In some cases, RILs are generated by
several rounds of selfing so that homozygosity is ap
proached, e.g., single-seed descent (Brim 1966). Al
ternatively, double haploids (DH) can be generated
from FI hybrids. DHs extracted from FI hybrids are
likely to exhibit a higher linkage disequilibrium rela
tive to other generations due to the reduced oppor
t'1nities for recombination. Furthermore, the greater
",dditive genetic variation associated with DHs, to
gether with the absence of within-family segregation,
indicates that this approach is well suited to relating
variation d~tected at the nucleic acid level to QTI...
This approach has been used previously to analyze
the effects of morphological (Powell et a!. 1985c,
1985d; Powell et al. 1990a), and isozyme loci (Powell
et aI. 1990b) on quantitative traits in random inbred
lines of barley. Powell et aI. (l990b) established that
over 9% of the genetic variation for single plant yield
in DH progenies of a spring barley cross could be
accounted for by allelic variation at the a-Amy-llocus
on chromosome 6H. DHs were also used to demon
strate associations between alleles at the ribosomal,
r-DNA (Nor·H) locus on chromosome 5H, and a
number of agronomic and quality characters in barley
(Powell et aI., unpublished data). In particular, allelic
variation at the Nor-H) locus was responsible for over
28% of the additive genetic variation for milling en
ergy-a measure of grain hardness. This is illustrated
graphically in Figure 8 where two distinct frequency
distributions are evident. This study indicates that the
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Figure 8. "'requer.ty distribution for milling energy in a doubled haploid pO~JUlation of barley produced
from the F I hybrid Blenheim x E224, classified according to whether alleles at the Nor-H3 locus were
from Blenheim or E224.

Nor-H3 locus is potentially an excellent genetic
marker fe.... the indirect selection of endosperm tex
ture in barley.

An important feature of the experiments reported
for Hordeum vlligare is the creation and use of DHs.
Efficient haploid extraction methods exist for barley
(Finnie et at. 1989) and wheat (Laurie and Snape
1990). The availability of homozygous, fixed DH will
allow extensive replication and studies in a number of
sites and seasons. The importance of GxE interac-

tions in influencing the effects of marker led on QTL
can therefore be critically assessed.

Limitations in the Application of RFLPs

Both basic and applied plant genetics programs have
benefited from the application of RFLP technology.
However, for routine use in crop improvement pro
grams there are at least two limiting factor:;. First, the
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technology is labor intensive and this IimilS the num
ber of samples that can be processed. Second, the
isotopic labelling of a probe can be problematic par
ticularly in developing countries. Present RFLP tech
nology requires purification of genomic DNA; di
gestion of DNA with restriction el17.ymes; electro
phoretic separation of the DNA fragments; transfer of
DNA to a membrane; 32p labelling of the probe, and
sequential hybridization of membranes to probes.
Helentjaris (1989) has proposed that a DNA-based
molecular marker approach requires only two steps,
isolation of genomic DNA and determination of se
quence variation.

The analysis of nucleotide sequence variability
has been revolutionized by the development of the
PCR (Saiki et al. 1988). PeR is a procedure for the in
vitro enzymatic amplification of a specific segment of
DNA (Mullis and Faloona 1987). The capability of
PeR to amplify specific nucleotide sequences mil
lions of times facilitates the use Qf technologies for
the analysis of DNA that would be difficult with con
ventional molecular biology techniques. The ampli
fied fragments can be visualized on ethidiwn bromide
stained agarose gels, hence genomic sequences can be
rapidly detected without hybridization analysis. PeR
amplification involves the use of two oligonucleotide
primers and repeated cycles of heat denaturation of
the DNA, annealing of the primers to their comple
mentary sequences, and extension of the annealed
primers with DNA polymerase. The primers are de
signed to hybridize to opposite strands of the target
sequence and are orientated so DNA synthesis by the
polymerase proceeds across the region between the
primers. The procedure results in an exponential ac
cumulation of the target fragment, approximat:-1v 2n

where n is the number of cycles of amplification per
formed. The primers define the products of the reac
tions whose length is the distance between the 5'
termini of the primers on the target sequence. The
efficiency of the procedure is substantially improved
by the use of a thermostable DNA polymerase (Taq
Polymerase) isolated frem the bacterium Them/us
aqllotic/ls (Saiki et al. 1988). Unlike the thermolabile
Klenow fragment of Escherichia coli polymerase I
used previously, Taq polymerase retains its activity
after heat denaturation of the DNA and does not need
to be replaced during each cycle. In addition, the
higher temperature optimum of this enzyme (70
7S'C) significantly increases the specificity, yield,
and length of targets that can be amplified.

Williams et al. (1990) described a procedure for
the identification of polymorphism in plants based on

peR. Random Amplified Polymorphic DNA se
quences, or RAPD markenl, arc based on the use of
single, short (lO-mers) synthetic oligonucleotide
primers. The primers were generated with at least
60% G+C content to ensure efficient annealing, and
with sequences that are not capable of internal pairing
that can produce PeR artifacts. The procedure allows
the specific amplification of DNA fragments up to
approximately 2.0 kb in length that can then be visu
alized after electrophoresis by staining with ethidium
bromide. The size and number of polymorphic frag
ments amplified is a function of sequence variability
between the termini of the primers. We have used 10
mers to investigate sequence variability in a range of
organisms. For example, variability detet.:led between
three potato cultivars using five pri.mers is shown in
Figure 9. This figure clearly dem'Jnstrates the poten
tial of RAPDs to discriminate 'aetween genotypes.
However, its utility will depend on the level of vari
ability that can be detecll.·Q. T,.. -±4,o: our experience
would indicate that the level of variability detectable
using the PeR approach is relatively high in potatoes
and Theobroma but low in barley and Vida/aba. The
advantages of RAPD.; over conventional RFLP tech
nology also includes the small amount of genomic
DNA required (25-100 ng per reaction) compared to
5-10 ~g for RFLP analysis and an ethidium bromide
based detection system. In addition, RAPDs may pro
vide markers in regions of the genome inaccessible to
RFLP analysis due to the presence of repetitive DNA
sequences (Williams et al. 1990). A potential disad
vantage of RAPDs is illustrated in Figure 10 where a
population ofanther culture-derived potato genotypes
have been monitored for the segregation of genetic
markers. The 0.80 kb amplified DNA fragment would
appear to segregate as a null allele. Although domi
nant markers are acceptable for mapping with inbred
families, it would be difficult to identify heterozygous
individuals, such as that found in an Fz population.

In highly polymorphic crops such as maize and
potato, it would be attractive to include RAPDs on
existing RFLP linkage maps. The identification of
specific regions of the genome associated with traits
of importance would then allow the use of RAPD
markers to be used as indirect selection tools. Alter
natively, when a RFLP marker is identified that is
tightly linked to a trait of interest, sequencing of
the DNA clone may allow synthetic primers to be
developed that can be used as RAPD markers. Such
an approach would be particularly attractive in large
scale breeding programs located in developing
countries.
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Conclusions and Perspectives

The tools of molecular biology now provide the op
portunity to develop large numbers of phenotypk:ally
neutral genetic markers in any organism from which
DNA can be extracted. In plants there have been two
dominant features associated with linkage map pro
duction. The ability of plants to tolerate and generate
genetic diversity together with the ease of inter
specific hybridization (Walbot and Cullis 1983) have
been vital for the rapid progress achieved in linkage
map creation during the last decade. Perhaps signifi
cantly, the future challenge for RFLP research lies

not in linkage map creation per se but in the exploita
tion and application of knowledge gained from inves
tigations on genome organization and gene mapping.
The control of recombination is a fundamental aspect
of the release of genetic variation and is central to the
many activities associated with gene marker-based
technology. The availability of detailed linkage maps
will allow the mechanism(s) responsible for the dis
ruption or preservation of gene complexes to be stud
ied. Questions of importance to plant breeders about
recombination are summarized below. Genetic mar
kers will allow many of these issues to be addressed.
• How much recombination occurs in specific chro-
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mosome segments during breeding cycles?
• Can large segments of the chromosome remain in

tact over several breeding cycles?
• Does the amount of recombination between spe

cific loci vary with different breeding strategies?
• Is the a'11ount of recombination in a chromosome

segment affected by selection for specific genes on
the segment?

• Do current breeding methods efficiently exploit the
potential variation from crosses?
Significant progress in the introgression of exotic

germplasm into well-adapted cultivars is also antici
pated. The use of PCR technology tt; rapidly amplify
genomic DNA fragments will also playa significant
role. However. it is unlikely that this technology will

completely replace conventional RFLPs but RAPDs
and isozymes should be regarded as complementary
to RFLPs. Studies with a range of crops have already
demonstrated that a significant portion of the additive
genetic variation for quantitative traits can be deter
mined by relatively small regions of the genome. Re
combinant inbred lines, particularly DH. will play an
increasingly important role in linkage map creation
and in the manipulation of quantitative traits in plants.

Further advances in gene mapping will demand an
integrative, multidisciplinary approach in which the
skills of the plant breeder to identify appropriate well
characterized germplasm is of paramount hnportance.
Both national scientists and the staff of the interna
tional research centers have a vital role to play in the
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identification of objectives and in the exploitation of
appropriate technology to address important scientific
objectives.
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DNA Markers and Marker-mediated Applications
in Plant Breeding, with Particular Reference

to Pearl Millet Breeding

M.D. Gale l and J.R. Witcombe2

Abstract

rhe paper discllsses the variolls markers availablefor the plant breeder to lise. their characteristics.
and their advantages and disadvantages. Besides covering the types of markers presently being
employed in breeding experiments. it also covers the naver DNA-based and antibody detection
technologies which promise to provide more comprehensive genetic maps tllat will allow extended
applications ofmarkers.

rhe following biochemical and moleclliar marker systems are discllssed: protein markers.
isozymes and storage proteins: monoclonal antibodies (McAbs): restriction fragment length poly
morphism (RFLPs): specific polymorphic loclls amplification test (SPUTs): and random~v ampli
fied po~vmorphic DNA (RAPDs).

rhe lise ofmarkers in plant breeding is discllssed extensively. with emphasis on the applications
of tagging major genes in specific breeding methods, including recessil'e genes dl/ring backcross
and pedigree breeding: dominant and ml/ltiple genes in backcross breeding. and selection for the
recurrent parent genotype in backcross breeding,

Backcrossing in pearl millet to introgress two characters. downy mildew resistance. probably
dominant. and photoperiod insensitivity. which is recessive. is used as an e.'«Jmple.

The application ofmarkers to tag genes for quantitatit'e cllaracters and indirect selection IIsing
qllantitative trait loci (QTLs) can be done with high efficiency.

EvalllQting parental inbred lines for a large number ofmarkers allows tile prediction ofIIetero
zygosity in the FI and the prediction ofhybrid yield. Similar~v. combining ability can be predicted.

Introduction

The use of genetic markers and genetic maps in
breeding, much discussed since DNA markers have
become available. is by no means new. The possi
bility of using linked markers-or 'gene tags' in to
days' jargon-lo apply indirect selection for
agronomic traits has long been known. Varietal dis
tinction and definition, or fingerprinting, has always
relied on heritable, often trivial, traits. Those who
were not wedded to the concept of 'polygenes', which
effectively. precluded the gf;netic characterization of
complex quantitativly expressed traits (QTLs), were
well aware of the possibility of identifying and map-

ping the factors controlling characters as intransigent
as yield itself (Thoday 1961). The problem was, of
course, that there were never enough markers avail
able to the geneticist/breeder to develop these con
cepts into practical tools. 1b make matters worse
many of the few markers that we did have were unac
ceptable for the development of generally applicable
mllrker-aid techniques in commercial plant breeding
programs.

Among the characteristics of an 'ideal' marker
locus are, that it has a phenotype which is irrelevant
to the gross agronomic phenotype, and that it does not
affect, directly or pleiotropically, the traits for which
the breeder is selecting. This immediately rules out

I. Cambridge Laboratory. Colney Lane, Norwich. NR4 7UJ. UK.
2. Cenlre for Arid Zone S1udics.lJniversily of Wales. Bangor, Gwynedd, LL57 2UW, UK.

Glie. M.D.. and Wllcombe, J.R. 1992. DNA markers and marker·medialed applications in plant breeding, wilh paniculllr reference to pearl
millet breeding. Pages 323-332 in Biotechnology and crop improvement in Asia (Moss, J.P.. ed.l. Patancheru. A.P. S02 324, India: Intel1l8liOll8I
Crops ReseBlthll)Sl!!!Jre for tho:! Semi-Arid Tropia.
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most morphological characters, such as inflorescence
type or plant habit, almost all disease resistance
genes, and most of the many recessive mutants that,
until recently, formed the backbone of the genetic
maps in the few plant species in which they existed. A
further characteristic of ideal markers is that they
should be expressed codominantly, i.e., the hetero
zygote should be distinguishable from either homo
zygote. The emergence of protein ma.rkers, particu
larly those provided by isozyme analysis that
emerged in the 1960s, seemed to meet both of the
above criteria. Indeed, biochemical markers have
been particularly useful both in breeding practice
(Ainsworth and Gale 1987) and the further develop
ment of marker-aided technology (Stuber et a!. 1987).
However, even this panacea was eventually found
wanting. There turned out to be a very finite number
of systems, i.e., classes of protein, which could be
analyzed in any single laboratory, and the degree of
polymorphism was often not adequate for use in a
breeding program using relatively closely related
genotypes as parents. Moreover, isozyme expression
was often found to be dependent on the developmen
tal stage of the tissue from which they were extracted,
which led to ambiguity in interpretation of the gels,
and, since each enzyme requin'~ :t different staining
system and often its own electrophoretic conditions,
considerable skill, a large range of chemicals, and a
battery of electrophoretic equipment is needed 10 ef
fectively use a number of different isozyme marker
systems.

Use of variation in the DNA itself, initially as
restriction fragment length polymorphism (RFLP)
first in animal systems (Botstein et al. 1980) and
throughout the 1980s in an increasing number of crop
plants, overcame many of the problems that have lim
ited the use of biochemical markers. The number of
loci available is effectively infinite; for example, in
the pearl millet genome any length of DNA can be
cloned from its 2 billion b~se pairs and be u!:ed as an
RFLP probe. The degree of polymorphism realized is
greater than for any other type of marker because
differences as small as only a single b:::;e-pair change
can be observed. There are no developmentai effects,
provided methylation-sensitive restriction lites are
avoided, so the DNA from, say, the tip of a gmin, will
give the same result as DNA from the tip (jf a root.
Finally a major advantage is that only a few meth
odologies are needed to visualize variation in this
DNA at any locus, i.e., once a few protocols are mas
tered a single laboratory can expect to be able to use
all DNA markers for which the relevant information
is publicly available.
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The same criteria apply to conventional RFlP
analysis or Ihe use of polymerase chain reaction
(PCR) mediated applications such as the random am
plified polymorphic DNA (RAPD) system (Williams
et al. 1990).

DNA markers, of course, do have defects for gen
eral use in breeding programs. They are expensive to
use, relatively time consuming 10 assay, and require a
substantial and relalively sophisticaled laboratory set
up. Each of these difficulties are, and will continue to
be, alleviated with the development of new melh
odologies such as automated DNA extraction and
analysis and the development of visualization systems
that do not rely on radiochemicals.

The Overseas Dcvelopml'l1t Administration (ODA).
UK, have initiated a project to construct a DNA
marker and isozyme linkage map in pearl millet (Pel/

niseillm glallclinI L.Br.) with the purpose of identify
ing probes that will be of direct he!;J in pearl millet
breeding programs. The project involves collabora
tive research between ICRISAT, the Cambridge Lab
oratory (CL), Institute of Plant Science Research,
Norwich, and the Centre for Arid Zone Studies
(CAZS), University of Wales, Bangor. The initial
project targets will be markers for downy mildew
resistance and a photoperiod-insensitivity gene as
well as constructing a high-density linkage map. The
DNA and isozyme work is being done in the Cl, the
field work at ICRISAT, and the "creening for downy
mildew resistance at ICRISAT and CAZS.

In this review we list the types of markers pres
ently being employed in breeding experiments, and
the newer DNA-based and antibody detection tech
nologies that promise to provide the more compre
hensive genetic maps which will allow extended
applications of markers. The methods themselves are
covered in detail elsewhere in this publication (Powell
1992) so here we restrict ourselves to a brief list of
advantages and disadvantages of the various species
of marker systems. The methods are summarized in
Figure 1.

G~netic Markers

Below we list only biochemical and molecular mar
ker systems. These are summarized in Figure I with
an indication of the time required for the various
systems, which also differ in the level of technical
skills and resources needed. Although the use of most
conventional morphological markers is not usually
practicable in breeding programs, those that are avail
able should not be ignored. Some, for example antho-
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cyanin pigmentation ofcoleoptiles or ligules, arc triv
ial in terms of the breeders' ideotype but vcry conve
niently and economically assessed. Another class of
markers which fall into this category are disease re
sistance alleles effective only against races that are
not, or no longer, relevant in the region served by the
program. These genes are often easily scored by
breeders with conventional backup from their pathol
ogy laboratories.

Protein Markers, Isozymes, and Storage Proteins

Pro: Simple extraction and staining; several proto
cols often available; rapid and economical for
mass screening; very useful for wide-cross ap
plications; variation can be used in physiologi
cal experiments.

Con: Number of marker loci still limiting; protocols
system specific; considerable experience of in
dividual systems required for analysis and in
terpretation; interpretation confounded by de
velopmental effects; polymorphism levels of
ten limiting in varietal comparisons.

Monoclonal Antibodies (McAbs)

McAbs to random plant proteins, of which electro
phoretic variants can be identified on Western blots
without any further knowledge of the actual protein
under investigation, offer potential alternatives to the
use of random DNA clones for RFLP analysis or
random oligonucleotides for RAPD analysis.

Pro: Potential number of systems large; polymor
phism from protein properties in addition to
electrophoretic differences; a singie detection
system for all markers; tests can be adapted to
easily transported 'kit' formulation.

Con: Antibody production requires experiments
with animals; system relatively untested with
random libraries; relative levels of polymor
phism unknown.

Restriction Fragment Length Polymorphism
(RFLPs)

Pro: Numbers effectively infinite; single protocol
for all markers; polymorphism levels can be
enhanced by use of wide range of restriction
enzyme digests; use of known-function clones
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can relate variation to function; transferable
between species.

Con: Relatively slow, particularly DNA extraction
and Southern transfer; detection system depen
dent on genome size; polymorphism still limit
ing in some species; still requires use of
radioactivity although nonradioactive methods
now being developed for universal use.

Specific Polymorphic Locus Amplification Test
(SPLATs)

SPLATs are essentially second generation RFLPs.
Once an important diagnostic RFLP lOCUli has been
identified, the polymorphic fragment can be cloned
and end-sequenced. Then appropriate oligonuc!:otide
primers may be raised that will amplify only the spe
cific fragment in a PeR test.

Pro: Relatively rapidly screened; detection of nuli
alleles without the need for electrophoresis;
transportable 'kit' development possible; very
small amounts of genomic DNA required.

Con: Formulation and production of primers expen
sive; requires DNA extraction.

Randomly Amplified Polymorphic DNA (RAPDs)

Pro: Relatively rapid; primers available cheaply;
polymorphism easily detected; many primers
can be screened on a single PeR run; very
small amounts of DNA required.

Con: Mainly dominant markers and thus less effi
cient for many application; primers may detect
different loci in different crosses; experimental
conditions highly critical, to some extent PeR
machine dependent.

Use of Markers in Plant Breeding

The uses of RFLPs and isozyme markers in plant
breeding are numerous and the amount of informa
tion required to use them varies considerably (Table
1). For most fingerprinting applications no informa
tion is required on the linkage groups of the markers,
or their linkage relationships with genes controlling
traits. In contrast, efficient tagging of quantitative
traits requires a high density RFLP linkage map, and
the positioning of quantitative trait loci (QTL) on the
map. Between these extremes intermediate amounts



Table 1. Some applications or markers In plant breeding and requlremenls ror linkage data.

