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Introduction 	 useful inplant improvement because each cell isa potential
plant. Thus millions of potential plants. can be grown andThis progress report summarizes the activities of the screened rapidly and economically.

Tissue Culture for Crops Project (TC9,) during the first The Tissue Culture for Crops Proj ict (TCCP) t seeks to 
two years of its existence. The project"is supported by the increase ,sodium, drought, and aluminum resistance in 
U.S. Agency for International De4elopment and is located at 	 wheat, rice, pearl millet, and oats. During its first two years
Colorado State University, Ft. Collins, Colorado. The overall the project has made substantial progress towards this 
p .Jrpose of the project is to utilize emerging tissue culture goal.
technologies to promote the development of stress-tolerant 	 gol 

1. A demonstration has been completed thatcrop plants. stahla NaCl-tolerant cell lines can be select-The report !s divided into several sections. A Summary ed in cell cultures and that plants regenerat
is followed byl a brief discussion of Project Obje ,tives. ed from these cultures retain tolerance and
Background irformation is provided on sodium, ,iuiim, pass it on to subsequent gernerations. 
and droughtress worldwide; on the advisability of modify- 2. Tissue culture methods for cereals haveing crops to//it available environments; and on the reasons been improved. In particular, long term, high
for and methods by which tissue culture can contribute to frequency plant regeneration has, been obtained 
plant improvement. Project Facilities and Administration for wheat, rice, pearl millet, proso millet, and 
are outlined. Project Accomplishments are detailed. 

-'-Specifics"fre e..cie. andi. f..... .. . .. oats,. To-date-over-13400-rice -plants and -1000 .........
eth'odology and Disecussion of Project Accpls- oat plants have been produced from cell cul

ments. Finally Future Dkection .r.es a 1, Fi.the Experimental and see T 2). 
Project Goals are discussed. The report ends with a listing
ofoProject --- a Project Informa- Table 1. Plants Regenerated from Cereal Tissue Cultures by theesonnelrreend 
tion Sheet to be returned by the reader. 	 TCCP 

SSummary 	 salt-sensitive salt-tolerant culturesummary 
cultures (1000-9000 ppm NaCI)Drought, excess sodium, and excess aluminum are Rice 3233 201 

stresses which inhibit crop production on 50% of all arable Wheat 329 30 
land. In the face of dwindling water supplies and increasing- Pearl Millet 157 78 
ly expensive irrigation and soil modification it is important to Oats 672 374 
focus plant breeding on efforts to produce varieties of Oats 
plants with an increased ability to grow in available natural Proso Millet 85 20 
environments with a minimum of energy intensive environ
mental modification (Fig. 1). Tissue culture techniques are 3. NaCl-tolerant cell cultures have been ob

tained for each species. Selection for,: •' and
,i.'zr ., underway. 

is[,+.-W:.-..+ ' - Tdrought-	 aluminum-tolerant cell lines 

-o 4. Over 200 plants have been regenerat.ad from 
-. - salt-tolerant cell lines of rice and oi oats. 

All ,Thirty or more plants have been regenerated 
j..i. 	 ,from salt-tolerant cell lines of each of the other 

S,,species. These plants are now undergoing.	 . J. , .,greenhouse testing to determine limits of salt.-... 	 tolerance and to increase seed stock for field 

tests to follow. 
+ -: ,. ' '- Project Objectives 

The TCCP was established in September, 1980, forthe purpose of utilizing tissue culture methods to increase 

the tolerance of rice (Oryza sativa L.), wheat (Triticum aes
tivum L.), and pearl millet (Pennisetum typhoides IBurm.I 
Stapf et Hubb) to major soil stresses. Salt (NaCI), alumi

A-Z.n  "um, and drought were selected as the 	 environmental 
.. . .... -- stresses for which resistance should be obtained. It was 

realized that approximately 50% of the world's arable land 
.is restrained in agricultural production because of one of 

these stresses. Also it was clear that plant tissue culture 
had the demonstrated potential (Nabors et al 1980) to pro
duce lines of cells and regenerated plants with increased 
stress resistance. At the time the project was initiated, the 
TCCP laboratory, with already eight years of tissue culture 

.Z P experience, had established (Nabors 1981) that tissue cul-
I .ture technology for wheat and oats was developed enough 