Need Trnitlocilinkage to:

. Application None Helpful Essential Marker Map

Fingerprinting
OrganiZlllion of germplasm X X
Identifying parentaillnes/cultivars X
Analysis of pedigrees X X
Testing hybrid seed purity X
Testing inbred Jine/cultivar purity X X
Testing similarity of Isqgenic lines X X
Testing similarity in mutation breeding X X

QuantlJlcation or Heterozygosity
Tests of breeding systems X
Prediction of FI hybrid yield X X

Cytogenetic Applications
Aneuploid annlysis XI
Togging nllen chromosome segments X
Intergenomlc and specific relationships X
Engineering chromosome segments X

Tagging Major Genes
For single major genes X2 X3 X2 X3
For multiple genes (pyramiding) X2 X2 X3 X2 X3

Backcross Breeding
Recurrent parent genotype X X X·

Quantitative Inheritance
Tagging QTLs X X

I. Much cytology can be avoided. and only linkage groups need be known.
2. Applies 10 single I11lII'ker Ialls.
3. Applies 10 flanking marker IlIgs.
4. If seleclion largeted aguin.'1 donor parenl genes around donor gene. when seveml (or more) flanking markers arc necessary.

of information are required, but many applications for
which linkage information is unessential can benefit
from it. For example, in pedigree analysis, linkage
information can be used to determine how differences
detected between cultivars are distributed on the
chromosomes, and in heterozygf)sity studies linkage
information can localize heterozygosity in the genome.

Fingerprinting

It is clear that RFLP markers are a powerful tool to
discriminate between inbred lines, cultivars, and
landraces, with many potential uses to the plant

breeder. Two examples, which will be studied in the
project, are given where fingerprinting alone will
provide useful information.

In pearl millet, a highly cross-pollinated crop, it is
difficult to determine whether mutation breeding on
inbred lines has been successful because of mutation
or because of selection for existing variation. Useful
genetic variation could be due to mutation or out
crossing of the line in a previous generation. If the
inbred line is largely homozygous, and the product of
mutation breeding is almost identical to the original
line then we can assume that the new product is the
result of mutation and not outcrossing.
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A similar purpose is checking on the similarity of
isogenic lines, particularly if the approach to homo
zygosity can be verified over generations.

Genotypic Selection (Indirect Selection)

In a conventional breeding program selection is made
on the phenotypes of individual plants, or families of
plants. In genotypic or indirect selection markers are
used to tag the desired genes. Markers are selected
that are closely linked to the genes that control the
desired character. The degree of response in indirect
selection is a function of the effects of the genes and
the tightness with which they are linked to the
markers.

Gene Tagging of Major Genes

There are general advantages in being able to tag
major genes. These include the ability to select for a
trait without the need for an environment that allows
expression of the trait, juvenile testing for markers at
the early stages of plant growth before many traits are
expressed, the ability to simultaneously select for sev
eral genes that control the same character (gene pyra
miding), and the ability to detect recessive genes in
heterozygotes.

Environmental stability. Plant breeders can select
for a trait, once linkage between RFLPs and the trait
of interest is known, without regard to the environ
ment. This has great advantages in pearl millet where
off-season nurseries are used, or when the specific
environments which allow traits to be expressed are
expensive to provide, such as in smut susceptibility in
pearl millet, or when there is unreliable expression of
the character. A good example is the use of the linked
isozyme marker, endopeptidase-I (Ep-DlJ, to detect
the eyespot (Pseudocercospore/la Izerpilricoides) re
sistance gene, Pchl, which was transferred to wheat
from Aegilops venlricosa. The precision of selection
using Ep-Dl as a marker is excellent. Where there
was disagreement between the classification of resis
tance using disease screening or the isozyme, retest
ing of the genotypes revealed that the isozyme
classification was invariably correct (Summers et al.
1988).

A breeder can also select for resistance to races or
diseases that are not available at the site of testing. It
is hoped that eventually resistance to African pa-
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thotypes of Sc/erospora graminico/a can be selected
in India by using molecular markers.

Juvenile testing. Juvenile testing for markers asso
ciated with mature phenotypes has the greatest advan
tage in pearl millet in testing seedlings for genes that
restore or maintain cytoplasmic-genetic male sterility.
In topcross pollinator breeding, selection for fertility
restoration is required, but the ability of a genotype to
restore or maintain cannot be determined conven
tionally until the subsequent generation when the fer
tility of testcross progeny is established.

The example of eyespot resistance in wheat also
demonstrates the use of juvenile testing. This disease
is conventionally assessed in IO-week-old plants after
seedling inoculation (Hollins et al. 1985). Ep-Dl can
be assessed in young leaves for the allele correspond
ing with resistance and those plants not homozygous
for Ep-Dl discarded. Ep-Dl is particularly efficient as
a marker because in F:s and F(J progenies from resi
stant x susceptible crosses no recombination was ob
served between Pc"-l and Ep-Dlb (Summers et al.
1988; Worland et a!. 1988).

Gene pyramiding. Indirect selection is particularly
valuable in selecting plants with two or more inde
pendent genes which give a similar phenotype, a pro
cess known as gene pyramiding. For example, it
might be advantageous to include more than one re
sistance gene in a cultivar in the expectation that re
sistance will be more durable. However, simultaneous
selection for more than one gene is difficult since the
phenotype is often the same however many resistance
genes are present. In conventional breeding, the in
bred progeny produced by selfing from an individual
plant must be tested in order to be able to determine
the number of resistance genes each plant has. The
resources required to do this would normally be pro
hibitive. However, once linkage of the individual
disease resistance genes to RFLP markers is estab
lished, individual plants can be scored for the pres
ence of one, two, three, or more resistance genes. No
progeny testing is required, and multiple genes for
more than one disease can be simultaneously
screened in a single plant. The technique of gene
pyramiding can be applied in any method of plant
breeding, e.g., backcross or pedigree brerJing.

In pearl millet, it is possible that there are several
genes controlling resistance to different pathoypes of
the downy mildew pathllgen. Some inbred lines dis
play stable across-Iocatilln resistance in both India
and Africa, whereas other lines although resistant in
some locations, are moderately or very susceptible in
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others. If inbred lines that have stable across-location
resistance are used as resistance donors then the
genes for resistance can only be transferred if screen
ing is done in most or all generations across a wide
range of environments. Such a program would be ex
pensive and time consuming. However, using well
controlled and well-replicated experiments and a
range of inoculum sources it may be possible to find
two or more resistance genes that are linked to
RFLPs. It should then be possible to use the gene
pyramiding technique for downy mildew resistance
breeding in pearl millet.

Applications of Tagging Major Genes in
Specific Breeding Methods

RecessIve Genes and Backcross BreedIng

Markers can be used to improve the efficiency of
selection for a recessive gene during a backcross
breeding program. Backcross breeding often involves
alternating generations of backcrossing, selfing and
progeny testing. The progeny testing is done to deter
mine which of them carry the desired recessive gene.
A recessive allele could be indirectly selected, how
ever, by selecting for a linked marker or flanking
markers so that progeny testing is rendered unnecess
ary. Resources arc saved as plants can be eliminated
from the breeding program after nondestructive seed
ling testing.

The use of an RFLP marker requires a very small
number of plants. If as few as four plants are sampled
for the RFLP marker there is a 94% chance of finding
a plant that carries it. If the first four plants that are
sampled do not have the marker, then further plants
can be sampled. Essentially, in 94% of the genera
tions it will only be necessary to sample four plants. If
flanking markers are not available, and if the linkage
between the recessive gene and a single RFL.P marker
is not that tight. then if two or three independent
pedigrees in the backcross program are followed in
this way it will be almost certain that one of them
carries the gene.

RecessIve Genes and Pedigree Breeding

The advantages of gene tagging in pedigree breeding
is less than in backcross breeding, because generation
advance by selfing increases homozygosity and hence
the proportion of individuals which express recessive

alleles increases in each generation. However, the
general advantages of juvenile testing, environmental
stability, and gene pyramiding remain.

Dominant and Multiple Genes in Backcross
Breeding

Indirect selection for dominant genes will be profita
ble in a backcross program when the general advan
tages of gene tagging apply. Moreover, the benefits of
marker-based selection increase when more than one
character is simultaneously backcrossed into the re
current parent. With conventional breeding it is usu
ally necessary to transfer characters individually by
backcrossing. These products of the individual back
cross breeding programs are then intercrossed to
combine the new traits. By using markers, more than
one gene can be incorporated simultaneously while
still screening a low number of plants. The cost per
donor gene of screening for RFLPs decreases when
more than one gene is transferred, as the same DNA
sample can be used to test for many RFLPs on a
single plant basis.

Dominant and Multiple Genes In Pedigree
Breeding

The advantages of tagging for dominant genes and
multiple traits are less in pedigree breeding as com
pared to backcross breeding. Selection for multiple
traits is easier in pedigree breeding because multi
environment progeny testing can easily be incorpo
rated into the breeding program without increasing
the number of generations required, and the compli
cation of recovering the recurrent parent genotype is
removed. However, the normal advantages of gene
tagging remain..

Selection ror the Recurrent Parent Genotype In
Backcross Breedfng

If a number of RFLPs between the donor and recur
rent parent are determined that are not linked to the
donor trait, then genotypic and phenotypic selection
can be used for the recurrent parent genotype. Prog
eny are selected that carry the target allele, and very
strong selection pressure for markers closest to the
recurrent parent can then be applied without risk of
losing the donor gene.
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In backcross breeding the recurrent parent ge
notype is frequently not recovered for genes ncar to
the donor gene. When a high-density RFLP map is
available, the recurrent parent genotype can be se
lected near the gene of interest. Neinhuis et al. (1987)
used RFLPs in this way to select in tomato fo.. donor
genes for insect resistance, and to more rapidly re
cover the recurrent parent genotype.

Backcrossing in Pearl Millet

Two characters in pearl millet arc commonly handled
by introgression in backcross breeding programs.
One of these characters, downy mildew resistance, is
probably dominant, and the other, photoperiod insen
sitivity, recessive. In both cases indirect selection
using RFLPs would be beneficial.

In pearl millet, backcross breeding for downy mil
dew resistance is required particularly to rescue
male-sterile lines that become susceptible to downy
mildew. Good male-sterile lines arc difficult to breed
and once a successful line is available it is economi
cally worthwhile to extend its life using backcross
breeding. Attempts to do this so far have not been
successful, as the resistance gene has invariably been
lost due to the selection ofdisease-free plants that did
not carry the resistance gene, but had merely escaped
the disease.

Resistance to downy mildew is believed to be con
trolled by dominant genes, although reliable data con
cerning the genetic control of this disease is very
limited. Downy mildew resistance is difficult to mea
sure conventionally. The disease has to be scored as a
percentage of infected plants and not as severity of
symptoms, the susceptibility of plants varies with age
and the source of inoculum that is used, and environ
mental factors greatly affect the disease incidence.
Consequently, a large number of replications are re
quired for accurate measurements and only progenies,
not individual plants, can be reliably assessed with
these conventional methods. Individual plants cannot
be used as they will have scores ofeither 0% or 100%,
whereas most genotypes have intermediate values.
The selection of RFLP markers that are tightly linked
to the gene or genes that control downy mildew resis
tance avoid these difficulties, and will greatly help to
improve selection efficiency. First the linkage bet
ween resistance genes and RFLP markers will have to
be determined in extremely well-replicated and well
controlled experiments. Once linked RFLP markers
are determined indirect selection for them will be
more effective than selecting for the disease.
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The eI gene is recessive and imparts earliness and
photoperiod insensitivity. It can be used to improve
the synchrony of hybrid parents by introducing the
gene into the later parent by backcross breeding. As
long as the earlier parent does not have the eI gene
the phenotype of the hybrid will be unchanged. A
warker for the recessive gene will speed up the pro
cess of conventional backcrossing. The gene can be
detected without selfing and screening the progeny
under extended-daylength environments between
each generation of backcrossing. The environmental
stability of the marker will also avoid the complica
tions created by the reduced expression of the eI gene
in some genetic backgrounds.

It would also be helpful to have RFLP markers for
the recessive d;! gene, and for genes for fertility resto
ration and sterility maintenance.

Of course, in both the case of downy mildew re
sistance and the e. gene there will be considerable
benefits in tagging these genes in pedigree breeding,
or in population improvement.

Application of Tagging Genes for
Quantitative Characters

Indirect Selection Using Quantitative Trait Loci
(QTLs)

Most traits that the plant breeder selects for are quan
titatively inherited. Analysis of biochemical and
DNA markers in crosses between parents that differ
for a quantitative trait can be used to find RFLPs
linked to the genes that control the quantitative traits
(quantitative trait loci or QTLs). Individual marker
alleles can then be assigned breeding values accord
ing to the realized effect of the QTL to which they are
linked. The realized QTL effect is a function as to
how large an effect the QTL has, and how tightly it is
linked to the marker or flanking markers. Selection
can then be exerted for a number of markers simul
taneously which will have the effect of selecting for
QTLs with a positive effect on the quantitative trait
(Paterson et al. 1988). This can be done with high
efficiency because of the ability to score for several
RFLP markers simultaneously in a single plant in a
manner which is free from environmental influence or
gene interactions.

Stuber and Edwards (986) reported a marker
based selection procedure in maize. They used 15
isozyme marker loci which had been assigned breed
ing values, and this indirect genotypic selection was
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as effective for improving the trait under selection
(grain yield) as phenotypic selection. If a larger num
ber of markers could be used then genotypic selection
would be more effective (but probably not more cost
effective) than phenotypic selection.

However, of the potential uses of RFLP markers
for indirect selection, its usc for quantitati'.'c traits that
do not have a high heritability is likely to be the m~st

problematic. For certain traits such as yield, which
have many components, the important QTLs and ;ims
the RFLPs linked to them will differ in different
crosses, as the genetic architecture of each cross will
differ. For example, QTLs could account for a large
amount of the variation for} leld because of differ
ences between the parents for highly heritable traits,
such as time to flower or disease resistance, which are
highly correlated to yield. Unless other genotypes of .
related pedigree have already been analyzed, this
means that genotypic selection can only be used after
a complex and resource-consuming analytical pro
cedure to determine linkage of markers and QTLs.
Also, during the selection for quantitative traits rela
tively rare transgressive segregants are selected for.
Consequently large numbers of plants needl(o be sam
pled, and the cost of this may be too high when com
pared to conventional phenotypic selection. However,
the number of plants can be reduced by selecting for
genotypes that carry all of the desired alleles, even if
they are in the heterozygous condition. The required
transgressive segregants can then be selected for in
the subsequent generation or generations. Indeed, be
cause orthe ability to identify different genotypes that
may be phenotypically identical, markers can be used
effectively in smaller populations than conventionally
required. Finally, in crops such as pearl millet where
the environment is less controlled than in the case of
maize grown under high inputs, and where differ
ences between environment are very large, less of the
variation may be accounted for in QTLs, and the QTLs
controlling yield limiting components are likely 10 differ
greatly with environment.

Prediction of Hybrid Yield

Heterozygosity. Evaluating parental inbred lines
for a large number ofmarkers allows the prediction of
heterozygosity in FI hybrids of the parents. Since
heterozygosity is related to yield it should be possible
to predict those crosses with the highest hetero
zygosity and hence yield. Frei et al. (1986) made
hybrids from inbreds for which RFLP analysis had
been done. The results analyzed by Walton and

Helentjaris (1987) showed that those hybrids that
gave a low dissimilarity «50%) for the 34 RFLP loci
considered, could safely be discarded as low yielding.
It would still be necessary to yield test within the high
dissimilarity group because the extent ofdissimilarity
above 50% was not well correlated to yield.

Combining ability. Another use of the linkage bet
ween RFLPs and QTLs is in the prediction of com
bining ability. Since RFLPs can be identified that are
positively correlated to important traits, inbred lines
can be selected with RFLPs that should give high
general combining ability. Walton and Helentjaris
(1987) evaluated 39 inbreds of maize for 42 RFLP
loci. A preliminary analysis revealed that 13 RFLP
loci had significant effects on grain yield at harvest.
Using these 13 loci to predict grain moisture of hy
brids at harvest was successful. Ofcourse, after selec
tion of parental lines with high general combining
ability combinations can be chosen that are comple
mentary (i.e., maximise heterozygosity in the FI).

However, problems associated with this type of anal
ysis remain; in that the RFLPs identified may differ
with the set of crosses analyzed, and may differ with
the target environment.

Introgression

In several crops chromosome segments carrying ben
eficial genes from wild species are introgressed into
the cultivated species. The chromosome segments
carry genes (either qualitative or quantitative in na
ture) that are desirable, such as disease resistance
genes in the case of wheat, and genes controlIing
soluble solids in tomato. RFLP markers can very eas
ily be used to trace the presence or absence of the
chromosome segments in plants, as there is more
polymorphism between than within species for most
markers.

For the method to work universally in improving
the character the genes in the alien chromosome seg
ments should have the same effect in different genetic
backgrounds in the cultivated species, i.e.• they have
the same effect in different crosses. Tanksley and
Hewitt (1988) found that one chromosomal segment
(Aco-2) from Lycopersicon c1unielewskii interacted
significantly with the genetic background of L. es
culentum in which it was placed. In some cases it
significantly increased solids, whereas in others its
effect was neutral or caused a decrease in solids.

In wheat, a translocation between the IBL and IRS
chromosomes has a desirable effect on yield and yield
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stability (Rajaram et al. 1983). There are now many
markers (Javornik et al. 1991), including disease re
sistance genes, cytological differences, and biochemi
cal and DNA markers which can be used to detect
and select for the translocation.
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RFLP Analysis for QTL Identification and Chromosomal
Localization: Homozygous and Heterozygous Populations

E. Ottaviano, A. Camussi, M. Sari Gorla, and E. Pel

Abstract

The recognition of chromosomal segments carrying IIseflll genes by means of moleclliar genetic
markers-isozymes, Restricted Fragment Length Polymorphisms (RFLPs)-may offer the possibility
of speeding lip selection programs and of redllcing field work. On theoretical grounds the main
advantages ofthis approach are: the high prediction power with regard to the genetic compositiofl
ofa segregating population obtainedfrom characterized pareflts, selection applied at a very early
plam stage, and reduction of the effects of environmefltalvariatiofls. The preselll paper considers
the practical potentiality ofthese methodologies in connection with plant breeding programs, taking
into account the type ofthe characters studied and the genetic struclllre ofthe population in maize.

The efficiency ofRFLP analysis based on recombinant inbreds is disCllssed on the basis ofthe
results obtainedfrom the study ofpollen competitive ability (peA) and cellular membrane thermo
stability (CMS) in maize. PCA is a character affecting the mating system, the genetic analysis of
which requires complex progeny testing. For this character RFLP analysis detected at least six
quantitative trait loci (QTLs) localized on different chromosomal segments. About 70% of the
genetic variability can be monitored by controlling the segregation ofsix RFLP loci. Similar results
were obtained/or CMS, a physiological index widely used to evaluate thermostability in plants. The
analysis of the matrices of correlation between RFLP loci-either within or between chromo
somes-collid be //Sed to detect false chromosomal assignments.

A IIighly heterozygous population, simulating early generations in selection programs, was also
studied to evaluate the efficiency ofthe RFLP analysis. The results obtainedfor different traits show
that the amollllt ofthe genetic variability that can be monitored by RFLP loci is greatly affected by
the type ofgene action controlling differences between families.

Introduction

The use of RFLP markers to detect chromosome seg
ments carrying quantitative trait loci (QTLs) is one of
the most promising technologies for plant breeding
(Paterson et aI. 1988; Helentjaris and Burr 1989). Effi
ciency depends mainly on the availability of densely
saturated genetic maps and on a high level of poly
morphism in populations to be used as basic material
for selection. On theoretical grounds, the chromo
some localization of QTLs and Ihe availability of
close-linked RFLP markers permit good power of
prediction of the genetic composition ofa segregating

population, application of selection at a very early plant
stage, and deteCtion of fmgments of DNA for gene isola
tion and molecular characterization (Ganal et a!. 1989).

In selection programs concerned with single-gene
traits, only a close-linked marker is required for effi
cient use of this method. Where quantitative traits are
concerned, efficiency depends to a large extent on the
type of gene action controlling the variability and on
the estimation of the genotypic values of the segregat
ing individuals. Consequently, for plant breeding pur
poses such as assisted selection, RFLP analysis must
be carried Ollt using the most suitable material and
experimental design.
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Replicated Progeny

Many applications of RFLP analysis for QTL map
ping have been based on single plants of segregating
populations. On the other hand, high efficiency of
genotypic value estimation is obtained by using repli
cated progeny of family structured populations, such
as recombinant inbreds (RIs) and F3• In particular,
use of RIs provides a number of advantages (Burr et
al. 1988). The RIs constitute a permanent population
that can be used indefinitcly for mapping both new
molecular markers and QTLs; both interloci and in
terallelic interactions are rcduced so that linkage anal
ysis is simplificd; and the expanding map resulting
from the several rounds of recombination events al
lows detection of recombination between close-linked
markers. On the other hand, RIs are not readily avail
able for most of the populations to be used by the
breeder; owing to the high level of homJzygosity,
they do not yield information about gene action con
tributing to specific combining ability; and, in al
logamous species, the information obtained may be
biased by inbreeding effects.

In our laboratory, RI-based QTL mapping has
been used to study a number of traits in maize. The
results obtained can be used to discuss the potential of
the procedure. For this purpose, data obtained from
the analysis of pollen competitive ability (PCA), mea
sured as pollen tube growth rate (PfGR) in vivo, and
cellular membrane stability (CMS) will be con
sidered.

PfGR is a major component of pollen fitness af
fecting the genetic structure of both sporophytic and
gametophytic populations of many Angiosperm spe
cies (Ottaviano llnd Mulcahy 1989). In maize, the
variability of the character can be explained as the
expression of at least two categories of genes: genes
specific for pollen development, germination, and
tube elongation and genes controlling metabolic pre
cesses common to pollen and sporophyte. For the first
category, nine different genes (Ga: Gametophytic
Factor) have been described in maize. 1\Ibe growth
rate of Ga-carrying pollen is faster than that of Ga
carrying pollen: in mixed pollination, Ga pollen, in
competition with pollen carrying the ga allele, fertil
izes close to 100% of the ovules. All alleles detected
for these loci show major phenotypic effects and
chromosome mapping requires complex progeny
tests. For the second category of genes, results ob
tained by means of biochemical and molecular anal
ysis (isozyme, messenger RNA (mRNA» of gene
expression indicate that a very large number of genes
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may be involved (see Ottaviano and Mulcahy 1989,
for a review).

RFLP analysis of PfGR was based on a set of 44
RIs obtained by selling the segregating progeny
of the FI obtained by crossing two inbred lines
(T232xCM37). These RI lines have been charac
terized with regard to 200 RFLP loci, giving the pos
sibility of monitoring most of the plant gcnome (Burr
ct al. 1988). The PfGR of each line is measured by
means of a mixed pollination technique: pollen of
given lines is mixed in equal proportion with the pol
len of a standard line carrying a genetic marker for
colored aleurone and used to pollinate an unrelated
hybrid plant. Since in maize the style length varies
according to the position of the flowers on th~ ear
increasing from the top to the base-relative PfGR is
expressed by the regression of the proportion of un
colored kernels on ear segments (Ottaviano et al.
1988).

The results obtained show that the variability of
the character has a typical quantitative pattern, that
differences between inbreds cannot be accounted for
by segregation of Ga alleles having major effects, and
that the heritability of the character is very high (h2=
0.77). The detection of the chromosome segments
carrying loci affecting this variability was carried out
by means of regression &nalysis. The PI'GR is taken
as the dependent variable and RFLP loci as regressor.
For each locus, value 1 and 2 was attributed to the
CM37 allele. For heterozygous combinations, the
value was 1.5. The value of the coefficient of regres
sion measures the effect of lhe allele substitution and
the sign indicates the distribution of the alleles in the
two parental lines: + indicates that the allele that in
creases the character is from CM37. R2 values esti
mate the amount of variation between inbred means
explained by the variation of that specific locus.

The analysis detected 29 significant values (P <
0.05) that cluster in six chromosomal regions (Table
1). However, this information does not allow a
straightforward unambiguous estimate of the number
of QTLs, or a precise mapping, because in each clus
ter, one or more QTLs may be located. Moreover,
when the RI set is not very large, random drift may
result in apparent localization of the same QTL in
two or more unlinked sites. Most of this indeter
minacy can be removed on the basis of the analysis of
the matrix of correlation between RFLP loci, either
within or between chromosomes, and of the sign of
the effects on each cluster. On the basis of this anal
ysis about 60% of the genetic variability is shown to
be the result of the segregation of at least six QTLs.



R2 and b values given are Ihose of the locus showing the highest
correlation.

Table 1. RFLP loci showing significant effects on pollen
lube: growlh rale (PTGR).

Only one of them (chromosome 6) cannot be assigned
unambiguously; the molecular marker is highly cor
related to that in cluster 4.

A very important aspect of these results is shown
when they are compared with the chromosomal local
ization of Go factors obtained by classical mapping
procedures based on alleles producing major effects;
three of these are found in the chromosomal region
detected by RFLP analysis. As tllese alleles do not
segregate in the RI set, it means that in a maize popu
lation the ga loci are present as isoalleles having
small phenotypic effects not detectable by means of
standard genetic analysis.

Cellular membrane stability (CMS) of RIs was
evaluated as the increase of electrical conductance
produced by the electrolyte diffused in deionized wa
ter by the injured tissue (Sullivan 1971; Ottaviano et
aI., 1991). Heat treatment (47'C for two hours) was
applied to leaf disks incubated in a thermostatically
controlled bath. Although the molecular basis of the
within-species variability is not known, structural
analysis of the membranes suggests that differential
thermostability can be produced by differences of sat
uration of membrane lipids, membrane protein and
protein-lipid ratios, protein-lipid configuration, subs
tances (proteins, phenols, growth regulators) possess
ing a natural affinity to membranes, and enzymatic
fatty acid desaturation (McDaniel 1982).

Analysis of differences between RIs by standard
statislical procedures indicates that the variability of
the character is largely genetically controlled. The
pattern of the variability is that of the typical quantita
tive traits, indicating a large number of segregating
genetic factors. The difference between the two par
ental lines is 4.6 standard deviations. The estimate of
minimum number of genes, according to Taylor
(1976), is two.

Heterozygous Populations

b

-0.096
0.126

-0.087
0.136

-0.133
-0.118

0.099
0.157
0.099
0.229
0.170
0.142

I
4
I
I
4
I

No. of
RFLP loci

I
2
4
8
9

10

Results obtained by RFLP analysis are summa
rized in Table 2 and Figure 1. It shows that the vari
ability of CMS is attributable to a minimum QTL
number not less Ihan six, unambiguously distin
guished. The inspection of the matrices of correlation
I.>etween chromosomes indicates that in this specific
study no false assignment of QTL was made.

For lhe predictive purposes of selection work, a
model including six RFLP loci highly associated with
the character would account for 39% of the variability
between mean values of Rls (Table 2). As RFLP vari
ability is not affected by environmental factors, and
assuming that these factors act at random on the
quantitative traits (the experimental design legiti
mates this assumption), the R2 value obtained by fit
ting this model is an estimate of the proportion of the
genetic variance between RI means explained by the
variability of RFLP loci included in the model. Tak
ing into account the proportion of genetic variance
between RI family means h2

0 = 0.73, a selection
based on the six RFLP markers included in the model
would monitor 0.39/0.73 or .53% of the genetic vari
ability of the character. The remaining portion is
likely to be due to QTLs of minor effect, the contribu
tion of which is not statistically detected.

The basic material to be used for selection, in the
majority of plant breeding programs, is composed of
highly heterozygous populations. The objectives of
the work are the selection ofgenotypes in which most
of the positive alleles are fixed and, for hybrid vari
eties, the production of parental lines maximizing
combining ability.

Chromosome

Table 2. RFLP loci showing significant effects on cellular
membrane stabUily (eMS).

RZ and b vllluea given lUll Ihose of til: locus showing the highest
corrclalion.

b

-1.45
-2.30

2.31
2.46
2.04

-2.57

0.136
0.179
0.188
0.240
0.145
0.256

2
5
I
6
6
9

No. of
RFLP loci

3
5
6
7
8
9

Chromosome

...
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Chromosome: I 2 3 4 5

1----11

to9

F---II

~-----.

87Chromosome: 6

Figure L RFLP analysis for temperature injury In recombinant Inbreds from T32xCM31. Bars Indicate
degree of correlation (R2) between RFLP loci and CMS (cellular membrane stability). • Indicates signi
ficant values (P<O.OS). Clusters of significant values (circled) Indicate the presence of a single QTL
(quantlta tlve trait locus).

=

The pt'ssibility of increasing the efficiency of se
lection fOi both these aspects, by means of genetic
molecular markers, was studied in a single-cross hy
brid set produced by intercrossing the RIs used for the
experiments reported in the previous section. The de
sign was a partial balanced diallei cross between 44
inbreds yielding a genetically ballWced set of 74 hy
brid combinations. The field layout was a complete
block design with three replications. Measurements
were made for a number of quantitative traits. The
results of this study will be published elsewhere: here
cnly data concerning mean kernel weight (KW) are
reported. Standard combining ability analysis indi-

cates that the character shows a large amount of ge
netic variability and that this is due to both general
and specific combining ability (GCA and SCA)
effects.

RFLP analysis was carried out on kernel mean
values according to the procedure used for RIs; this is
the equivalent of considering the additive model for
genetic effects. Results obtained show that 20 differ
ent chromosomal regions carrying loci contribute to
single cross hybrid differences and that the effects of
the QTL in these regions account for 90% of the
genetic variability between hybrid means. However,
for plant breeding purposes, it is important to dis-
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criminate between additive (llxable) and nonadditive
(not llxable) genetic effects and to take into account
the fact that the laller are lost during inbreeding. In
fact, for many crop plants, selection is applied to pro
duce inbred genotypes to be used either as variety
(only in autogamous species) or as parental lines for
hybrid production (in both autogamous and al
logamous species). Moreover, the analysis of differ
ences between genotypes (between hybrids in this
case) docs not yield information useful to a:;sist selec
tion for combining ability.

The information useful in these cases can be ob
tained by partitioning the genotypic values into gen
eral and specillc combining effects (OCA and SCA),
so as to obtain two different vectors of data, one for
each type of genetic effect. Each vector constitutes the
dependent variable to be regressed on the vector of
RFLf loci values. For example, the analysis applied
to SCA effects detects eight chromosomal regions
carrying genes for combining ability (Table 3). More
ov-:r, the analysis distinguishes the alleles in each
region as having positive or negative effects.

Table 3. RFLP loci sbowlng significant effects on specific
combining ability ror mean kernel welgbt (KW).

No. of
Chromosome RFLPloci R2 b

2 2 0.062 -0.714
3 2 0.104 0.956
4 2 0.071 -0.571
S 6 0.100 -0.832
6 I 0.081 0.749
7 4 0.122 -0.839
9 I 0.074 -0.698

10 I 0.098 -0.796

R2 and b values given arc those of the tocus allowing the highest
correlation.

Conclusions

The results discussed in this paper support the view
that RFLP markers represent a powerful method for
increasing the efficiency of selection for quantitative
traits. However, the application of the method re
quires a suitable experimental design defined on the
basis of the objectives of the breeding program. Since
field testing of the selected progeny is needed to select
traits not monitored by molecular markers and for the
geneml agronomic evaluation, the type of families to

be considered in dellning the experimental design,
Md, consequenrly, the model for RPLP analysis,
should be determined on the basis of the criteria used
for classical breeding methods.
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Organization and Expression of Plastf~
and Mitochondrial Genomes

J.U. Weill

Abstract

The chloroplast genome consists of circular DNA molecules, which are 120 to 190 kbp long
depending on the species considered and which usually comprise a region present twice but in
opposite orientation (inverted repeat), a large single-copy region. and a small single-copy region.
The complete nucleotide sequences ofthe chloroplast DNA ofMarchantia (liverwort), tobacco, and
rice have been determined.

Tlte chloroplast genome ofhigher plants codesfor 4 ribosomal RNAs. 30 different transfer RNAs
(which allow translation of the 61 sense codons), and over 60 identified or putative proteins, but
there are also over 20 unidentified or open reading frames (ORFs). Six tRNA genes and 10 protein
genes contain intervening sequences (introns).

Transcription in chloroplasts involves promoters that are located 10 and 35 bp upstream ofthe
transcription start and which show very high sequence similarity with prokaryotic promoters. Some
transcripts are monocistronic, and some are polycislronic. The mechanisms oftranslation in cillo
roplasts have many conunonfeatures with those operating in prokaryotes.

The size of the plant mitochondrial genome varies from about 200 to over 2000 kbp depending
on the species considered. The presence of repeated sequences allows recombination events to
occur, generating subgenomic molecules. DNA of nuclear and chloroplastic origin can be found
inserted in plant mitochondrial DNA and in some cases can be expressed in the mitochondria.

Identified plant mitochondrial genes code for 3 ribosomal RNAs, about 20 transfer RNAs (12
mitochondrial tRNAs are encoded by the nuclear DNA and must be imported), and about 15
proteins (subunits ofthe complexes involved in the respiratory chain and ribosomal proteins). Some
ofthese protein genes contain introm•.

Plant mitochondrial messenger RNAs undergo editing, a post-transcriptional modification of
several cytidines into uridines causing a change in the amino acid encoded. which results in the
conservation ofprotein sequences.

Introduction

All eukaryotic cells contain mitochondria where oxi
dative phosphorylation allows the conveision into ad
enosine triphosphate (ATP) of the energy liberated by
the transfer of electrons along the re:;piratory chain.
In addition, photosynthetic organisms contain another
type of organelles, chloroplasts, where light energy
can be converted into ATP. In fact, plants contain
several kinds of plastids (chloroplasts, chromoplasts,

amyloplasts, etc.), but the organization and expres
sion of the plastid genome has been so far mainly
studied in the case ofchloroplasts, so this chapter will
focus attention essentially on the plastid genome in
green leaves.

Both chloroplasts and mitochondria contain their
own DNA-which is different from nuclear DNA
and their own systems for the replication of DNA, for
the transcription of DNA into RNA, and for the trans
lation of messenger RNAs into proteins (for reviews

1. InsIltut de blologle molkulalre des planres, Unlverslt6 Louis Pasteur, 12 rue du ~ral Zimmer, 67084 Strasbourg, Fnmce.

Well, J.H. 1992. Oraanizalion and expression ofplastid and mitochondrial genomes. Pages 339-353 in Bloteclmology and crop improvement in
Asia (Moss, J.P., ed.). Patancheru, A,P. 502 324, india: International Crops Research InslilUte for the semi-ArId Tropics.
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see Bohnert et al. 1982; Crouse et al. 1984; Gray et al.
1984; Dyer 1985; Tzagoloff and Myers 1986; Stein
metz and Weil1987; Weil 1987).

The existence ofgenetic information in the chloro
plasts was postulated about 80 years ago on the basis
ofobservation made on non-Mendelian mutants (Baur
1909), but the presence ofchloroplast DNA was dem
onstrated for the first time less than 30 years ago (Ris
and Plaut 1962). In fact, most of the proteins found ill
chloroplasts or mitochondria are encoded by nuclear
genes, synthesized in the cytoplasm as precursors,
and imported into the organelle. These precursors are
somewhat larger than the corresponding mature poly..
peptides, because they have a1 their N-terminus an
extra peptide sequence (up to a few dozen amino
acids) that allows the import of the polypeptide into
the organelle and is cleaved to yield the mature poly
peptide (Chua and Schmidt 1978; Smith and Ellis
1979; Tzagoloff and Myers 1986; Schatz 1987). This
mature polypeptide of nucleo-cytoplasmic origin is
often a subunit of an oligomeric enzyme or complex
comprising a number of polypeptide chains, some of
nucleo-cytoplasmic origin, and some oforganellar or
igin. This is the reason organelle biogenesis requires
a concerted expression of nuclear and organellar
genes whose products must assemble to form func
tional enzymes, complexes, or particles in the orga
nelle.

A minority of organellar proteins are therefore
encoded either by the mitochondrial (mt) or the chlo
roplast (cp) genome. Some of these organellar genes
have been identified and sequenced, as we shall see
when reviewing what is known about the organization
of the organellar genomes.

Organization of the Chloroplast (cp)
Genome

The cp genome consists of circular DNA molecules
that aU have the same length in a given plant species
(this is not the case for plant mitochondrial (mt)
DNA) and that usually have a size ranging from 120
to 190 kilobase pairs (kbp), depending on the species
considered. For instance, the cp genome of Marchan
tia polymorpha is about 120 kbp (Ohyama et al.
1986), while that of tobacco is about 155 kbp (Shin
ozaki et al. 1986b).

In most species studied so far (and this includes a
unicellular green algae such as Chlamydomonas rein
hardtii, as well as higher plants), cp DNA comprises
(see Fig. 1) a region present in two copies, in opposite

orientation (inverted repeat), carrying an operon of
the ribosomal RNA (rRNA) genes. This repeated re
gion has a size which differs dtlpending on the spe
cies considered, for instance 10 kbp in Marc/zantia
polymorpha, but 25 kbp in tobacco. The two copies of
the inverted repeat are separated by:
• A large single-copy region, which is about 80 kbp

long in Marchantia po/ymorpha and tobacco.
• A small single-copy region, which is about 20 kbp

long in Marc/umtia polymorpha and tobacco.
There are some exceptions to this general orga

nization:
• In several legumes, e.g., pea and broad bean, and in

pine, there is only one rRNA operon. Comparisons
between the organization of the genes in these le
gumes, and in the legumes having inverted repeats,
suggest that one repeat has been lost during the
gene rearrangements :hat have occurred during
evolution.

• In Euglena there are three and a half rRNA op
erons in the same (direct) orientation. Strains have
been described which have 1 or 5 rRNA operons.

Identification of Chloroplast Genes

T;> characterize genes present in chloroplast DNA,
several approaches have been used, after digestion of
the DNA with restriction endonucleases (which cut
the DNA at specific sites) and determination of the
position of the radioactively labeled restriction frag
ments on the chloroplast genome.

The position of the gene coding for rRNAs and
transfer RNAs (tRNAs) can easily be determined by
hybridization of the radioactively labeled RNAs to
the various restriction fragments of chloroplast DNA.

The localization of the gene(s) coding for a protein
is somewhat more difficult to determine. When the
protein is purified, antibodies can be raised and then
used to identify this protein among the polypeptides
synthesized in vitro upon translation of chloroplast
mRNAs. Hybrid-arrested translation and hybrid-re
leased translation will allow identification of the DNA
fragment(s) containing the gene(s) for this protein.

When the partial sequence of the protein is known
(the sequence of a dozen amino acids may be suffi
cient), or when the sequence of the protein has been
determined in another species (protein and DNA se
quences are now obtainable from databases), an oli
godeoxynucleotide coding for this sequence can be
synthesized and used as a probe to locate the corres
ponding gene on the various restriction fragments of
chloroplast DNA.
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Figure 1. The tobacco chloroplast genome (Source: Shinozakl et al. 1986). LSC = large single copy
region; SSC =small single copy region; IR..,and IRa = Inverted repeat regions.

When a gene has been localized in the chloroplast
DNA of one species, this gene can be used-after
cloning and amplifieation-as a heterologous probe
to localize the corresponding gem:- on the chloroplast
genome of other plant species, because of the high
degree of sequence conservation ofchloroplast genes.

Finally, progress in the methods for cloning and
sequencing DNA has culminated in the determination
of the complete nucleotide sequence of chloroplast
DNA from Marclumlia polymorpha (Ohyama et aI.

1986), tobacco (Shinozaki et aI. 1986b), and rice
(Hiratsuka et aI. 1989). Because of the high degree of
homology between chloroplast and prokaryotic genes,
computer comparison of chloroplast DNA and Es
cherichia coli DNA sequences has allowed the local
ization of some chloroplast genes on the basis of
sequence homology.

For instance, in tobacco, identified and localized
chloroplast genes code for 4 rRNAs: 23S, 16S, 5S,
and 4.5S RNAs; 30 different tRNAs, and about SO
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-I proteins. In addition, a dozen putative genes have

been located which might code for proteins, as welI as
approximately 20 Open Reading Frames (ORFs) or
Unidentified Reading Frames (URFs) comprising
over 70 codons each.