FIGURE 1. Imprm'id varieties of crop plants are needed to in- 'Project supported by United Slates Agency for international Deve,:,Dment, conlr,
: No. AID/DSAN-C-0273
crease agticult, production in regions where labor intensive All reported opinions. conclusions, andrecommendaiions are those of the aLhors (con
farming, as oppr . to energy intensive farming is the rule. iraclors) and not lhosnof the funding agency or the Unlted States government, 
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FIGURE 2. The TCCP has produced large numbers of rice, proso millet, oat, wheat, and pearl millet plants tram tissue cultures. Rapid pro
pagation ot rare, usetul cereal plants by tissue culture methods !s now possible. 

so that selection for stress tolerance could proceed with a at sometime during the growing season 
reasonable probability ot success. TIs demonstration was (OToole and Chang 1979, USDA Agricultural 
important because for ove a decade tissue culture of c- Statistics 1976). The usual answer to problems 
reals had been hampered by the lack of effective methods of drought and salinity has been irrigation. At 
for regenerating plants at reasonable frequencies and for present around 15% of the world's cultivated 
long durations from populations of culture(,cells. As is de- land is under irrigation (FAO Prod. yearbook.
tailed in this report the TCCP has continued, during its first 1977, vol. 31, United Nations) (Fig. 3). This fig
two years. to radically improve regeneration technology for ure is only an averar'e; in some countries 
cereals. Because of this work, selection for stress-resistant 100% of the agriculture comes from irrigated 
variants has been able to proceed rapidly, plots. The problem with irrigated agriculture is 

twofold.
Backgounda. Already, 80% of the readily available wa-
Backgoundter is used in agriculture (Flowers et al 

t\ survey of available data indicates that the chief en- 1977). This means tI at increasing the 
vironmental factors limiting food poduction in the world are: hectarage currently irrigated will require 

1. Drought and excess salts which affect massive engineering projects to increase 
around 25%/ of the worlds arable land. the available water supply. Ground water 

The percentage of the world's arable land supplies, particularly in dry regions relying 
which is subject to salt and drought stress is heavily on irrigation, are dwindling rapidly. 
variable according to the estimator but seems TeOall qie ntecnrlUie 
to be around 25% (Carter 1975). Even 250/ of States is a particularly well-studied exam
lie world's rice hectarage suffers from drought pie of a rapidly dropping, soon to be ex

hausted water table (Highr Plains Associ
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FIGURE 3. Irrigation systems of various types can increase food production in arid regions. However supplies of water are limited, systems
are expensive to install and maintain, and salinity buildup in the soil limits the useful lifetime of any system. 

ates 1979). In short, increasing the irrigat
ed hectarage is practical neither in terms
 
of available water nor in terms of the cost ~
 
required to bring in new supplies.
 

b. 	 All irrigation systmo s from those in an
cient Sumer over 4000 years ago (Jacob
sen and Adams 1958) to those currently
 
in use gradually add salts to the soil
 
(Casey 1972). Careful management can
 
retard salt buildup but not eliminate it.
 
Thus all irrigation systems have a limited
 
useful lifetime. L57zc 

2. 	 Soil acidity (bringing aluminum, manganese,
 
and other toxic metals into the soil solution
 
which affects around 25% of the world's ar
able land. 

Excess soil acidity is a problem in regions of 
the world in which drought is not a problem 
(Christian-en 1979) (Fig. 4). Soils become acid
ic as a result of CO dissolved in rain water. . ,... 
Thus when rainfr, is high, soil acidity in
creases. T :s in tu:;i brings usually insoluble 
ions (such as alumirum) into the soil solution. 
Also the hydrogen ions tend to displace other . 
cations from binding sites on soil particles. Ulti- . . . ' 
mately, acid soil becomes poor in the nutrients .,'.. . . : . 
needed by plants and rich in toxic cations such ,. 
as aluminum. The problem is most often scved ., ' ."
by periodic soil liming to reduce acidity. Unfor- . .. " . 
tunately, in large areas of the world this solu- FIGURE 4. In regions of high rainfall excess soil acidity and metal 
tion is neither practical logistically nor possible toxicity are important agricultural problems. More tolerant plant
financially, varieties are needed for these areas. 
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3. 	 An overabundance of crop varieties which 
require considerable environmental modifi-
cation (irrigation, fertilization, liming, etc.) in 
order to yleld effectively. 