The genes coding for the four rRNAs are clustered
in the inverted repeat region and are thus present
twice in the tobacco chloroplast genome. The genes
for the 23S, 16S, and 5S rRNAs are very similar to
those in E. coli; for instance there is about 75% ho
mology for the 16S RNA (SChwarz and K6ssel 1980)
and 70% for the 23S RNA (Edwards and K6sse11981;
Shinozaki et al. 1986b), between the maize chloro
plast and E. coli. The 4.5S RNA is a typical chloro
plast RNA species, but it corresponds to the 5' end of
the 23S RNA in E. coli.

Thirty different tRNA genes have been localized,
and since 7of them are located in the repeated region,
there are 37 tRNA genes. In theory, a minimum of 32
tRNAs are necessary to translate the 61 sense codons
of the 'universal' genetic code, but if one considers
the possibility of a U-N wobble and/or a 'two out of
three' mechanism for codon-anticodon base pairing,
protein synthesis can take place in the chloroplast
without import of tRNAs (Pfitzinger et a!. 1990). The
tRNA genes are scattered over the chloroplast ge
nome in higher plants (Weil et al. 1982), but in Eu
glena most of them are clustered (Hallick et al. 1984).

Among the plastid genes coding for proteins, one
can distinguish those coding for polypeptides found
in the stroma, and those coding for polypeptides of
the thylakoids. In the first group, one finds the genes
coding for:
• The large subunit of ribulose-I,5-bisphosphate car

boxylase/oxygenase (RubisCO). This enzyme con
sists of8 chains of the large subunit and 8 chains of
the smalI subuniL The latter is coded in the nuclear
genome, synthesized in the cytoplasm as a precur
sor that is imported into the chloroplast and is pro.
cessed to yield the mature smalI subunit that
associates with the large subunit to form the com
plete enzyme (Chua and SChmidt 1978; Smith and
Ellis 1979).

• Twenty-one of the approximately 60 chloroplast
ribosomal proteins, i.e., 12 r-proteins of the smalI
particle (30S) and 9 r-proteins of the large particle
(50S). The 40 or so other r-proteins are therefore
imported from the cytoplasm. There is a rather
high homology between these r-proteins and their
counterparts in E. coli. The nucleotide sequences of
the genes (and the structures of the proteins, as
revealed by cross-immunological reactions) can
reach homologies as high as 75%. The clustering

of some genes is also homologous; for c}xample
proteins L23, L2, SI9, L22, S3, L16, L14, Ilnd S8
have their genes clustered in this ofder in both the
chloroplast genome and E. coli genome (Ohy!; rna et
al. 1986; Shinozaki et a!. 1986b).

• Translation initiation factor IF-I (Ohyama et a!.
1986) and elongation factor EF-Th, at least in .£::u
glena (Montandon and Stutz 1983), are encoded by
chloroplast DNA.

• The determination of the complete chloroplast ge
nome sequence has revealed, in Marchantia and in
tobacco (Ohyama et al. 1986; Shinozaki et al.
1986b), the presence of genes homologous to those
in E. coli which code for the a, p, and P' subunits of
RNA polymerase.
The genes coding for ribosomal proteins-poly

peptides of the RNA polymerase and translation fac
tors-are sometimes considered together with those
coding for rRNAs and tRNAs as forming a group of
genes coding for products involved in the expression
of the chloroplast genome.

The second group of plastid genes comprises
those coding for thylakoid proteins that participate in
photosynthesis (Ohyama et al. 1986; Shinozaki et a!.
1986b):
• Proteins of photosystem I (PS I).
• The apoproteins AI and A2 of P 700 (the reaction

center of PS I).
• Proteins of photosystem II (PS H)-at least II pro.

teins, among them:
• - the 32 kDa quinone-binding protein, responsible

for the sensitivity to herbicides such as atrazine
(in resistant mutants, sequencing of this gene has
shown that only one nucleotide is different).

- the apoprotein of P 680
- the 44 kDa protein
- the D2 protein
- cytochrome b:S:S9

• Proteins of the cytochrome bJfcomplex:
- cytochromef
- cytochrome b6
- subunit IV

• Proteins of the chloroplast ATPase complex:
- 6 of the 9 subunits of this complex, namely a, p,

E, I, Ill, and IV.
On the other hand, the proteins of the 5th thy

lakoid complex (the light-harvesting protein-chloro.
phyll complex) appear to be coded in the nuclear
genome.

In addition, a dozen putative genes and about 20
ORFs have been located in tobacco, which could also
code for polypeptides functioning in the chloroplast.
thus bringing the total to over 120 sequences (24 of



transcription start and are separated by an optimal
distance of 17 ± I bp.

Studies performed on sequences found upstream
of about 60 chloroplast genes have shown a very high
homology between E. coli and chloroplast consensus
sequences (Briat et al. 1986).

Mutagenesis experiments in vitro (base substitu
tions, deletions, insertions) performed on the con
sensus sequences of a number of chloroplast genes
have shown that these -10 and -35 sequences are
required for an accurate transcription in vitro (Link
1984; Gruissem and Zurawski 1985), thus confirming
the promoter activity of these sequences which are
very similar to prokaryotic promoters.

It is interesting to note that in higher plant chloro
plasts the same promoter sequences are found up
stream of the three classes of genes (genes coding for
rRNAs, tRNAs, and mRNAs), which suggests that
these three types of RNAs are transcribed by the
same RNA polymerase (as in E. call), whereas in
eukaryotes the promoters recognized by RNA poly
merases, I that transcribes RNAs, II that transcribes
mRNAs, and III that transcribes tRNAs, are different.

Chloroplast RNA polymerase has been difficult to
purify, but recent results suggest that it resembles the
E. coli enzyme. This has already been suggested by
computer-assisted comparisons that have revealed
chloroplast DNA sequences showing similarity with
those coding for E. coli RNA polymerase subunits <x,
~,and po.

Some chloroplast mRNAs are polycistronic (as in
prokaryotes), but there are also mono-cistronic
mRNAs. Cotranscription occurs in the case of rRNAs
(Strittmatter and K6ssel 1984) that are transcribed
together with two tRNAs (a tRNAAlu and a tRNAJle),
whose genes are located in the spacer between the
genes of the 23S rRNA and 165 rRNA, and in the
case of tRNAs, mainly in Euglena where clustering of
tRNA genes is a general feature (HaUick et al. 1984).
This also occurs in higher plants where three chloro
plast tRNA genes have been shown to be clustered
and cc,transcribed (Ohme et al. 1985). As far as pro
tein genes are concerned, cotranscription apparently
occurs in the case of clustered genes coding for poly
peptides participating in the same complex, as for

-35 -10

them are located in the repeat region and are there
fore present twice in the cp genome).

Among the ORFs there are 6 sequences homolo
gous to those coding in the mitochondria for the sub
units of NADH dehydrogenase (Ohyama et al. 1986;
Shinozaki et aI. 1986b), so that one wonders whether
a respiratory chain, including this NADH dehy
drogenase, exists and functions in the chloroplasts.

In tobacco (Shinozaki et al. 1986a and 1986b), a
small number of chloroplast genes (6 tRNA genes and
10 protein genes) contain introns, while in Marcllantia
these numbers are 6 tRNA and 12 protein genes
(Ohyama et al. 1986). Some of these are very long
(several hundreds of base-pairs), even in the case
of genes coding for tRNAs (although tRNAs have
only 70-80 nucleotidcs), as illustrated by the split
tRNAsL)'. gene which has a 2526 bp intron. In Eu
glena chloroplasts, on the contrary, tRNA genes have
no introns, whereas multiple introns are found in
some protein genes which have no intron in higher
plants, such as the gene coding for the large subunit of
RubisCO which has 9 introns, or the gene of the 32
kDa protein of PS II which has 4 introns (for a com
pilation, see Crouse et aI. 1985).

Expression of Chloroplast Genes

Chloroplast gene expression requires four steps: tran
scription, post-transcriptional modifications, transla
tion, and post-translational modifications.

Transcription

The transcription of chloroplast genes can be studied
by the analysis of the transcripts obtained either in
vivo or in vitro (for reviews, see Crouse et al. 1984;
Driat et al. 1986). To transcribe exogenous DNA (usu
ally cloned fragments of chloroplast DNA), cell-free
systems have been prepared from chloroplasts, but
heterologous systems can also be used (E. coli RNA
polymerase has often been used). The sites of tran
scription, initiation, and termination can be localized
using SI nuclease, which hydrolyzes unpaired DNA
sequences and therefore reveals the limits of DNA
sequences engaged in a' DNA-RNA hybrid (formed
between the coding DNA strand and the transcript).

In prokaryotes, the RNA polymerase recognizes,
on the DNA, promoters comprising two regions that
have very conserved sequences (consensus sequen
ces); these are located 10 and 35 bp upstream of the

E. coli consensus
sequence:

Chloroplast consensus
sequence:

TTGaca

TTGaNT

TAtaaT

TAtaaT
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The gene coding for tobacco chloroplast riboso
mal protein 512 is a special case: it consists of three
exons, but the first one (the 5' exon) is located very far
from the other two (the 3' exons). These two 3' exons
are present in the repeat region, so that the 5' exon is
in fact located:
• 28 kbp downstream of the 3' part of the gene pre

sent in one of the repeat regions (on the same
strand),

• 86 kbp downstream of the 3' part of the gene pre
sent in the other repeat region (on the opposite
strand).

could be spliced either by an autocatalytic process,
or by an enzymatic process involving, for instance,
a maturase as in mitochondria.

• The group II introns can be folded so as to have a
secondary structure similar to that of the introns
present in the genes coding for yeast or maize milo
chondrial cytochrome oxidase subunit II and for
yeast cytochrome b. In some of these introns, ORFs
have been found, which can code for maturases
involved-as the name suggests-in the maturation
of pre-mRNA into mRNAs.

• The introns found in 12 out of the 16 tobacco chlo
roplast split genes belong to l."'Oup III; they are
present in genes coding for tRNAs or proteins and
have conserved sequences at their 5' and 3' bound
aries that resemble the conserved sequences found
in,introns present in nuclear genes:

Chloroplast introns ...5'OTGCONY...ATCNRYYNYYAY3'
(group III)

, exon 1 exOll 2 intton exon 3 ,
5

0 0 0
..3

..... .,............................ ""1
114 bp 28 kbp 232 bp 23bp

38 codons or 78 codons 7 codons
86kbp

This gene has been caned a 'divided gene' and its
maturation apparently implies a special mechanism of
'trans-splicing' (Zaita et al. 1987).

The chloroplast genes ofEuglena often differ from
the corresponding genes in higher plant chloroplasts;
for instance, there is no intron in the gene coding for
ribosomal protein 512 or in the tRNA genes in Eu
glena chloroplasts. However, other genes which have
no intron in higher plant chloroplasts, such as the
genes coding for the large subunit of RubisCO or for
the 32 kDa protein of PS II, have introns in Euglena
chloroplasts. Introns seem to represent as much as
20% of the chloroplast genome in Euglena (Koller
and Delius 1984).

instance in the case of ATPase subunils a and I, of
ATPase subunits pand £ (whose genes even overlap),
and of some ribosomal proteins (5hinozaki et al.
1986a and 1986b).

As far as termination of transcription is con
cerned, Just upstream of the termination site (ideuti
fied using 51 nuclease) of a number of plastid genes,
short inverted repeat sequences have been observed
which would allow the formation of hairpin structures
and resemble termination signals in prokaryotes
(Zurawski et al. 1981).

Acontrol of the expression ofchloroplast genes in
various cell types can occur at the level of transcrip
tion, as shown in the case of the gene coding for the
large subunit of RubisCO, which is transcribed in the
bundle-sheath cell chloroplasts of maize, but not in
mesophyll cell chloroplasts (Link et a1. 1978).

But there are also mechanisms that operate post-
. transcriptionally, by modulating the stability of indi
vidual cp mRNAs during plant development, and it
seems that inverted repeats present in the 3' non
translated regions of cp genes could play a role in
mRNA stability (Gruissem et al. 1988).

Post.transcrlptlonal Modifications (Maturation
orRNAs)

Primary transcripts in prokaryotes as well as in eu
karyotes are usually longer than the final products
(rRNAs, tRNAs, mRNAs) and must therefore be
shortened, which is achieved by the action of specific
nucleases. Chloroplast mRNAs have neither a cap
(methylated guanylic nucleotide) at their 5' end, nor a
long poly A tail at their 3' end; this is in contrast to
eukaryotic mRNAs.

Maturation implies specific processes in the case
of transcripts corresponding to genes interrupted by
introns. In tobacco chloroplasts, 16 identified genes
(6 tRNAs genes and 10 protein genes) have introns
(5hinozaki et al. 1986a and 1986b). Some of them are
several hundred bp long and the intron present in the
gene coding for tRNALys has over 2500 bp. For some
of them, primary transcripts and final transcription
products have been characterized. The mechanisms
responsible for the splicing of introns in chloroplasts
have not yet been elucidated, but it has been proposed
that chloroplast introns be classified into three groups
(Shinozaki et al. 1986b).
• The group I introns, such as that found in tRNALeu

(UAA) (BoMard et al. 1984), have a secondary
structure similar to that of the self-splicable intron
of the Tetrahymena rRNA precursor. These introns

Nuclear introns ........OTGRAOT.....YYYYYVNCAO...



Translation

The first step of protein biosynthesis in chloroplasts,
i.e., the aminoacylation of tRNAs, involves chloro
plast-specific tRNAs coded in the chloroplast ge
nome, which are different from the cytoplasmic
tRNAs and resemble prokaryotic tRNAs. The se
quence homology is often about 70%, the modified
nucleotides are often identical, and generally chloro
plasttRNAs can be aminoacylated in vitro using chlo
roplast or prokaryotic enzymes; whereas, they are not
aminoacylated oy the enzymes from the cytoplasm of
the same cel! (Weil and Parthier 1982).

Chloroplasts contain 30 tRNAs that arc sufficient
to translate the 61 sense codons of the universal ge
netic code (in contrast to mammalian or fungal mito
chondria, chloroplasts use the universal genetic code),
if one considers the possibility of a U-N wobble andl
or of codon-anticodon pairing involving in some
cases only two nucleotides out of three (Pfitzinger et
al. 1990).

In the chloroplast the enzyme that catalyses the
attacllment of an amino acid to the corresponding
tRNA-called aminoacyl-tRNA synthetase-<liffers
from its cytoplasmic counterpart in its catalytic, struc
tural, and immunological properties (Colas et a1.
1982; Dietrich et a/. 1983). However, it seems that the
chloroplast aminoacyl-tRNA synthetases are coded
by the nuclear genome, as are the cytoplasmic am
inoacyl-tRNA synthetases. The initiation of protein
biosynthesis in chloroplasts involves, as in E. coli, a
formyl-methionyl-tRNA (Burkard et al. 1969),
whereas in eUkaryotic cytoplasm the initiator meth·
ionyl-tRNA is not formylated.

As in prokaryotes, the attachment of the 30S
ribosomal particle on the mRNA involves the pairing
of the 3' end of the 16S RNA (of the 30S particle) to a
complementary sequence (called the Shine-Dalgarno
sequence) found upstream of the initiation codon
(AUO) on the mRNA.

Chloroplast ribosomes strongly resemble pro
karyotic ribosomes. They are of the 70S type
(whereas the ribosomes of eukaryotic cytoplasm are
of the 80S type), prokaryotic ribosomal RNAs
(70-75%), and ribosomal proteins. In addition, ho
mology has also been observed between chloroplast
and prokaryotic initiation factors (IF), and also be
tween the elongation factors (EF).

Generally speaking, one can say that translation in
chloroplasts very much resembles translation in pro
karyoleS. Furthermore, it is sensitive to the same anti
biotics (chloramphenicol or streptomycin, for in
stance), whereas it is resistant to antibiotics (cyclo-

heximidc, for instance) that inhibit protcin synthesis
in eukaryolic cytoplasm.

Codon usage in chloroplasts shows a clcar prefer
ence for Uand A in the 3rd position (wobble position)
within a family of synonymous codons (Steinmetz
and Weil 1987). A correlation has been observed be
tween the concentrations of the various chloroplast
isoeccepting tRNAs and the frequency of usage of the
corresponding codons (Pfitzinger etal. 1987).

Post-translation Modifications (Maturation of
ProteIns)

Little is known at present of the post-translational
modifications of the proteins synthesized in the chlo
roplasts. However it has been shown that some pro
teins lose a few amino acids, either at their N
terminus, for instance, in the case of the large subunit
of RubisCO (Amiri et al. 1984) and of cytochrome!
(Alt and Hermann 1984) or at their C terminus, for
instance, in the case of the 32 kDa protein of PS II
(Marder et al. 1984), during the maturation processes,
prior to their assembly to form active enzymes or
complexes. On the other hand, some chloroplast pro
teins are phosphorylated (for a review, see Steinmetz
and Weil 1987).

Conclusions Concerning the Chloroplast
Genome

The chloroplast genome shows many similarities to
the prokaryotic genomes.

As far as the structure and the organization of the
genes are concerned, there are important homologies
not only in the sequences of the genes (coding for
rRNAs, tRNAs, and proteins) but also in the organi
zation of certain genes that are found in the same
cluster; sometimes genes even appear in the same
order in the chloroplast genome, and in the E. coli
genome (for instance, in the case of several ribosomal
protein genes).

As far as gene expression is concerned, important
similarities have also been observed between chloro
plasts and prokaryotes. The sequences involved in the
initiation (promoters) and termination (terminators)
of transcription in chloroplasts are very similar to
those identified in prokaryotes. The mechanisms of
translation also have many common features: homol
ogy of tRNA sequences, cross-reactions possible bet
ween chloroplast and prokaryotic tRNAs and amino-
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acyl-tRNA synthetases, similar size of the ribosomes,
homology of rRNA and r-protein sequences, use of a
formylated methionyl-tRNA in the initiation process,
presence on the mRNAs upstream of the initiation
codon of a sequence complementary to that of the 3'
end of 16S mRNA allowing the allachment of the 30S
particle to the mRNA, and sensitivity to the same
antibiotics.

lllese similarities are in favor of the thcory of an
endosymbiotic origin of thc chloroplasts, according to
which these organelles have evolved from prokaryotic
ancestors (Cyallobacteria and Proch/oroll, for in
stance). But the presence of introns in some chloro
plast genes suggests that, if this theory is correct, the
prokaryotic ancestors might have had introns, at least
some of which have been maintained in the chloro
plast genomes, whereas they have disappeared from
the eubacterial genomcs. Conversely, introns may
have appeared after the endosymbiotic event.

The chloroplast genome contains the information
necessary for the synthesis of chloroplast rRNAs and
tRNAs and for the synthesis of a rclatively limited
number of chloroplast proteins (about 50 have been
identified. and this number could go up to 80 if the
ORFs are coding for proteins). Most chloroplast pro
teins are, therefore, coded in the nuclear genome,
synthesized in the cytoplasm. and imported into the
chloroplasts. When one examines the chloroplast pro
teins coded in the chloroplast genome, one sees that in
most cases they must become associated with poly
peptides imported from the cytoplasm in order to
form functional enzymes or complexes (RubisCO,
ribosomes, photosystems I and II, cytochrome bJf,
ATPase). Chloroplast biogenesis and function there
fore require a control of gene expression in the chlo
roplast and in the nuclcocytoplasmic compartments.
in order to ensure a concerted synthesis of polypep
tides that must assemble in the chloroplast to form
functional oligomeric complexes. The understanding
of these regulation mechanisms is presently one of
the major goals of plant molecular biology.

Chloroplast Transformation

For the past years, many efforts have been made to
use the techniques of genetic engineering in order to
obtain transgenic plants having improved properties,
such as resistance to herbicides or to various patho
gens. Very promising results have been obtained by
introducing new genes into the nuclear genome of
plants, but transformation of chloroplasts has only be
come possible recently, through the use of the particle
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gun. We shall therefore have to wait to see whether
crop improvement can be achieved by introducing
DNA into chloroplasts.

Organization of the Plant Mitochondrial
Genome

The mitochondrial genome is about 16 kb in mam
mals and about 78 kb in Saccharomyces cerevisiae. In
plants, it is much larger and can vary from about 200
kb in Brassica (Palmer and Shields 1984) to over
2400 kb in the watermelon (Ward ct al. 1981).

When DNA is extracted from the mitochondria of
a given plant species, a heterogeneous population of
DNA molecules (having different sizes) can be ob
served. This is due to the presence in plant mt DNA
of repeated sequences allowing recombination events
that generate subgenomic circles (Palmer and Schields
1984; Lonsdale ct al. 1984; Quetier et al. 1985) that
can derive from one large circular molecule called the
master-circle or master-chromosome. So far only one
plant has been described, Brassica hirta, whose mito
chondria contain only one type of circular DNA mol
ecule of 208 kb (Palmer and Herbon 1987).

In addition to very high molecular weight DNA,
plant mitochondria can also contain shorter DNA
molecules, either circular or linear, and double
stranded RNAs (Lonsdale 1989).

Plant mitochondrial genomes contain chloroplast
or nuclear DNA insertions (Stern and Lonsdale 1982;
Schuster l:nd Brennicke 1988; Breiman and Galun
1990). Some of the sequences can be expressed in
mitochondria (Marechal et al. 1987; Leon et al. 1989;
Sangare et al. 1990).

Identification of Mitochondrial Genes

As in the case of chloroplasts, most mitochondrial
proteins are encoded in the nucleus, synthesized as
precursors in the cytoplasm and imported into the
mitochondria. However, plant mitochondrial DNA
contains genes coding for three ribosomal RNAs,
26S, 18S, and 5S, a number of transfer RNAs, and
several proteins. While the two large rRNAs are also
encoded by mt DNA in mammalian and fungal mito
chondria, 5S RNA is only encoded by mt DNA in
plants.

Plant mt DNA, in contrast to mammalian and
yeast mt DNA and also in contrast to cp DNA, does
not code for a complete set of transfer RNAs. In po-



tato for instance, 20 tRNA genes have been identified
in the mt genome, while 11 mt tRNAs are encoded by
the nuclear genome and must be imported into the
mitochondria (Marechal-Drouard et al. 1990). Among
the 20 tRNAs coded for by mt DNA, 5 are chloro
plast-like and are probably transcribed from promis
cuous cp DNA sequences inserted in the mt genome.
It should be stressed that while some mt tRNAs (such
as tRNAOly or tRNAVUI) are encoded for by mt DNA
in potato, this is not the case in wheat or maize (Joyce
et al. 1988; 5angare et al. 1990). An unusual situation
exists in the case of an isoleucine-specific mt tRNA,
encoded by an mt tRNA gene possessing a CAT
(methionine) anticodon, which is post-transcrip
tionally modified into a LAU (isoleucine) anticodon
(Weber et al. 1990).

About a dozen protein genes have been identified
in plant mt DNA. Most of them have also been found
in the mt genomes of other organisms, e.g., mammals
and fungi, such as the genes coding for subunit I, H,
and III of cytochrome oxidase, for cytochrome b, for
subunits 6 and 9 of ATPase, or for subunits 1, 2, 3,4,
and 5 NADH dehydrogenase. However, in plants,
several mt genes have been identified that code for
proteins that are nuclear-encoded in other organisms.
This is the case, for instance, for the gene coding for
subunit ex of ATPase (Hack and Leaver 1983; Braun
and Levings 1985) and for the genes coding for
ribosomal proteins 512, 513, and 514 (Bland et
al. 1986; Gualberto et al. 1988; Wahleithner and
Wolstenholme 1988).

Genes coding for a maturase or reverse transcrip
tase have been identified in Oena/hera (Schuster and
Brennicke 1987) and in broad bean (Wahleithner et al.
1990). This could playa role in the splicing of class H
introns present in several mt genes or in the integra
tion of chloroplast and nuclear sequences into the mt
genomes. In addition, in a variety of plant mt ge
nomes, a number of ORFs have been observed and
some of them have been shown to be expressed, but
since they do not show any homology with known
genes listed in the available data banks, they have not
been identified yet. We shall discuss later the mt
genes that are characteristic ofcytoplasmic male-ster
ile plants.

The total number of functional genes present in
plant mitochondria can be deduced either from the
two-dimensional electrophoretic analysis of labeled
proteins synthesized in organello that yield between
30 and 50 spots (Hack and Leaver 1983)-but some
of them could be resulting from post-translational
modifications or degradation-or from the analysis of
a transcription map. The latter approach used in the

study of one of the simplest plant mt genomcs-that
of Brassica campes/ris which has only about 200 kb
(Makaroff and Palmer 1987)-revealcd 24 abundant
transcripts, 9 of which correspond to already known
genes. While it seems that plant mt genomes code for
more proteins than mammalian or yeast mt genomes,
it is too early to have an exact figure and it should be
kept in mind that some proteins (such as the riboso
mal proteins) may be encoded by the mt genome in
some plants but not in other plants.

While the structure of most plant mt genes is gen
erally simple, consisting of only one uninterrupted
reading frame, some genes contain introns (such as
caxIl, "adl, nad4, nodS). In wheat mitochondria the
nad4 gene contains three introns, one of which is
more than 3 kb long.

Expression of Plant Mitochondrial
Genes

Transcription

The transcription patterns of plant mt genes are often
quite complex, probably because of the presence of
multiple transcription initiation sites or of processing
intermediates. While most transcripts correspond to
one gene, some genes are cotranscribed and yield
multiple transcripts (Wissinger et al. 1988; Gaulberto
et al. 1988).

So far little is known about the signals controlling
transcription (and maturation of transcripts) in plant
mitochondria, although it appears that the expression
of plant mt genes can be regulated during plant devel
opment (Young and Hanson 1987). Although repeated
sequences have been localized close to the 5' end of
several mt transcripts (Schuster and Brennicke 1989;
Gualberto et al. 1988, 1990), their role as promoters
of transcription has not been demonstrated. Hairpin
structures have been found at the 3' end of several mt
transcripts, but here also there is no experimental
evidence that they function as terminators of tran
scription.

Editing

Comparisons between the sequences of several plant
mt genes and of the corresponding cDNA sequences
(resulting from reverse transcription of the corres
ponding mt mRNAs, using specific oligodeoxy
ribonucleotides as primers) has revealed that a
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number of cytosinc residucs present in the coding
region of thc gcne arc changed to uracil in thc mRNA
(Gualberto et al. 1989; Covello and Gray 1989;
Lamattina et al. 1989). Such a changc, affecting a
cytosine at the first or at thc second position (or both)
of a codon, results in D. change of the amino acid
specified by this codon, so that the plant mt protein
shows more similarity to the corresponding mt pro
tcin in other organisms, e.g., mammals and fungi. In
othcr words, these modifications enhance thc conser
vation of mt protein sequences. Depending on thc
gene considered, between 4 and 20 cytosine residues
are changed to uracil (in thc genes so far studied), but
it should be stressed that the editing sites vary when
different plants are considered (in some plants the
consensus amino acid is specified by the sequence of
the gene, so that no editing is necessary).

Editing appears to be a post-transcriptional phe
nomenon, as unedited or partially edited transcripts
can be observcd, as shown in the case of wheat nad3
and rps 12 genes. The mechanisms of editing have
not yet been elucidated and it is not known if they
involve deamination or base substitution, or cleavage
of the sugar-phosphate backbone, replacement of a
cytidylic nucleotide by a uridylic nucleotide, and
religation.

It is not yet known either how the editing sites are
recognized, in other words how the editing machinery
distinguishes the cytosine residues that have to be
modified into uracil from those cytosines which
should remain unchanged. In trypanosome mito
chondria (where editing consists of the addition and
deletion of uracil residues), a model has been pro
posed (Blum et al. 1990), based on the complemen
tarity between the mRNA to be edited and an anti
sense RNA called guide RNA (gRNA). Although
studies of the sequences surrounding editing sites in
wheat coxlll transcripts have shown the existence of
families of consensus sequences that could be in
volved in RNA-RNA interactions assuming G-U base
pairing (Gualberto et al. 1990), there is so far no
report demonstrating the presence of antisense RNA
in plant mitochondria.

Cytoplasmic Male Sterility

In a cytoplasmic male-sterile plant, no fertile pollen is
being shed and this is a useful trait for the production
of hybrids, since it prevents self-pollination that
otherwise has to be avoided by manual emasculation
of male flowers (a time-consuming procedure if it has
to be used in a maize field, for instance). In a number
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of plant species, cytoplasmic male sterility (cms) has
bcen shown to result from modifications in :he mito
chondrial genome, but the fact that nuclear restorer
genes can restore fertility suggests that cms is in fact
due to a nuclear mitochondrial incompatibility. There
are several cms lines of maize, but one of them, cms
T, has been particularly well studied, including at the

molccular level. This ems linc is sensitivc to the toxin
of Helminrhosporium maydis, and this caused a major
catastrophe in the USA several years ago, because the
cms-T line had been generally adopted in hybrid pro
duction, and there wcre severe losses due to an infcction.

In the mitochondrial genome of the cms-T line of
maize, a chimeric gene called urI-i3 was found that is
not present in the normal line (see Fig. 2). This ge
nome results from the fusion of parts of the genes
coding for the 26S rRNA subunit 6 of ATPase
(Dewey et al. 1986); this chimeric gene is expressed
into a 13 kDa protein, responsible for the cms phe
notype (Forde et al. 1978; Dewey et al. 1987). A clear
correlation was established between the cms phe
notype, the presence of this chimeric gene and of its
product (the 13 kDa protein) in maize mitochondria,
and the sensitivity to the Helminrhosporium toxin and
to a chemical called methomyl. Furthermore, when
this chimeric gene was introduced into either E. coli
or yeast (using the technology of genetic engineer
ing), some of the symptoms observed in the mito
chondria of cms-T maize exposed to the toxin or to
methomyl (inhibition of respiration, swelling, leakage
of ions) were well observed in the transformed bacte
rial or yeast cells exposed to methomyl (Lewing and
Dewey 1988; Glab et al. 1990). In maize plants con
taining nuclear restorer genes, the expression of the
chimeric mitochondrial gene is inhibited and the pro
duction of viable pollen is restored.

Similarly, ems in petunia is also related to the
presence and expression ofa chimeric mt gene called
pc/, resulting from the fusion of parts of the genes
coding for cytochrome oxidase subunit II and for
ATPase subunit 9 (Fig. I; Young and Hanson 1987).

Conclusions Concerning the
Transformation of Plant Mitochondria

Considering the importance of mitochondria in plant
metabolism and the role of the mt genome in an
agronomically-important trait (ems), it is not surpris
ing that attempts have been made to transform plant
mitochondria. As in the case of chloroplasts, the par-
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Figure 2. Chimeric genes found In the mitochondrial genome of cms lines of maize and petlmla.

ticle gun has enabled delivery ofexogenous DNA into
Chlamydomonas mitochondria, a promising result
that opens new possibilities of crop improvement
through transformation of plant mitochondria.
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Screening of Male-sterile and Maintainer Cytoplasms
of Pearl Millet [Pennisetum glaucum (L.) R.Br.] by

Restriction Fragment Length Polymorphism in
Mitochondrial DNA

R. Rajeshwarfl, S. Sivammakrishnan2, and N.C. Subrahmanyaml

Cytoplasmic male sterility (CMS) is used extensively
in hybrid seed production and the conventional
method of classifying male-sterile cytoplasms is slow
and laborious. There is a need to incorporate diverse
cytoplasmic backgrounds in hybrid seed production
to avoid disease epidemics. This requires the develop
ment of rapid and reliable methods of detecting (lew
CMS sources. Mitochondrial DNA (mtDNA) from
several CMS (SA) and maintainer (B) lines were pu
rified and digested with several restriction endo
nucleases. Southern blot hybridizations with pearl
millet mtDNA probes containing 18S-5S rRNA and
Cox I genes revealed fragment length variations
among cytoplasms. The 10.9 kb and 13.6 kb clones
hybridized to 6.0 kb Bam HI and 7.5 kb Xho I frag
ments in CMS-A lines 67, PMC 23, DSA 105, DSA
118, DSA 134, DSA 144-1, and all maintainer lines,
while CMS A-lines of PMC 3D, 5141, 81, and 843

(SA-I) were characterized by the absence of these
fragments. SA-I lines had a distinct 7.5 kb Sma I
fragment, hybridizing to 13.6 kb and 9.7 kb clones
whereas the other cytoplasms showed a 6.0 kb frag
ment instead. Hybridization of the 9.7 kb clone with
Hind III digests of mtDNA from PMC 30A, DSA
118A, and DSA 105A lines differed from those of B
lines. Autoradiograms of Hind III digests of 5141A
and B mtDNAs hybridized with the same probe pro
duced a pattern distinct from other lines. A unique 4.3
kb fragment was present in the cytoplasms of 67A,
PMC 23A, and DSA 144-IA when Pst I digests of
mtDNA were probed with maize Alp 6 clone.
MtDNAs of 81A4 and 88001 showed patterns distinct
from each other as well as from all other lines. Hy
bridization of Pst I generated mtDNA fragments with
labeled Alp 6 clone differentiated the range of cyto
plasms used in the present study.
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Role of Mitochondria in Cytoplasmic
Male Sterility in Sorghum

P. Nath, J. Arora, and P.V. Sane

It has now been established that organelle genomes
show a certain degree of autonomy and participate
partially in controlling cellular processes sometimes
leading to a phenotypic trait. One such trait is cyto
plasmic male sterility (CMS) which is maternally in
herited and has been used in the production of FI
hybrid seeds in certain crop pial .s. Recent studies on
CMS suggest that genetic determinants that control
this phenotypic expression-at least in maize, sor
ghum, and pearl millet and possibly in other plants
are mostly located on the mitochondrial genome
(Dixon and Leaver 1982; Pring et al. 1982; Ricard et
al. 1986; Erickson et al. 1986). Various subunits of
Cox I, Cox II, ATPase, and nad3 genes encoded by
mitochondria have been shown to undergo changes in
their structures and/or copy number in male-sterile
lines of different plant lines. However, no substantial
correlation could be established so far between these
observed changes in the gene structure and functional
aspect of mitochondria. In order to understand mito
chondrial genome organization and its correlation to
mitochondrial function in CMS we have initiated
studies to compare the isolated mitochondria of the
male sterile, 2219A, and its restorer fertile line,
2219B, of sorghum with respect to biochemistry, ge
nome organization, transcriptional, and translational
products. Results of mitochondrial electron transport,
cytochrome stoichiometry, ATP export from mito
chondria, and endonuclease restriction pattern are re
ported here, which present part of our study in
relation to CMS.

The Sorghum hie%r male-sterile line, 2219A,
and its restorer line, 2219B, were obtained from the
All-India Sorghum Improvement Project, Hyderabad,
and multiplied at our institute. All the experiments
were performed on 5-6 day old etiolated seedlings
from both lines and the results were compared. For
the purpose of mitochondrial electron transport, the
mitochondrial membranes were prepared following

the method of Arora and Sane (1989). The electron
transport of whole chain (NADH -? oxygen) and
partial reactions (NADH -? cyt.C, NADH -? ferri
cyanide, and ascorbate -? oxygen) were carried out at
various temperatures (l5-40'C). The reactions were
initiated by adding respective substrates in the pres
ence of suitable inhibitors for partial reactions. The
amount of oxygen consumed in the case of the whole
chain and the ascorbate -? oxygen reaction was mon
itored in the Gilson Oxygraph. Using a SLM Aminco
spectrophotometer at 340 nm and 550 nm, the amount
of NADH oxidized or the cyt.C reduced was
monitored.

The amount of various cytochromes was deter
mined by difference spectroscopy as described by
Peterson et al. (l977) and Rickwood et al. (l987). The
reduced minus oxidized spectra was recorded with a
baseline set between 500·650 tim. The amount and
the stoichiometry of cytochromes was calculated
using a series of formulae.

For the purpose of ATP translocation studies
across the mitochondrial membrane, intact mito
chondria were prepared utilizing a sucrose density
gradient. The export of ATP from the mitochondria
through ADP-ATP translocator was determined fol
lowing the method of Liu et al. (l988) where the
amount of NADPH formed as a result of coupled
reactions of glucose phosphate dehydrogenase and
hexokinase was directly correlated to the ATP ex
ported outside mitochondria. The 'Km' of ADP for
ADP-ATP translocator was also determined in the
same way using varying concentrations of ADP in the
reaction mixture.

The mitochondrial DNA was isolated following
the basic procedure of Chase and Pring (l985). The
isolated DNA was subjected to various purification
processes that included CsCI density gradient, high
salt-urea treatment, and sephacryl S-IOOO column
chromatography. The purified DNA was subjected to
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various endonuclease digestions as per manufac
turer's protocol and the restricted fragments were re
solved electrophoretically on 0.8% agarose gel.

The mitochondrial electron transport in both lines
showed a temperature optima generally at 25"C for
both the whole chain and the partial reactions. The
uncoupled rates of electron transport in case of the
NADH ~ oxygen was found to be lower by 40-50%
in cases of sterile lines when compared to that of the
fertile lines. Similarly, lower rates were also observed
to an extent of 40-50% in cases of partial reactions,
i.e., NADH ~ ferricyanide, NADH ~ cyt.C, and
ascorbate ~ oxygen. The rates of electron transport
measured in all the cases were expressed in terms of
cyt.aa3. These results suggested that fertile-line mito·
chondria were capable of respiring more efficiently
than sterile-line nitrochondua. However, respiratory
control ratio (RCR) and Pia ratio did not show varia
tions in two lines indicating that phosphorylation effi
ciencies in both lines are not changed.

Difference spectroscopy revealed that stoichiome
try of cytochromes was not the same in both lines.
The male-sterile line possessed almost 50% of the
cyt.CI when compared to the fertile line and that
changed the stoichiometry from aa3:b:c1:c as 1:2:2:1
in the fertile line to 1:2:1:1 in the sterile line. This
change in stoichiometry was further supported by
other biochemical experiments.

Using 80-85% intact mitochondria, it was ob
served that the export of ATP was more efficient, by
at least double in fertile-line mitochondria as com
pared to the sterile-line. Possibly the whole mito
chondria was inhibited and sluggish in the sterile line
in order to produce comparable amounts of ATP to be
exported at rates similar to those observed in the fer
tile line. However, the 'Km' for ADP that was much
lower in the fertile line (almost 50% of the sterile
line), did also indicate that the problem may lie in the
efficiency of the translocator.

The restriction digest of mitochondrial DNA from
both the lines showed diversities in their total num
bers of fragments as well as location. The EcoRI re
striction gave at least three additional bands of
approximately 2.3kbp, 6.4kbp, and 9.5kbp in 2219B.
However, digestion with HindIII showed the presence
of a 5kbp band in 2219A not detected in 2219B; alter
natively, two bands of about 2.3kbp and 20kbp were
llbsent in 2219A. The AvaI restriction produced a
unique band of 20kbp in 2219A, however, KpnI re
striction gave a unique band of 9kbp in 2219B.

These results suggest that a high degree of poly
morphism and/or deletions might be taking place
while achieving cytoplasmic male sterility in sor-
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ghum, which need extensive investigations in the
light of mitochondrial functions. Existence of a newly
generated chimeric gene, TURFI3, in Ihe cytoplasm
of CMS-T maize (Dewey 1987) and role of its 13kd
polypeptide in inhibiting ATP synthesis presents an
excellent example of this kind.
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A Glossary of Selected Biotechnology Terms

A.K. Weissinger I and J.P. MOSS2

.::

•

This glossary is intended to help those who are not
familiar wilh all branches of biotechnology to get the
most out of this publication. It is based on a glossary
prepared by A.K. Weissinger, and expanded by J.P.
Moss, who thanks A.K. Weissinger for offering his
glossary, and staff of the Cellular and Molecular Ge
netics and Virology Groups at the Scottish Crops Re
search Institute for help, and authors whose clear
definition of terms in their papers made compiling a
glossary an easier task.

Agrobacter/urn - A genus (group) of disease-causing
soil bacteria some of which have been exploited for
the genetic engineering of plants. Agrobacteri/lnJ til
mefaciens has the ability to transfer some of its DNA
to its plant host as a part of the process by which it
produces crown gall disease. It can be modified so
that it no longer causes disease, but still transfers its
DNA to plants. Although other methods for plant
transformation have been developed, AgrobacterilU1l
infection and DNA transfer is still the most com
monly used procedure for transformation of crop
plants. Agrobacterium typically does not infect
grasses efficiently, and therefore is not well suited for
transformation of cereals such as corn and wheat.
(See also T-DNA, Ti plasmid.)