Modern, mechanized agriculture is very energy inten-
sive (Fig. 5). According to arecerf, estimate the energy e-
qulvalent of 800 liters of gasoline Is currently required to 
produce a hectare of corn in the United States (Pimentel et 
al 1973). Varietal selection as well as mono-cropping has 
resulted in an agriculture which requires extensive environ-
mental modi~lcation In many regions in order to grow suc-
cessful crops. Heretofore many developing nations have 
been unable to afford the cost of this type"of agriculture 

-	 (Fig. 6). Now, increasing energy costs arnd dwindling sup-
plieshave made even developed nations aware of the nigh 
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FIGURE 5. Fertilization, irrigation, and mechanically assisted soil 
preparation, planting, and harvesting are allcomponents of energy 
intensive agriculture. 
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cost of energy intensive agriculture based on envirormental 
modification. 

The strategy of the rccP is to approach all of these 
problems by working to modify the plant 'to suit available 
environments. If, for example, the drought tolerance of a 
crop 	nan be Increased then (1) land currently too dry for 
agriculture can be brought into cultivation; (2) the extent of 
coverage by available irrigation water can be extended; (3) 
salt buildup due to irrigation will be slowed because irriga
tion 	is reduced with respect to amount and frequency and 
(4) resources currently devoted to environmental modifica
tion and, in some cases, food Importation can be redirect
ed. It is our feelinrjthat tissue culture can now make a con
tribution to plant ureeding and that breeding Ir. general
 
should be dire.,led toward the production of energy efficient
 
varieties which are as well adapted as possible to available
 
and unmodified local environments. As an example of the
 
potential. economic,. impact.-of.this-strategy-it is..worth_.con-. 

the economic value of rice varieties with a 10% in
crease in production in the face of water stress. One quar
ter, of the world's 141 million hectares (USDA Agricultural
Statistics 1976) of rice suffer from drought sometime during 

the growing season. This liectarage produces roughly 85 
metric tons per year (USDA Agricultural Statistics 1976) of 
rice worth $36 billion (from Wall Street Journal) on the 
world market, Thus a 10% Increase in production on these 
hectares would be worth approximately $3.6 billion. Similar
ly a 10% increase in wheat production due to the introduc
tion 	of drought-tolerant varieties could be worth $5 billion. 
Th, 	loss in agricultural production due to salinity in the Sari 
Joaquin Valley of California alone is expected to reach $0.5 
billion per year (computed from p 279 of the Global 2000 
Report to the President). 

established that it is of importance to prodcce 
of crop plants which yield effectively on available 

and unmodified environments, the role of the plant breeder 
be clarified. Despite some accounts to the contrary, 

it is clear that neither tissue culture nor any other emerging 
genetic technology offers magical solutions to agricultural 
problems. Likewise it is obvious to most that the tissue cul
ture worker and the genetic engineer will neither replace 

plant breeder nor render him obsolete. Rather, the plant 
breeder must be seen as the final receiver and the person 

makes direct use of techniques, methods, and plants 
from the emerging technologies such as tissue cul-

Salt-, drought-, and aluminum-tolerant plants from our 
cultures may prove to be directly useful in the field. Howev
er this usefulness must be demonstrated by plant breeders 
and agronomists in the field so that the spectrum of field 
utility be determined. plants procan 	 The major utility ofuced by the TCCP will probably be in horizontal in

traspecific and interspecific (wide) crosses performed by 
plant breeders utilizing standard methods. 

Why does tissue culture technology offer a useful tool 
to the plant breeder? Basically because It can markedly 
compress the time, space, and economic requirements in

in selecting new and useful plant types (Nabors 
1976). Since each cell represents in genetic terms a poten
tial plant, thousands of potential plants can be maintained 
in a single vial and billions in a single small room (Fig. 7). 
Whether this genetic potential is used to clone a single use
fulplant or to screen for desirable mutant phenotypes, 
enormous economic, temporal, and spacial savings are real
ized c"jr conventional reproduction and selection systems. 
Since many desirable mutations occur very infrequently 
(perhaps in one of every million plants) the expanse in
volved in field selection alone is considerable. In the case of 
selection for a trait like salt tolerance the entire process, for 
millions of cells, can be performed in a few vials in which 
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FIGURE 6, In the face of ever increasing costs and dwindling supplies of available energy, all nations are finding mechanized agriculture q
costly investment. 

_-
 .uniform application of selection stress is no problem. In the 
case of selection for a trait like altered nutritional quality,
field selection (meaning a chemical analysis on every plant)
becomes even more difficult than tissue culture selection
(for a particular biochem'cal reaction). Developing methods 
for prooplast fusion and intercellular gene movement will 
make available to tissue culture workers and plant breeders 
even more powerful techniques for selecting and producing 
new plant types which might be impossible to produce orSfind under field conditions alone. 

The production of stress-resistant plants using tissue 
culture methods requires several steps (Fig, 8). 

Root or 
Immature Embryo / 

Callus io Cell Stspenuion 

Stress Selection No Stress Selection 

enhouse, TestinO 

FIGURE 7.Since each plant cell has the genetic potential to pro
duce an entire p;.nt, the TCCP culture room (half of which is
shown in the top photograph) has the genetic equivalent of 3 billion Tissue Culture Selection ofplants. Stress Resistant Rice, Wheat, Oats & Millet 

FIGURE 8. A schematic diagram showing how tissue culture is 
utilized by the TCCP to produce improved plant varieties. 
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1. 	A large population of cells sufficient to con
tain the desired mutant trait must be pro
duced. Since desirable phenotypic traits ap- , 
pear spontaneo'usly in one plant out of,10,000 c 
or 1,000,000, at least this many cells must be 
produced. Mutation induction by radiation 'or 
chemicals can increase the frequency at which 
desirable mutations' appear, However, the 

I char ce that undesirable mutations will be pro
duceJ is also increased. For this reason we
 
have elected, after early experiments, not to o
 
use mutation induction procedures. We have
 
demonstrated (Nabors et al 1975, Nabors and
 
Kroskey 1982) that desirable. mutant cells can
 
be obtained either from cell cultures grown on
 
solid or liquid medium (Fig. 9). Groups of cells
 
on slJi medium are referred to as "calluses"
 

"suspensions." A typical tissue culture vial 0 	 " .. 1 
"
 

W,,,S
usually contains a population of around 50,000 
cells; a typical suspension flask, around
 
5,000,000 (Fig. 10). A cell culture of either type
 
is started from a piece of the plant placed on 1600
 
nutrient medium containing hormones which
 

1400encourage rapid cell division and growth. Typi-

cally In our work, mature seeds or immature
 
embryos are used as starting material. A callus E 1200
arising from such tissue is referred to as "pri-
 -i
 

I00mary callus." After four to six weeks the callus 1 
is large enough sr;'that it must be transferred 
to new medum,-At this time the original tissues800
are removed and the callus is subdivided to be- o 
come a "secondary callus." Cell suspensions 600 
can be obtained from the starting tissue, but it 
is more effective to obtain them from a callus -2 400 .
placed in liquid medium on a shaking machine. 
Callus can usually be produced with minimal 200 
experimentation from any plant, although as 
will be discussed shortly, several types of I I I 
callus with differing potentials to regenerate 0 0.110 0.202 0,295 0.387 
plants can be produced. 

2. 	A selection procedure desigr,ed to a culture 
of useful mutant cells must be utilized. For FIGURE 9. Top: Growth of tobacco suspension cultures in medi
obtaining stress-resistant cells a direct selec- um containing 1.6 g/INaCl. A. Typical non-mutated cultures. B. 
tion procedure is usually most effective. For ex- Culture exposed to 0.15% EMS for 60 min. C. Typical B culture 
ample, if NaCl-resistant cell lines are needed, following 5-way division Into fresh medium. Similar results are ob
celcles Na~regrown onlolinesare ctainededediu without the use of mutation enhanring techniques. Bottom: 