Androgenesis - The process which gives rise to prog
eny which have only paternal chromosomes. It can
occur in vivo when the female gamete nucleus does
not fuse with the male gamete, and takes no further
part in development, or disintegrates after fertilize
tion, and in vitro when pollen is cultured, and gives
rise to haploids.

Aneuploid - An individual having more or fewer
chromosomes than the normal, euploid, complement,
which is an exact multiple of the haploid chromosome
number.

Antibiotic Resistance Marker - Agene, usually bac
terial in origin, which encodes an enzyme which
breaks down, modifies, or otherwise neutrnlizes an
antibiotic. An antibiotic resistance marker typically
confers antibiotic resistance to bacterial cells and can,
in some cases, provide antibiotic resistance to plant
cells into which it has been transformed. (See also
Cotransformation, Marker, Plasmid, Reporter Gene,
Transient Expression.)

Antisense - An antisense RNA molecule is one which
is able to hybridize with its sense counterpart and
form a duplex which is unstable in vivo, and is used
to degrade mRNA. In plants transformed to produce
antisense RNA, the target gene is expressed at low
level or not at all.

Assay - A chemical procedure for identifying and/or
quantifying a chemical, e.g. a gene product encoded
by a transforming gene and expressed in transformed
cells. (Sec also Immunoassay, Reporter Gene.)

Autoradiogram!Autoradlograph - An image pro
duced on x-ray film by direct exposure to radioactive
materials. Autoradiography is often used to visually
identify cloned genes and gene products. (See also
Colony Filter Hybridization, DNA Sequencing, Hy
bridization, Immunoassay, Probe.)

Bt Toxin - A crystalline protein made naturally by
some strains of the bacterium Bacillus tlturengiensis.
Bt Toxin is a potent insecticide which has specific
activity against certain orders of insects. This speci
ficity for insect order varies between different strains
of the bacterium. A common variety of the toxin is
highly active against moth larvae such as the tobacco
hom worm. The gene which encodes this bacterial
product has been cloned and introduced into tobacco
by transformation. Transformed tobacco plants which
then produce this protein show high levels of resis-

=-

I. Departmelll o(Crop Science, North Carolina SlaIc Univenlty. Ralcigh, NC 27695-7620, USA.
2. ICRISAT (lnlemallonal Crops RClClII'Ch InstllUre (or the Semi·Arid Tropics). l'awlchcru. A.P. 502 324, India: ICRISAT.

WcluiDger, Arthur, K., and Moss, J.P. 1992. A gtouary of selected blocechnology Ienns. Pagcs 361-37t In BiOlechnology and crop
improvcmcnl in Asia (Moo.I.P., cd.). Palanchcru, A.P. S02 324, india: Inlemalional Crops Rcsearch IllIlllUre for the Semi·Arid Tropics.

Previous Pc ~'l 361



tance to Ihe horn worm. The IOxin is not know to have
any activily In humans, and therelore appears to be a
relatively safe alternative to some other forms of In
sect control. (See also Insecticidal Crystal Protein.)

BInary Vector - A vector containing two plasmids,
where one plasmid contains the virulence gene (re
sponsible for transfer of the T-DNA), and another
plasmid conlains the T-DNA borders, the selectable
marker and the DNA to be transferred. (See also
Constructs, c-DNA, Ligation, Plasmid, Vector.)

Blollstlcs - The usc of accelerated particles to intro
duce DNA into cells. (See also Microprojectile Bom
bardment, Particle Gun.)

BIotechnology - A general term applied to any of a
broad range of disciplines by which living systems
are modified or manipulated in order to produce novel
products, enhance plant or animal productivity, medi
ate disease resistance. etc.

BloUlng - 111e transfer of DNA or RNA or protein
from a gel to a membrane (e.g. nylon or nitro
cellulose), to which it binds and is stabilized for
further study. (Sec also Dot Blot, Northern Blot,
Southern Blot, Western Blot.)

Callus - Plant cells which proliferate (grow and di
vide) on a defined medium and lack morphological
differentiation. Callus may originate from various dif
ferentiated plant structures (e.g., immature embryos)
and may possess differing degrees of cellular organi
zation. Embryogenic callus has the capacity to regen
erate complete plants, usually via somatic embryo
genesis. (See also Embryogenic Callus, In Vitro Se
lection, Organogenesis, Regeneration, Suspension
Culture.)

CapsId Protein - One of the most fascinating and
successful uses of transformation in plants has been
the introduction into plants of genetic sequences
which encode the outer coat or covering protein
("capsid") of cer,~ain pathogenic viruses such as To
bacco Mosaic Virus. Plants which express high levels
of this alien protein have been shown to resist infec
tion by pathogenic viruses. Cross-protection against
several related viruses has also been demonstrated.
Since capsid protein from naturally occurring viruses
is present in the environment. the production of this
novel protein by tobacco probably does not represent
a significant environmental risk. It holds great prom
ise for producing crop cultivars with broad resistance
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to pathogenic viruses. (Sec also Coat Prolein, Con
tainment, Cross Prolection.)

CarrIer DNA - DNA of undefined sequence content
which is added to the transforming (plasmid) DNA
used in physical DNA-transfer procedures. This addi
tional DNA has been shown to increase the efficiency
of transformation in electroporation and chemically
mediated DNA-delivery systems. The mechanism re
sponsible for this effect is not known. (See also
Chimeric Gene.)

Chimera - An organism or tissue which has an het
erogeneous genetic composition. Some methods for
gene transfer can produce transgenic tissues or plants
which consist of a mixture of transformed and non
transformed cell lineages. Such tissues or plants arc
said to be chimeric.

Chimeric Gene - A semisynthetic gene, consisting of
the coding sequence from one organism. fused to pro
moter and other sequences derived from a different
source. Most genes used in transformation are chi
meric. (See also Binary Vector, Plasmid, Transforma
tion, Vector.)

Chloroplast - A plastid or organelle in plant cells
which traps light energy and carries out photo
synthesis.

Chromosome - A structure composed of double
stranded DNA and associated proteins which carries
the bulk of genetic information in higher plants and
animals. Typically, the genetic complement of a plant
or animal is carried by many chromosomes (tobacco
has 48) which are located within the nucleus of every
cell in the organism. As cells divide during growth of
the organism, the chromosomes are replicated, a com
plete set going to each new daughter cell. During
transformation, the newly introduced gene is inserted
into the chromosomal DNA and becomes an integral
part of it (it is said to "integrate").

Cloning - The isolation of DNA sequences (genes),
and the incorporation of these sequences into pias
mids or other molecules for replication (increase) in

.bacteria or phage.

Coat Protein - The protein which surrounds the nu
cleic acid component of virus particles. Also the
molecular species of protein(s) that comprise the pro
tective protein layer of viruses. (See also Capsid pro
tein, Cross Protection.)



Colony Filter Hybridization - A technique for the
identification of bacterial colonies containing cloned
DNA sequences (genes). TIle baClerial colonies from
a pctriplale are replicated on the surface of a nitro
cellulose membrane and are then ruptured by a com·
bination of enzyme and detergent treatments. DNA
from these bacterial colonies is then denatured (made
singlc stranded) and is probed with a radioactive. sin
gle-stranded probe and colonies with which the probe
hybridizes arc identified. Bacterial colonies on the
original petriplate which have been identified as car·
rying thc sequence of interest are isolated from them.

Complementary DNA- sec c-DNA

Constitutive - Applied to a gene. or its enzyme prod
uct, to indicate that it normally functions in a cell, and
docs not require inducing.

Constructs (Constructions) • DNA molecules, for
example, in plasmids, which have been "engincered"
for a specific purpose. This term is often applied to
DNA molecules used in transformation. (See also
Transformation.)

Containment - Procedures. practices, and facilities
which prev~nt the escape to the environment of or
ganisms which carry recombinant DNA or are other
wise potentially hazardous. There has been consider
able discussion regarding the safety and desirability
of releasing I ecombinant plants to the environment.
"Release" could include growing organisms under
normal field conditions where they are free to out
cross with other plants, disperse their seeds, or other
wise permit the movement of the intrcduced gene to
other plants, or to allow the possibility that the trans
formed plant could become established in the envi
ronment outside human control. Field trials of trans
formed plants have been carried out successfully in a
large (and growing) number of locations in the U.S.,
but in most instances all plant residue, including
fruits, has been collected and either retained or de
stroyed in a way which renders it biologically inac
tive. Release of genetically engineered organisms to
the environment is virtually inevitable, but pro
cedures currently in plan should provide adequate
protection against release of organisms which present
a significant threat to humans or the environment.
Risk assessment is largely based on the danger inher
entto the introduced gene, and thc probability that the
transformed plant will transfer the introduced gene to
a weedy species or become a weed itself. For exam
ple, a gene which encodes a toxic product active in

humans would be high risk, while a gene encoding a
virus capsid protein - known to be harmless to both
man and animals - would be low risk. Similarly,
reicase of transgenic Sorghum in an area where there
are weedy sorghum plants is of higher risk than the
reicase of transgenic tob~{'co which is not known to
oUlcross to other native pla~\~~ and Is not iL~elf prone
to becoming a weed. (See also Tra'l3formation.)

Conversion - The deve!li;'Jncnt of a somatic embryo
into a plant. (See also Regeneration, Micropropaga
tion, Organogenesis.)

Cotransformation • The simultaneous transforma
tion of an organism with two or more genes, one or
more of which is silent (nonselectable) while at least
one gene confers antibiotic resistance or another iden
tifiable or selectable trait. Cotransformation is poten
tially useful in transformation of plants and animals
because one gene allows identification of transforma
tion at the cell level, while the other gene may only be
expressed at maturity. In that case, the marker (co
transformed) gene would allow selection of trans
formed cells or callus prior to regeneration of whole
plants. (See also Reporter Gene.)

Cross-protection· The mechanism whereby inocula
tion with one pathogen confers resistance to another
pathogen. It has been shown that infection with one
strain of a virus protects against infection or the ex
pression of symptoms when inoculated with a second
strain of the same virus. A plant transformed with the
coat protein gene of one virus may be resistant to
infection with the same or a closely related virus, a
phenomenon that mimics cross-protection. (See also
Capsid Protein, Coat Protein.)

Defective Interfering Particles - Virus particles
which lack part of the nucleic acid component present
in standard virus particles. This smaller nucleic acid
depends on the genome of the standard virus for its
replication and characteristically this replication in
terferes with and diminishes the extent of the multi
plication of the standard virus genome.

Denaturation - A process whereby double-stranded
DNA is made single stranded by the disruption
of hydrogen bonds which normally join opposing
strands of nucleotides. This is accomplished by treat·
ment of DNA at elevated temperature and pH.

Direct DNA Uptake (Direct Gene Transfer) - A
transformation procedure in which naked DNA is ad-

363



'=

•

ded to a suspension of protoplasts. The protoplasts arc
then treated chemically (e.g., with polyethylene gly
col) or electrically (in the case of electroporation) to
allow DNA to pass through the cell membrane, and
thus into the cell. (Sec also Biolistics, Electropora
tion, Particle Gun, Transformation.)

DNA • Deoxyribonucleic acid. DNA is typically a
long, thread-like molecule, composed of two strands
which lie side by side and are chemically linked to
one another along their length. Each strand is com
posed of a long series of subunit molecules called
"nucleotides" or "bases". There are four bases, Ade
nine, Guanine, Cytosine, and Thymine. The arrange
ment of these bases along the DNA strand composes a
code which can be "read" by the cell. The informa
tion it contains allows cells (and the organisms they
make up) to produce all of the products they need to
function. (See also Gene, RNA.)

c·DNA - A DNA molecule synthesized by reverse
transcription of a mature messenger RNA. Prepara
tion of c-DNAs is often the first step in cloning DNA
sequences of interest from developed plant tissues.
While c-DNAs usually do not include regulatory or
other controlling sequences, they can b: used to iden
tify (probe) and isolate genes and their associated
sequences from genomic DNA.

DNA Constructs (Constructions) - see Constructs.

DNA "Fingerprinting" - When DNA is cut by a re
striction enzyme, an array of fragmenes of different
sizes is produced. Since the places where the DNA is
cut by the enzyme are dependent upon tile sequence of
its bases, and different DNA molecules have different
sequences, the fragment array produced when a DNA
molecule is cut with a specific enzyme is ullu'1l1y
unique to that molecule. This principle is applied to
compare DNA from two or more sources (plants, ani
mals, bacteria, etc.) If the DNA molecules of these
organisms are the same or similar, this indicates that
the two organisms share a significant amount ofgenetic
information, and are probably related. DNA finger
printing is now being applied to a very large number of
biological problems, ranging from gene isolation (for
use in genetic engineering) to paternity cases. It has
also been used to demonstrate that two named cultivars
of a crop were actually identical, and therefore should
not have been sold as two distinctly different cultivars.
DNA fingerprinting is often referred to by its more
technical name, "Restriction Fragment Length Poly.·
morphism (RFLP) Analysis". (See also RFLP.)
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DNA Sequencing - The determination of the nucle
otide base sequence of a DNA molecule by the base
specific sequential degradatioil of the DNA, or base
specific termination hf DNA synthesis, followed by
the separation of the fragments by high-resolution
electrophoresis and autoradiography.

Dot Blot (Slot Blot) - A DNA hybridization pro
cedure which is similar to the Southern Transfer pro
cess, except that DNA is bound directly to a support
membrane without first being subjected to electro
phoretic separation. This procedure is used primarily
to test for the presence of a particular DNA sequence,
or to measure the quantity of a known sequence
within a mixture of DNA. (See also Southern Blot.)

Electrophoresis - Separation of particles (usually
DNA, RNA, or proteins) in a gel in an electric field.

Electroporatlon - The introduction of transforming
DNA or RNA into protoplasts or other cells by the
momentary disruption of the cell membrane through
exposure to an intense electric field. Although the

. precise mechanism of electroporation is poorly un
derstood, it is thought that pores are formed by the
local polarization of the cell membrane when it is
exposed to a high electric potential. These openings
persist for a variable amount of time, depending upon
the temperature at which the cell is treated. Macro
molecules, such as DNA or RNA, enter through these
openings either through diffusion or through electro
phoretic movement. The membrane openings then re
seal, capturing introduced DNA and preventing es
cape of the cell contents.

Embryogenesis - The formation of an embryo. Em·
bryo formation can result from the sexual union of
gametes (zygotic embryogenesis), or can arise asex
ually from somatic tissues, usually in culture (somatic
embryogenesis). (See also Organogenesis.)

Embryogenic Callus - An undifferentiated cell mass
which produces somatic embryos. Embryos derived
in this fashion are often a means of recovering plants
from cultured tissues, and are widely used as a route
to the recovery of transgenic plants.

Endonuclease - An enzyme which catalyses the
cleavage of DNA at specific sites within the mole
cule. (See also Restriction Enzyme, Exonuclease.)

Epilope - The functional region of an antibody with
which the antigen combines.
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-I Exonuclease - An enzyme which calalyses Ihe break

age of phosphodiesler bonds between nucleolldes, op
eraling inward from Ihe termini of a DNA molecule.
Some exonucleases degrade only single-slranded
DNAs and arc Ihus useful for Ihe removal of prolrud.
ing single-slranded DNA produced by reslriction en
donuclease digestion.

Fiber-mediated DNA Transfer - A process whereby
DNA is lransferred into cells by vorlexing a suspen
sion of plant cells wilh silicon carbide fibers which
have been coaled with DNA. Subsequently Ihe gene
was expressed in Ihe cells, indicating thai DNA has
been transferred.

Frameshlll • The transfer of a ribosome during the
Iranslalion of one open reading frame to a different
reading frame such that the resulting Iranslalion prod
uct conlains sequences encoded by each of the differ
ent reading frames joined at the point of the frame
shift.

Gametoclonal Variation - Variation observed in in
dividuals which have been produced by tissue culture
of gameles. (Sec also Somaclonal Variation.)

Gene - A series of bases in a DNA molecule which
encodes a specific prOlein product, also usually spo
ken of as including regulatory sequences which con
trol its expression in the cell. Synthetic genes can be
made by connecting coding sequences from one or
ganism to regulatory sequences of another. These
synlhetic genes, once inlroduced inlo the target plant
or animal, funclion as normal part of the recipient
organism. (See also Chromosome, Chimeric Gene,
Constitulive, DNA, Gene Expression, Genomic li
brary.)

Gene Expression - When a gene is "decoded" by Ihe
cell, and a new protein is produced, the gene is said to
be "expressed" by the plant. Some genes are ex
pressed in cells everywhere in the plant and at all
developmental stages. Such genes are said to exhibit
"constitutive" expression. Other genes exhibit "regu
lated" expression. Sequences which direct time- or
tissue-specific expression have been isolated. When
these sequences are associaled with other genes and
introduced inlo plants, the transgenic plants typically
show time- and tissue-dependent patterns of expres
sion. (See also Tissue-specific Expression.)

Gene Tagging - The detection ofa gene by the identi
fication of a closely linked marker. (See also DNA

Fingerprinting, Marker, Molecular Marker.)

Genetic EngIneerIng - Like "Biolechnology", this is
a somewhat vague and overused lerm. It is often used
to refer 10 "Iransformalion", as in .....the plant was
genelically engineered 10 produce higher alkaloid
levels." Genetic engineering is also used generically
to refer to all of Ihe lechniques which are used to
manipulale DNA, including gene isolation and clon
ing, plasmid conslruclion, etc.

Genomic Library - A collection of recombinant
DNA molecules (plasmid or phage) which logelher
carry sequences represenlative of an organism's ge
nome. These molecules arc propagated in bacteria or
phage. The library is an important tool used in the
process of isolating genes. Useful genes can Ihen be
transferred to other organisms by transformalion
(g.v.).

Hanging Drop Culture - Culture ofcells in a drop of
medium suspended on the underside of a glass car
rier. Advantages arc that only small volumes of media
arc needed, high cell densilies can be achieved, and
ease of observation.

Hybridization (of Nucleic Acid) - The re-annealing
(joining) of homologous single-stranded regions indi
cales complementarity of sequel'l~e. Hybridization is
often used wilh the Soulhern transfer technique to
identify cloned sequences by hybridizing them to a
radioactive probe. (See also Southern BiOi.)

Hybridoma - A hybrid cell line produced by the
fusion of a lymphocyte with a myeloma cell. Hy
bridomas are potentially capable of synthesizing
monoclonal antibodies.

Immunoassay - A method of delermining the type
and amount of a prolein that exploits the reaction
between the protein and antibodies to it. There are
many types e.g. rzdio immunoassay, enzyme-linked
immunosorbent assay, immunosorbent electron mi
croscopy, etc.

Inclusion Protein - Protein encoded by a virus ge
nome that forms a microscopically discernable struc
ture (the inclusion body) in the infected ceIls. Inclu
sion proteins are almost always not coat proteins.
Their morphology is often characleristic for particular
groups of viruses.

Insecticidal Crystal Protein (lCP) - Aprolein that is
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toxic to insects. (See also Bt Toxin.)

Insertion Mutagenesis - The disruption of gene
function by the insertion of a mobile genetic element
into the gene. This process can occur spontaneously
through the movements of resident transposable ele
ments within the genome, or can be induced by the
introduction of such elements during sexual crosses or
via transformation.

In Vitro Selection - Selection for phenotypes (traits)
expressed at the cellular or callus level which usually
possess genetic changes that control the trait. Trait
expression at the cellular level mayor may not result
in the same expression at the plant level. Traits such
as herbicide resistance, salt tolerance. or disease re
sistance, or grain quality can be selected. Mutants
usually occur at low frequency. (See also Somatic
Cell Selection.)

Iso-electric Focussing (IEF) - An electrophoretic
technique whereby proteins arc separated in a pH
gradient and arc focussed at their isoelectric point.
(See also Electrophoresis.)

Isozymes - Different forms of the same enzyme that
occur within and between individuals. Isozymes are
commonly used as markers. (See also RFLP. Molecu
lar Marker.)

Ligation - The annealing of the termini of two dou
ble-stranded DNA molecules to one another, followed
by the formation of phosphodiester bonds octween
terminal nucleotides in each strand of the DNA in the
presence of DNA ligase. Ligation is used to join
DNA molecules together, such as in the insertion of a
gene into a plasmid to construct a transformation
vector.