The solid line represents the growth of callus cultures exposed to 
taining enough added salt to severely retard the indicated concentrations of NaCI for 3 passages following 10 
the growth of non-tolerant cells. Thus if the cul- passages on medium containing no NaCl. The dashed lirse 
ture contains one or a few tolerant cells, they represents the growth of callus cultures exoosed to the indicated 
will grow and divide more rapidly than non- concentrations of NaCl for 3 passages following 10 passages on 
tolerant cells and slowly come to make up the medium containing the same salt concentration. PassEges were 4 
majority of cells in the population. In our oriyi- weeks. Each data point represents the 3 passage average growth 

point on the dashed line (except at 0.295nal experiments this type of direct selection of 20 calluses. Each 
was ppled an in- solid line.	 than the related point on then elvenstaeseachwit anin- molar NaCI) is significantly differentwas applied in eleven stages, each with 

see solidline.creasing level of NaCI (Nabors et al 1975, 
Table 2). The same type of s.lection can be 
used to obtain aluminum-resistant cell lines (by 
adding an aluminum salt like AICI 3 to the medi- * " -' 
um). To obtain drought-resistant cell lines a I " lff 
high molecular weight chemical (like poly- 0 
ethylene glycol 4000 or dextran) Is added to
 
the medium (Heyser and Nabors 1981a). This
 
chemical competes osmotically (in the same 'l
 

manner as dry soil) with the plant cells for avail
able water, thereby selecting for cells with an
 
Increased ability to take up water (Fig. 11).
 

FIGURE 10. A 250 m: flask and a 25 x 70 mm vial are used for 
plant l1cultures. 
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Sometimes an indirect form of selection is Table 2 Production of Stres3-Tolerait Cell Cultures In 
applied. For example, in nature, salt-tolerant Stages 
plants are also frequently drought-resistant 

r 

since these two stresses occur in the same 
types of environments. This seems to beAthe 
case for the plants'.obtained fromourorg n 

1 A culture is obtained which grows rapidly in a medium 
containina no NaCl. It Is transferred to a medium contain

salt-tolerant cultures. selecting for saigisist -

sarc•sis Leaance may well be an indirect means of obtain-
ing diought-resistant plants as well. Also, salt-
tolerant plants in nature are frequently shorter 
than non-salt-tolerant related varieties. We 
have found this to sometimes be the case for 
plants tegeneratod from salt-tolerant cultures of 
oat cells. Therefore, salt may be an effective 

ing 1600 ppm NaCl in which it grows slowly, 
2. After several passages in medium containing 1600 ppmNaCl the culture grows rapidly. It is transferred to a 

medium containing 2200 ppm NaCl in which it grows 
slowly. 

3. After several passages in medium containing 2200 ppm 
NaC the culture grows rapidly. It is transferred to a 
medium containing 2800 ppm NaCI in which it grows 
31owly. 

agent for selecting plants with 
tance to lodging, 

potential resis- 4. This process is continued until maximum tolerance is ob
tained. For Samsun tobacco, for Pxample, the maximum 

Although resistant cell lines are frequently re-
!jferred to.,as mutant," iN.is moreaappr"opriate.to. 

refer toatethe beenescarefer to them a:; "Variant" until they have been
shown to be inheritable alterations. Severaltypes of genetic alterations can occur including 

tolerance obtained in suspension cultures is '600 ppm 
" •Ce 

5. eac lvarant erniitiand plants can be regenerated from each line after various periods of stress. The TCCP maintins several celllines which have been maintained In medium containing 

point mutations,- chromosomal mutations (trans-
locations, deletions, duplications, etc.). Some of 
these alterations, in particular translocations 
and duplicaons are frequently able 

6400 ppm NaCI for over five years.
6. If cells are grown on solid medium tolerance to higher

levels of NaCl can be attained. For example Samsun to
bacco can attain tolerance to medium containing 22,600 

(Schimke 1982). It appears from our experi- ppm NaCI. Probably this increased level of tolerance re
ments that variant stability in the absence of lates to the fact that callus Is not In direct contact with 
stress is related to the length of selection with 
at, ls im ho etmedium.t t n s o rcultures 
stability, This is probably a correct observation 
for two reasons, 

a. Short periods of selection do not entirely,
eliminate non-tolerant cells from the popu-
lation; thus, reverse selection can occur in 

the medium whereas suspension cells are surrourded by
Similarly, plants regenerated frLm NaCl-tolerant withstand levels of salt in watering solutions e

quivalent to those tolerated by cells on solid medium. In 
the case of whole plants, pot size, soil type, tempera
ture, humidity, and frequency of watering are all variables 
which affect salt tolerance. 