L1posome - A fatty droplet in a cell. Artificial Iipo
somes containing DNA can be produced and fused
with protoplasts as a means of DNA transfer.

Macrolnjection - Injection of DNA into plants. usu
ally into or near the flower, using a standard hypoder
mic syringe and needle. DNA is injected into leaf
sheaths or flower buds, and not into individual cells.
(See also Microinjection.)

Marker - A character which is linked to a gene, but is
not the product of that gene. An ideal marker is easily
screened, not affected by environment, expressed in
hemizygous or hete:'Ozygous state, and facilitates the
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detection of genes whose products or expression can
not be detected. (See also Antibiotic Resistance
Marker, Gene Tagging, Isozymes, Random Amplified
Polymorphic DNA, Molecular Marker, Reporler
Gene, RFLP.)

Marker-based Selection - The use of markers to
select individuals with the desired gene, e.g., use of a
marker to select resistant plants without the need to
expose them to the pathogen.

MlcrolnJection - A DNA delivery technology in
which DNA is injected into cells or protoplasts with a
microscopic needle drawn from a flne glass tube.
While DNA delivery efficiency is very high in animal
cells, this procedure has proven to be very trouble
some in most plant systems. Efficient delivery is de
pendent upon introducing the injection needle into the
nucleus of the cell to be treated. This is very difficult
in plant cells. Also, the procedure can be very time
consuming, requiring as much as several minutes to
introduce DNA into a single cell.

MlcroproJectile Bombardment - DNA delivery pro
cess in which transforming DNA is associated with
microscopic metal particles (tungsten or gold, chosen
for their high density) which are then accelerated to
high velocity in a "gun". The particles are capable of
penetrating the walls of plant cells. and can deliver
DNA into the cells without complex treatments such
as those required for electroparation. This procedure
combines efficient DNA transfer with the capacity to
treat very large cell numbers in reasonably short
time. (See also Biolistics, Particle Gun.)

Micropropagatlon - The production of many indi
viduals from a meristem. (See also Regeneration, So
matic Embryogenesis, Conversion.)

Molecular Marker - A marker which is detected at
the molecular level, either as a direct gene product
(e.g. a protein), or as a product of the detection of
specific nucleotide sequences (e.g. RFLP, peR).

Monoclonal Antibody - An antibody preparation
which contains only one molecular species of anti
body. They are synthesized by hybridoma cells.

Mycoplasma-like Organism (MLO) - An organism
which is intennediate between bacteria and viruses.
Synonymous with Spiroplasma.

Near-Isogenic Line (NIL) - A genotype. 'Jsually de-
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rived by backcrossing, which differs from another in
only a few genes. NILs arc valuable in mapping, as
the gene of interest may be flanked by genes which
can be used as markers. (Sec also Recombinant In
bred Line.)

Northel'D Dlot - A proccdure for the ideniification of
RNA seljuences in which RNA is transferred to a
support membrane following electrophoresis. 111e
transferred RNA is hybridized to single-stranded
DNA probes. This technique is often used to measure
expression (transcription) of a gene for which a spe
cific c-DNA is available for usc as a probe. This is
useful to determine, e.g., expression of a gene in a
particular tissue. (Sec also Southern Blot, Western
Blot.)

Organogenesis - The formation of organs (e.g.,
leaves). Often used to describe the formation of or
gans from callus tissues. Organogenesis is a common
route for the regeneration of plants from cultured tis
sues. (Sec also Embryogenesis, Somatic Embryo
genesis.)

ParthenogenesIs - Development of an individual
from the egg cell without fertilization by the male
gamete.

Partial Digest - The incomplete digestion of DNA
with a restriction enzyme so that some restriction
sites remain undigested. Since the cleavage at restric
tion sites occurs randomly, the effect of partial diges
tion is to produce DNA fragments of various lengths
containing overlapping sequences. By partial diges
tion, a series of random fragments of a genome can be
produced for incorporation into a plasmid or phage to
make a complete genomic library containing overlap
ping sequences which together incorporate a large
portion of the entire genome. (See also Genomic
Library.)

Particle Gun - The apparatus to accelerate DNA
coated particles in order to introduce DNA into cells.
(See also Biolistics, Microprojectile, Transforma
tion.)

PEG (Polyethylene Glycol) - A chemical which pro
motes the formation of cell fusions by partial solubil
ization of protoplast membranes. Transformation of
plant protoplasts has been accomplished by treatment
of protoplasts with PEG in the presence of concen
trated transforming DNA. (See also Protoplasts,
Transformation.)

Plu(lue - A viral "colony", appearing as II cleared
region in a bactc:riullllwn which has been lysed by the
progeny of a single bacleriophage (virus). When ge
nomic or c-DNA libraries are prepared in phagc par
ticles, euch plllque represents a single cloned se
quence. By hybridization of plaques through a pro
i,:edure similar to colony filler hybridization, plaques
(phage) incorporating a desired sequence can be
identified.

Plasmid - Nonchromosomal self-replicating (circu
lar) DNA. 11Jis term usually refers to self-replicating,
nonchromosomal bacterial DNAs, some of which
confer antibiotic resistance on their host cells. Plas
mids arc used in gene cloning and as the basic struc
tures from which transformation vectors arc built.
(See also Binary Vector, Cloning, Constructs, Ti Plas
mid, Vector.)

Plastid - An organelle in the cytoplasm of the cell,
e.g. chloroplast, mitochondrium.

Polymerase - An enzyme which causes two mole
cules to join together, and thus leads to the formation
of large molecules. Polymerases are involved in the
assembly of nucleotides into DNA molecules.

Polymerase Chain Reaction (PCR) - A procedure
for the amplification (numerical increase) of a partic
ular DNA sequence by the repeated synthesis of new
nucleotide strands on a template consisting of the de
sired sequence to which a sequence-specific primer
has been attached prior to the beginning of the reac
tion. The polymerization of the new strand is cata
lyzed by a thermostable polymerase. This allows the
temperature of the reaction mixture 10 be raised be
tween subsequent polymerization rounds to a tem
perature at which denaturation of the newly formed
double-stranded DNA occurs. This produces two new
single-stranded templates upon which two new
strands can be synthesized. By repeatedly raising and
lowering the temperature of the mixture, a very large
amplification of the sequence of interest can be
achieved. In this way, detectable and useful amounts
of DNA can be obtained from tissues in which the
sequence is represented at very low levels. The tech
nique has a multitude of applications ranging from
testing transgenic cells for the presence of an intro
duced sequence, to the isolation of DNA sequences
from very small amounts of tissue for forensic analysis.
(See also Random Amplified Polymorphic DNA.)

Polymorphism - Having more than one form, usually
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referring to varlalion between individuals In mor
phology, or In DNA a6 analyzed by RFLP or PCR, or
in Isozymes.

Prohe - Adefined sequence of DNA or RNA, usually
iodlolabcllcd, which is used to identify a homologous
Hc~uence of interest by hyiJridi7.3tion. (See also
Northern Blot, Southern Blot, Western Blot.)

Promoters - A region on DNA at which RNA poly
merase binds and initiates transcription.

ProtoplllSt - A plant or bacterial cell from which the
cell wall hl\s been removed, usually by an enzymatic
process. Some plant species can be regenerated from
protoplasts. (See also Direct DNA Uptake, Electro
poration, Liposome, Mlcroinjection, PEG.)

Pulsed Field Gel Electrophoresis - An electrophore
tic technique used to separate large DNA molecules,
by the application of pulsed, alternating orthogonal
electric nelds to a gel. (See also Electrophoresis,
IEF.)

Quantitative Trait Locus (QTL) - A locus which
affects the expression of a character that is poly
genically or quantitatively inherited. QTLs are diffi
cult to detect by conventional genetics, but some
Qn,s can be detected by marker technolog~l.

Random Amplified Polymorphic DNA (RAPD,
Pronounced 'Rapid') - A technique using single,
short (usually IO-mer) s~''1thetic oligonucleotide
primers for PCR. The primer initiates replication at
specific complementary sites on the DNA, producing
fragments up to about 2 kb long, which can be sep
arate<! by electrophoresis, and stained with ethidillm
bromide. A primer can exhibit polymorphism be
tween individuals, and polymorphic fragments can be
used as markers.

Readthrough - The pllssage ofa ribosome during the
translation of an open reading frame past the termina
tion codon that normally causes the ribosome to stop.
The resulting translation product is the standard pro
tein encoded by the open reading frame with addi
tional sequences at its C-terminal end. Readthrough is
usually in the same reading frame but can also be
caused by frameshift.

Recombinant DNA - The hybrid DNA formed by
combining pieces of DNA from different organisms,
e.g., a bacterial plasmid containing a plant DNA se-
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quence is a recombinant-DNA molecule.

Recombinant Inbred Line (RIL) Also Recombi
nant Inbred (RI) - One of a number of lines derived
from the same cross by repeated selling until each
line is near homozygous. RILs whic.. differ with re
spect to genes of interest can be used to associate
genes with markers (gene tagging). (See also Ncar
Isogenic Line (NIL).)

RecomblnQtlon - The joining of two DNA mole
cules, often said of the integration of a transforming
DNA into the chromosomal DNA of the host or·
ganism.

Regeneration - The regrowth of whole plants from
cultured cells or callLIS , This usually occurs via one of
lWO pathways: org:mogenesis and embryogenesis. In
somatic embryogenesis, plant regeneration occurs
from callus or suspension cultures by a process simi·
lar to embryo formation in vivo. Anat"mically, root
and shoot axes develop simultaneousl). In organo
genesis, shoot and/or roots (or other ort. fiS) develop
independently. Althor.Jgh embryogenesis is the prefer
red pathway, either method may result in efficient
plant recovery. (Sec also Callus, Embryogenesis, Or
ganogenesis, Suspension Culture.)

Repetitive DNA - DNA which consists of repeated
nucleotide sequences.

Replicase - The enzyme, or enzymes, responsible for
the synthesis of virus-sense nucleic acid molecules by
using as a template the same virus-sense nucleic acid
(i.e. replication).

Reporter GeneIMarker Gene - A re110rler or
"marker" gene is a gene, often derived from bacteria,
which does not in itself provide a useful change in
transgenic plants, but serves to identify and/or recover
transformed plants from among a large sample which
may 0,' may not have been transformed. They are also
very useful in studies of gene expression, since their
presence or absence, and the quantity of the gene's
product can be precisely measured. Common marker
genes currently in wide use include beta-glucuro
nidase and neomycin phosphotransferase. Beta glu
curor.idose (GUS) is an enzyme which can be
detected by two sensitive procedures, one of which
allows direct observaticn of transformed cells or tis
sues. Neomycin phosphotransferase (NPf) can be
monitored by quantitative assay, but most importantly
it provides prol(;cLion to transgenic cells and plants

•



(seedlings) against the amibiotic kanamycin. TIJis al
lows the direct selection in culture of cells or tissues
which are transformed with the gene by simply grow
ing the material on medium containing kanamycin.
Progeny of these transformed plants can also be mon
itored by germinating seeds on medium with kanam
ycin, where those which express NPf remain green,
while those without it tum white and eventually die.
Olher genes which are not so easily monitored are
onen illlroduced along with these markers. By select
ing plallls which eXfJress the marker gene, there is a
high probability that these plants will also carry the
real gene of illlerest. (See also Antibiotic Resistance
Markel, Binary Vector.)

Restriction Enzymes - Enzymes of bacterial origin
which cleave DNA at highly specific locations deter
mined by the random occurrence of specific short
nucleotide sequences (usually four or six base pairs).
Many restriction enzymes cleave double-stranded
DNA in such a way that each resulting molecule end
has a protruding, single-strand sequence commonly
referred to liS a "sticky end". Two molecules with
homologous sticky ends can hybridize readily to form
recombinant molecules. (See also Restriction Frag
ment, RFLP.)

Restriction Fragment - A short DNA molecule re
sulting from the partial or complete cleavage of a
larger molecule with a restriction enzyme. The distri
bution of restriction enzyme cleavage sites in a partic
ular DNA molecule is determined by their sequence
of nucleotides. The fragments which result from
restriction enzyme digestion have various lengths
which ref1eetthe structure of the parent molecule.

RFLP (Restriction Fragment Length Polymor
phism) - Although the sequence of DNA from two
genotypes of the same species may be very similar
and thus produce very similar restriction fingerprints,
some polymorphism (variation) in the distribution of
restriction sites for a particular restriction enzyme
occurs between genotypes. The particular array of
restriction fragments produced for each genotype is
thus diagnostic of that genotype. Specific fragments
may be linked to unidentified but important genes and
can thus serve as genetic markers for t~ose traits.

Restriction (Site) Map. A diagmm showing the lo
cations of restriction sites relative to one another and
to other features of a DNA molecule. It is common
practice to characterize the structure of cloned DNA
molecules by restriction mapping, a process in which

the organization of siles is deduced from the sizes of
frogments produced when the molecule is cleaved by
r;ingle enzymes or combinations of enzymes.

Reverse Genetics • The study of gene action or the
phenotype produced by mutating a gene or synthesiz
ing a nucleotide sequence in vitro, and inlroducing it
into a • :'alll.

Rlbozyme - A small RNA molecule which will hy
bridize to a target RNA and thereby cause lhe exci
sion of the target RNA between two particular
nucleotides. The cleavage is independent of protein
and is the same mechanism as that whereby some
satellite RNA molecule oligomers self cleave during
replication.

RNA - Ribonucleic acid. RNA, like DNA, is a long
thread-like molecule composed of four different sub
unit "bases". Like DNA, it incorporates Adenine,
Guanine and Cytosine, but Thymine is replaced with
another base, Uracil. Different types of RNA have
different functions in the cell, but they are primarily
involved in "reading" the information encoded by
DNA, and the production of proteins. (See also Tran
scription, Translation.)

Satellite - (1) The region of the chromosome distal to
the Nucleolar Organizer, which often appears de
tached from the chromosome in metaphase prepa
rations.

(2) A virus or nucleic acid that is unable to multiply
in cells without the assistance of a specific 'helper'
virus, has no appreciable sequence homology with
the helper virus, and is not necessary for the multi
plication of the helper virus.

Selectable Marker • See Antibiotic Resistance
Marker.

Somaclonal Variation - Variation induced by tissue
culture in organisms regenerated from somatic tis··
sues. Some types of somaclonal variation are inher
ited by the progeny.

Somatic Cell SelE:ctioQ - Selection ofcells in culture,
usually in suspension cultures, by applying a selec
tion pressure that will kill or reduce the viability of
susceplible cells. It has been used to produce resistant
plants by exposing cultures to filtmtes of pathogenic
bacteria. (See also In Vitro Selection.)
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Southern Blot/Southern Transfer - A technique de
veloped by E.M. Southern for the transfer of (de
natured) DNA from an electrophoretic gel to a
nitrocellulose membrane, on which the DNA can be
bound. The transferred DNA can then be hybridized
to single-stranded DNA or RNA probes. An esser.lial
technique for the identification of cloned DNA
sequences.

Splroplasma - Synonymous with Mycoplasma Like
Organism (MLO)

Stable Transformation - Gene transfer which leads
to the integration of introduced sequences into the
chromosomes of the recipient plant. Stably trans
formed cells or organisms pass the newly integrated
gene(s) to their progeny.

Suppressor tRNA - A class of tRNA that recognizes
termination codons, and causes an amino acid to be
incorporated into a growing peptide chain, rather than
the termination of the chain.

Suspension Culture - A culture in which cells, clus
ters of cells and/or small callus pieces arc suspended
in liquid nutrient media. Plant suspension cultures
usually must be aerated by agitation. Suspension cul
tures arc useful as a source of protoplasts for transfor
mation and also for in vitro selection employing
herbicides or toxins. Suspension cultures are useful
for selection because of the large surface area ofcells
which are exposed to the medium and the possibility
of extremely uniform exposures. Embryogenic sus
pension cultures are capable of regenerating complete
plants via somatic embryogr,;caesis.

T-DNA - Transfer DNA. The DNA which is trans
ferred to the host plant by Agrobacterium. It is
flanked by two 25bp border regions which are recog
nized by the virulence gene of Agrobacterium.

Tagging - See Gene Tagging

Ti Plasmid - (Thmor inducing plasmid). A plasmid
that occurs naturally in Agrobacterium tume/aciens
and causes tumors in host plants by inserting DNA
into the host genome.

Tissue Culture - The growth of plant or animal cells,
tissues and organs outside of the organism, usually in
glass or plastic containers ("in vitro"). There the "ex
plant" tissue or cells are supplied with the nutrients
and other substances required for continued growth.
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Although it is imegral to "'ther kinds of work, such as
genetic engineering, tissue culture is now generally
considered to be a discipline in its own right.

Tissue-specific Expression (of a Gene or Gene
Product) - The production of a gene product in a
specific tissue at a specific developmental stage or
time. Tissue-specific expression is often desirable
when a gene product is only needed at a certain stage
of growth or in certain tissues.

Transcription - The production of messenger RNA
(mRNA) in the nucleus, using DNA as a template so
that the sequence ofnucleotides is maintained and can
be used in translation (q.v.).

Transformation - The genetic modification induced
by the incorporation into a cell of "foreign" DNA
purified from other cells or viruses. (See also Agro
bacteri/lm. Direct DNA Uptake, Genomic Library,
PEG, Plasmid, Vector.)

Transient Expression - Expression of a transforming
gene by recipient cells over a relatively brief time
span. Trarisient expression, e.g., of antibiotic resis
tance markers in cells may be due to rapid cell death
or the loss of transforming DNA over cell generations
in the absence of DNA replication.

Translation - The production of a protein in a ribo
some using the sequence of bases of the mRNA to
determine the sequence of amino acids in the protein.

TransJ)('rt Protein - A protein (other than coat proteins)
encoded by the virus genome which is essential to the
movement of .. trus infection from one cell to another.

Transposition - The movement of a genetic element
from one location within the genome to another.

Transposon (Transposable Element) - A mobile
genetic element which can excise from one location in
the genome and reinsert at another location. Some
transposons, e.g., Ac, are capable of catalyzing their
own transposition, including excision and reinsertion.
Other elements, such as Os, require the presence of
another element (Ac) in order 10 accomplish trans
position and are incompetent for transposition in the
absence of such an element.

Transposon Tagging - The "labelling" of a gene
with a transposon through the process of insertion
mutagenesis with the transposon.



Vector - A specialized plasmid or other DNA mole
cule which has been"cngineercd" to contain marker
or other genes for usc in transformation. Vectors typ
ically contain scquences which allow their replication
lind selection in bacteria for amplification uf the DNA
used in transforming other organisms.

Virion - Synonymous with 'Virus particle',

Western Blot - A technique in which protein is trans
ferred to II support membrane following electro
phoresis. A particular protein molecule can then be
identified by probing the blot with II radiolabelled anti
body which binds only to a specWc protein to which
the antibody was prepared. Useful for measurement
e.g. of levels of production of II specific protein in a
particular tissue or at a particular developmental stage.
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Appendix II

Recommendations

The focus on biotechnology's potential contributions
to sustainable agricultural production in the region
derives from a projected need for dramatic increases
in crop productivity in the face of increasing popula
tion and natural resource demands. Conventional
technologies alone may be inadequate to meet present
and future cha:lenges.

Biotechnologies must be applied to achieve spe
cific, well-defined goals, based on the problems
which limit production of food crops. It is important
to focus first on production of the crop, and let the
needs of the crop drive the choice of appropriate
technology.

The workshop emphasized the need for the devel
opment of multigene, long-lasting, robust strategies
for specific problems.

Because these technologies are resource intensive,
it is essential to eliminate unnecessary duplication
wherever possible.

Potential applications of biotechnology include: (I)
the use of tissue culture for clonal propagation, wide
crosses, and conservation of elite and disease-free
materials; (2) the use of biochemical and molecular
techniques for diagnostics and genome characteriza
tion; and (3) the use of cellular and molecular strate
gies in conventional and nonconventional breeding
programs.

Networking, Training, and Technology
Transfer

The workshop recommends:
- The establishment of a regional plant biotechnol

ogy network for all food crops. All interested scien
tists, institutes, and indiliduals active in the region
should be encouraged to participate in the network.
The network members would include scientists
from any countries who could contribute to the
application of biotechnology to crop improvement
in Asia.

- That efforts should be made to coordinate and.
where possible, integrate the network activities
with those ofother networks and relevant organiza-

tions. It should have sustained host in:aitution and
donor support, with periodic review to eVL'.Juate
its contributions to regional progress in biotech
nology.

- That the network could be based at ICRISAT Cen
ter, which has appropriate scientific, information
and communications resources for this purpose.
The establishment of this network would require a
minimal foundation level of funding to support a
network coordinator, recurrent administrative ex
penses and information dissemination costs.

- The formation of a steering committee comprised
of national representatives and technical special
ists. An informal, regional newsletter could serve
as a primary and reliable means of information
exchange with individual members.

- That the network strengthens existing links, and
develops new links, with other laboratories in order
to sustain existing expertise, to acquire newly de
veloped methods, and to promote the transfer of
technology to the researchers of Asian countries
wherever necessary.

- That the activities of the network include the main
tenance of a directory of members and resource
people, the gathering and dissemination of infor
mation on critical issues in plant biotechnology, the
identification of specific training and technology
transfer needs and fund raising to support desig
nated activities. Emphasis should be given to the
development of bilateral relationships, which build
on initial contacts and provide continuing support
and exchange of ideas between scientists. The net
work should involve Universities and other groups,
especially those involved in fundamental research
that may benefit Asian countries.

- That the network does not stock any organisms, but
should maintain a database of such stocks, and in
clude olle or more centers which stock strains of
Agrobacteri/lltl and/or plasmids.

- That proper training is vital. There are two main
elements, (I) the organization of training courses
and (2) exchange of staff with relevant laboratories
in other countries. Students from Asian countries
could be trained at institutes within Asia, at ICRI-
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SAT, or in advanced laboratories in developed
countries.

- That training should include participation with in
duslry, and in addition tOlraining in blotechniques,
should include aspects of biosafety, the testing of
derived lines and release of genetically engineered
organisms. The network should disseminate infor
mation on biosafety so scientists arc aware of the
risks involved.

The participants suggesled that ICRISAT Center
would be a suitable base for the network, as it has
appropriate scientific, information, and communica
tions resources for this purpose. The establishment of
this network would require a minimal foundation
level of funding to support a network coordinator,
recurrent administrative expenses and information
dissemination cosls.

Biosafety

The workshop highlighted the need for country-spe
cific development in regulatory infrastructure to com
plement and insure the safe, responsible, and timely
application of biotechnological advancements in crop
improvement.

The workshop recommends
- That the network establishes an ongoing source of

information on country activities in this area, re
lated international scientific and legislative devel
opments, and identifies resource people in bio
safety.

- That the network commission brief reports on the
status of biosafety, for which it should Eeek outside
help where necessary, and provide a link with ex
pertise, and with resource persons.

Intellectual Property Rights (IPR)

The workshop has recognized the involvement of this
issue in technology acquisition.

The workshop recommends
- That the network promotes exchange of informa

tion, and provides authoritative contacts.
- That the network operates within IPR legislation of

partner countries

Private and Public Sector Involvement

The workshop recommends
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- That efforts be made to foster conlacls wilh mem
bers of both public and privllte sector scientific
communities 10 idelllify technical opportunilics for
interaction and to develop cquitllble collaborutive
agreemellls. The network could provide the neces
sary case studies and contacts, including links wilh
legal resources.

Genome Charactel'ization and
Diagnostics

Genome Analysis

The workshop stressed that RFLP technology is a pow
erful tool of great potential in plant breeding, to im
prove the speed and precision of conventional
breeding, specially for traits that arc difficult to manip
ulate using conventional approaches. The technology
also has proven potential to characterize germplasm.

The workshop noted the existence of a Rockefeller
Initiative to develop an RFLP network to support
breeding of sorghum and pearl millet in developing
countries. The workshop recommends the expansion
of collaboration with other Institutes in Asian coun
tri\':s, as well as the initiation of new programs where
necessary.

The workshop recommends
- That breeders are involved in the I;onception and

execution of RFLP programs.
- That existing links are reinforced ;-.rad new links,

with laboratories with relevant skills a.re devel
oped.

- That probes are freely available; database organi
zation may be necessary for this, and a database
indicating the nature and source of clones would
facilitate their timely and efficient use.

The workshop identified potential for collaboration in
the analyses of mitochondrial genomes in pearl millet
male-sterile lines.

Diagnostics

The workshop recognized the potential of biotechnol
ogy in developing diagnostic procedures for the iden
tification of pathogens, genes, and other biological
macromolecules.

The workshop recommends:
- That methods used should include (I) nonradioac

tive probes, (2) DNA amplification (PCR), (3) syn
thesis of antibodies in non-mammalian cell



systems, (4) cloning of antigens, and (5) immuno
cytochemistry with gold-Iabcled probes.

In Vitro Culture and Transformation

The workshop recommends:
- That in vitro culture and micropropagation pro

cedures are appropriate means of maintaining
high-value genetic stocks, as an aid to experimen
tation and of maintaining gene pools, particularly
in vegetatively propagated species. Technologies
which maintain the genetic stability of the stored
materials must be developed and applied.

- That all efforts be planned and expedited in full
coordination with breeding programs that call
use the resulting materials effectively. Advanced
breeding lines should be used as source material in
programs, to develop adapted material of value to
the concerned breeders.

- That methods of generating random genetic varia
tion via in vitro cullure SllOUld be approached with
caution 'unless such systems can be coupled with
efficient in vitro selection procedures.

- That allhough anther culture and parthenogenesis
arc currently the most commonly used means of
producing haploids, but alternative routes should
also be considered.

- That there is currently no universally applicable
strategy for transformation of all crop species.
Practical application requires the development of
cost-effective genotype· independent transforma
tion systems, ideally with utility in more than one
crop.

- That transformation work would be greatly facili
tated by the development and maintenance of a data
base that would serve as a guide to availability of
expertise and materials, such as Agrobacrcr;um
strains and plasmids.
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Cloning the plant aspartokinase gene 239
CMS see Cytoplasmic male sterility
Coat protein 12,24,37,41,43,207-210,251-259,267,281,282,285,287,362
Coat protein gene 37, 209, 210, 254, 256, 258, 282, 287
Cold pretreatment 85, 89, 94, 95, 171 .
Collaboration, collaborative projects 3, 5, 10, 17, 19·25, 28, 33,37·39,42,44,56,58,59, 61, 63, 64, 70, 73, 94,

324
Colony filter hybridization 363
Complementary DNA 207, 209, 240, 251, 302,363
Complementation 61, 63, 182,215, 235
Constitutive 186,207,227,236, 240, 24~, 363
Construct, construction 49, 186,210,214,220,224,227,228,236,240-242,324,363
Containment 27, 363
Conversion 78, liS, 116, 128·132, 187, 339, 363
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Cotransformation 213,214,219,363
Cross-protection 43, 251, 254,363
Cytoplasm 11,84,161,218,247,270,304,340,342,345,346,358
Cytoplasmic male sterility 14,44,93,304,305,333·336,348,349,357,358
Defective interfering molecules (DI) 253-255, 363
Denaturation 313, 363
DH see Doubled haploid
Differentiation 52, 86, 87,89-91,95,96, 122,129,131,152, 161, 167,281,282,290
Dihydrodipicolinate synthase 237·239
Direct DNA uptake 213, 214, 218, 220-223, 225,363
Direct gene transfer 38, 241
Disease 9, II, 12,23,31,32,37·39,41,42,44,47,48,51-54,56,57,61,62, 67, 68, 71-73, 76, 78, 92, 149, 182,

188,235,255,258,283,287-289,298,301, 302,304,308,324, 326,328,330-332, 355
DNA 364
c-DNA364
DNA construct see Construct 364
DNA "fingerprinting" 364
DNA sequencing 364
Dot blot (slot blot) 364
Doubled haploid 43, 76, 77, 169-175,297,301,308,311,312,315
Drought 9-13, 23, 51-53, 56,59,62,67-70,77,78,93
Electrophoresis 49, 201, 202, 247, 274,281,298,302,309,313, 326, ~64
Electroporation 43, 182, 184, 213,214,221,222,224,227,364
Embryo culture 14,51,52,62,68,98, 149, 165, 170
Embryogenesis 10,43,73,87,89-93,96,98,115,116,122,127-134,137, 161, 167, 169, 171, 172, 183,226,364
Embryogenic callus 91, 97,167,224,364
Endonuclease 304, 305, 355, 358,364
Epitope 283, 286, 288, 364
Exonuclease 184,365
Extract medium 94,172
Feedback regulation 237-240
Feedback inhibition 237-239
Fiber-mediated DNA transfer 213, 228, 365
Food quality 67, 69
Framl.'shift 186, 187,251-253,365
Gametoclonal variation 169,365
Geminivirus 209
Gene 365
Gene expression 9, 13,38,57,93,98,182, 183, 185, 186, 191,208,209,214,217,219,223,224,227-229,235,

236,240,241,243,253,334,343,345,346,365
Gene introgre~'sion 297, 306, 308 I
Gene tagging 49,328,329,365
Genetic control 128, 173,297,330
Genetic diversity 23,31, 32,49,68,69, 186,229,299,304,306,314
Genetic engineering 5, 6,10,13,14,21,35,37,38,58,71-73, 78,137,157,188,190-192,207,241,243, 29B, 346,

348,365
Genetic maps 306, 307, 323, 324, 333
Genome 9,11, 32, 37,42,43,96,169,174,181-184,187,188,208·211,214, 236, 247, 251-253, 255, 256, ~58, 259,

265-267,270,277,297,302,308,309-311,313-315,324,326,327,334,339-349,357
Genome mapping 174, 297
Genomic library 191,365
Germplasm 5,12, 15,20-25,31,32,37,42,44,49,53,54,63,64,68,72,75,76, 96,128,134, 137, 149, 186,213,

223,229,230,286,297,299,304,306,308,315,327
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Oermplasm characterization 299
Haploid 33,36,39,41,44,76,77,83,84,86,89,94,149,169·175, 301, 308, 312
Hanging drop culture 130,365 .
Herbicide resisrance 12,43,67, 182, 183, 189, 190,241
Human resources, human resource development (sec also Training) 25, 58
Hybrldizalion 11-14,23,32,35,37,38,41·43,51. 52, 62, 64, 69, 76, ll5, 149, 161, 165,202,216,239,240,255,

265,275,276,302,304,305,308,309,313,314,340,355,365
Hybridoma 283·285, 288, 289,365
ICP see Insecticidal crystal prolein
IEF sec Isoeleclric focussing
lIarvirus 257, 281
Immunoassay 289, 365
In vitro selection II, 12,44,51-54,57,72,128,135·137,173,366
Inclusion protein 258, 285, 365
Incompatibility 20, 43, 348
Infection cycle 254, 255
Insecticidal crystal protein (ICP) 188, 189,365
Insertion mutagenesis 181, 182,221,223,366
Intellectual property 6, 20, 22, 23, 25, 26, 28
Intergeneric, inlerspecific hybrids 33, 51, 52, 96, 163, 170,302,308,311,314
Introgression 297, 306, 3d8, 315, 330, .331
Isoelectric focussing 298, 299,366
Isozymes 32, 42, 43, 64, 91, 92, 238, 298, 299, 301, 302, 306, 309·311, 315, 324, 326, 328,330,333,334,366
Legal aspects 20·26
Linkage 12,41,174,297,298,301,302,306·311,313-315,324, 326·328,330,331,334
Liposomes 213,220-223,229,366
Ligation 366
Luteovirus 270
Macroinjection 216, 366
Male sterility 14,36,41,43,44,93,98,182, 191,304,305,347,348,357,358
Marker 33, 171, 175, 183, 184, 186,202,205,214,215,217,219-222,226-228,240,277,297,298,299.301,302,

305,306,308,309-315,323,324,326·331,333·335,366
Marker·basc:d selection 329, 366
McAb see Monoclonal antibody
Meristem 37, 51, 52, 56, 57, 62, 68, 76,116,129, 134
Meristem culture 37, 51,52,62,68,134
Microinjection 182, 184,213, 218·220, 225,366
Microprojectile bombardment 184, 213, 214, 224·228, 366
Micropropagation 52·54, 68,98, 116, 123, 129, 149, 152, 167, 186,366
Microspore culture 91, 171, 173
Mitochondria 14, 187,226,339,340,343-349,357,358
Mixoploid 173
MLO see Mycoplasma.like organism
Molecular marker 175, 306, 313, 324, 335, 366
Monoclonal antibody (McAb) 39, 283·289,366
Mutants, mutation 9, 42, 44, 49, 56, 62, 64, 68, 69, 89, 90, 91, 98,135,181, 182, 186, 187,215,221,223,226,229,

235·241,243,285,298,.309-311,324,327,340,342,343
Mycoplasma-like organism (MLO) 39, 41, 42, 78, 288, 289,366
Nuclear RFLPs 305
Near-isogenic line (NIL) 2'~7, 309, 366
Nematode 57, 69,174,301,308,309
Nepovirus 257
Network 3, 10, 14, 26, 36, 42, 75
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NorthcrIl blot 367
Nutrition 11,23,70,149,157, 190, 191,235·237,243
Nutritional quality improvcmcnt 191,736,237,235,236,243
Organogcncsls 83, 88, 91, 98, liS, 116, 122, 125·127, 129, 137, 155, 183,226,367
Ovary 89, 91. 122
Ovulc 33, 215, 216
Parthcnogcncsis 170,367
Partlclc gun If!', 225, 346.367
Partial digcst 367
Partner, partnerships 17·26, 28, 284
Patcnt 19·21, 23, 24, 26, 28
Pathotoxin 44
peR sec Polymerase chain rc action
PEG scc Polycthylcnc glyco;
Pest 10·12,47.51,52,61·63,67, -;6, 301, :~('~

Plaque ~~7

Plo,,~ iJr~eding 6, 9,10, 3tl , 43, 47, 53, 54, 56, 62, (i5, 63, 76·78,149,171,173,188,235,297·299,302,308, )10,
311, 323,326,327, 328,~33,335,336

Plant ;latent act 19
Plant variety protection act (PVPA) 19
Plasmid 13,43, 181·184,201,202,205,207,209,210,214,216-218,220,221, 224, 225·229, 235, 236, 273, 281,

367
Plastid 7.26, 339, 342, 344, 367
PLRV 37, 39,174,252,253,255,256,258,259,266,269,270
Pollen 32, 38, 41, 44, 77, 83·89, 91, 98, 149, 171-173, 191,215,216,2'1.1,333·335,348
Polyethylene glycol 161, 182, 184,220, 221, 222, 236, 367
Polygenes 310, 323
Polymerase 13,209,247,255,256,266·267,270,271,276,277,313,342,343
Polymerase chain rcaction 9,10,13,37,49,186,187,265,276,277,297,306, 3U, 315, 324, 326,361
Polymorphism 10,36,42,47,49,59,64,169,235,276,297·299, 301·303, 305-309, 313, 314, 324, 326, 331, 333,

355,358,367
Potexvirus 257
Pre embryogenically determined cells 134
Pretreatment 85, 88, 89. 94.95, 157, 158, 171. 172
Propagation 11.31,41,43.48.49.57, 6l·63, 65, 67. 68, 71, 72. 77. 131, 134. 136, 152, 163
Probe32,39,42,216,235,239,240,265. 276,277. 286.302,303.305, 307,309,313,324,34O,341,355,36~
Promoter 43. 183, 184, 186.188,189,191,202,207·210,224,227,236,240.241,242, 343. 368
Protease 12, 253. 255, 256
Protein markers 298, 299. 302. 324. 326
Proteolysis 251. 253
Protoplast 10-14. 43, 48, 51, 57., 56, 64. 71, 73, 92, 93. 97, 98, 122, 127. 169. 171, 183,213, 218, 220·223. 228, 236.

238. 241. 368
Pulsed field gel dectrophorcsis 368
PVY 37-39.174.257·259,286,287
Quantitative traits, quantitative trait loci, QTLs 13,94.96, 135, 175,297,308,310-312.315,326.327.330.331,

333-337.3~

Random amplified polymorphic DNA (RAPD) 313. 315. 324,326,368
Readthrough 251-253, 268. 368
Recombinant DNA 9. 38, 47, 61, 63. 64,188.207,208,241,247.265.297,298,368
Recombinant inbred (RI) 13,201,202,297,307-309,311,315,334,335,368
Recombination 14,64,93,184,209,226,270,271,297,306,310,311,314,315, 328, 334, 339, 346, 368
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;legencration 10, 12,14,38,43,47,48,52·56,68,69,71·73,83·91,93·98, 113, 115·117,122,125·132,135-137,
150,152,155,157,159,160,163,167,169,170,172,174, 184, 186, 187,201,202,205,207,208,213,215,219,
223,224,226,227,229,238,256,299,368

Repetitive DNA 32,302,313,368
Replicase, replicase prolein 253, 255, 258, 259, 368
Reporter, reporter gcne 48, 181, 182, 185, 186,236,241,368
Restriction fragment 241,340,369
Restriction fragment length polymorphism (RFLP) 9-14, 32, 36, 37,42,47-49,59,64, 169, 175,235,276,302,

305·314,324,326·331,333·337,355,369
Restriction map 302, 303, 369
Restriction enzyme 302, 305-307, 313, 326,369
Reverse genctics 207, 369
RFtP see Restriction frClgment lcngth polymorphism
Ribozyme 254-256,369
RNA 369
Salinity, salt 9, 10, 12·14,51·54,56,57,59,67,68,70,86,87,91,92, 136,355
Satellite 11,43,253·255,258,259,272,282, 305,369
Seed storage proteins 9, 41·43, 190
Selectable marker 183, 184,214,219,240,301,369
Somaclonal variation II, 14, 43, 49, 56, 64, 71, 73, 91, 93, 116, 134, 135, 149, 150, 186, 187,221,223,369
Somatic cell selection 134-136, 369
Somatic embryogenesis 10,43, 89-93, 96, 116, 127·134, 137, 161, 167, 183
Southern blot, southern transfer 216, 239, 304, 326, 355, 370
Spiroplasma 288, 370
Stable transformation 182, 218, 222, 225, 370
Storage proteins 9, 41-43, 70, 190, 236, 326
Stress tolerance 9, 13,23,36, 51·54, 64, 235
Suppressor tRNA 252, 370
Suspension culture 90, 98, 122, 129, 133, 218, 226, 228,370
T-DNA 181·184, 186,202,247,370
Tagging 48, 49, 184, 186, 301, 326-330, 370
Ti plasmid 182, 183,207,209,210,214,235,370
Tissue culture 9,10,13,14,26,36,38,39,43,44,48,49,51,52,54,55, 56·59, 61, 63, 64, 68, 71·73, 76, 78, 83,

90,115,126·128, 132, 134-137, 152, 163, 167, 169, 170, 186, 187,205,207,215,238,242,281,370
Tissue-specific expression 9, 214, 224, 227, 370
Tobamovirus 257
Training (see also Human resource development) 3·6,10,14,25,26,31,33,36,58,61,63,65,72,73,78
Transcription 182, 185,207,210,214,235,240,247,251,252,254,255,277, 339, 343-345, 347, 370
Transfor!JIation 9,10,14,24,25,35,38,41,43,47-49,72,83,89,93,98, 115, 116, i26, 12::1, 132, 134, 137, 149,

163, 167, 181-184, 186, 188, 190, 191,201,205,207·209,213-229,23.'1, 240-241, 'l~l,15", 255, 256, 258, 259
298,309,346,348,349,370

Transgenic crop plants 189·191, 241
Transient expression 213, 214, 217, 220, 222-224, 227·229, 241, 370
Translation 182, IP'S, 186, 210, 251·256, 258, 266, 276, 282, 339, 340, 342, 343, .345, 376
Transport protein 258,267,370
Transposition 18/), 370
Transposon, transposable element, transposon tagging 181, !82, 186,210,306,370
"ector 10,24, 181, 183, 185,201,202,205,207·211,213,214,225,240,247,254,255,276,288,337,371
"enture capital 19
"irion 211, 285, 286, 371
"irus-encoded protease 255
Western blot 285, 371
Wild species 14,37, 134, 159, 161, 167, 171,305,306,308,331
Wild relatives 13,33,42,69, 152, 155, 159, 161, 165, 167
Zygotic embryos 116, 122, 127, 129·132, 134
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