the culture in the absence of stress. In 
addition chimerical plants could result if 
regeneration occurs from mixed groups of 

-00 

AIN*f-"apftd line 
mutant and non-mutant cells. 

b. Long periods of selection may allow for wo 
the occurrence of cells with two separate 
genetic mechanisms of tolerance. Such 
cells would be less affected by reverse 

selection pressures. 
3. Plants must be regenerated from stress-

'A 

"0 IT 
. -

! resistant cultures and from non-resistant cultures (for use as controls). For most types o,' 
Ia rcultured cells the rate of plant regeneration gra-; 0 2 2-2 4 2 

dually declines as the length of culture in- Basal NC Dextran 
creases. The decline may occur rapidly, for ex- > 6 B: NaCI-adapted line 

- ample, in cereals, or not at all as in the case of. 
some tobacco. Our tobacco cultures are still 
regenerating large numbers of plants after five 
years in culture. Prior to the experimental work 

400 

of recent years in our and other labs,cultures typically lost the limited ability cerealto re- -fN 

generate plants in a few weeks (Conger 1981). 
Since selection for stable variants can require 
up to twelve months it is necessary to have re-
generating cultures for at least that period of 

. 

&Gal NOCI 
Y 

Dextran 

4
4 
. .. 

Nu,,,. Iof
P" 

.,, 

time. Also the regeneration must be of a rea- FIGURE 11. Growth of cells subcultured on dextran or 130 mM 
sonably high frequency so that enough plants 
for testing can be obtained. 

4. Plants obtained from stress-resistant cul-
tures must be shown to retain the resistance 

NaCI for up to four passages. A: Growth of nonadapted cell line. B: 
Growth of NaCl-adapted cell line. Dextran was iso-osmotic to 130 
mM NaCl. The NaCl tolerant cell line is seen to be adapted to 
chemically-induced drought stress as well. 

and to pass it on in a predictable fashion to 
subsequent generations. It Is possible that 
stress-resistance selected in cell cultures will 
be expressed only in cultures and not in regen
erated plants. Our laboratory was the first to 
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demonstrate that NaCl-tolerance obtainedin 
1 cells also apparent in regenerated plantswas 

--- (Nabors et al 1980) (Table 3, Fig. 12). Since 
our selection procedure would tend to isolate 
dominant or co-dominant variants a generation 
of inbreeding may also be required to obtain a 
line of plants which Inherit the resistant trait in 
a stable fashion. Some workers have advocat-
ed the use of anther-derived cells to aid In the 
selection of recessive variants. In the first place 
most cereals are polyploid so such cell lines 
would be polyhaplold. Secondly androgenic 
plants are sterile, so additional steps would be 
required before stress-resistant variants in such 
plants would be useful in the field. 

Testing of, potentially stress-resistant plants 
ootained from cell cultures requires demonstra-
tions that the plants have increased tolerance 

7-- - _ h'bry-ae-o 
seedling growth, as mature plants, and during 
flowering and seed set. Since a single variety 
typically differs in stress, tolerance of these 
stages all must be examined. 

alive afer .3 r. vappear 

'Watering soluion Watering solution 

26.2,l NCl 0itl NXI ~29,9l NaC 0 g/l NCi 

Original culture it I 6S 100 300 100 
resistant to NaCi (selfrdto 
with NaCI continually present produceF') 

Original culture it 2 3% 100 90 100 
resistrnttoNaCI (tllefed to 
with NaCi not presentduring produceF,) 
regeneration 100o550-
Original culture t 20 (srlfed to 15 100 

notresistantto NaCI produce 3',) 

Table 3. Survival rate under high or no salt stress of salt-tolerant 
and non-salt-tolerant tobacco plant lines derived from cultured 
cells. Plants regenerated from tissue cultures were designated the 
parental generation (P)and were selfed to obtain the F, genera-
tion. The F, planis of each group in the 0 g/1 NaCl column were 
selfed to obtain the F2 generation. F1 had 43 plants per group: F2 
had 20. 

Z 4 

-;-

.,,-

7' °suspension 

i A . 

k 

FIGURE 12. Typical progeny of parents regenerated from salt-
tolerant (left) and salt-sensitive (right) cell suspensions. Progeny 
were watered with a solution containing 26.2 g/I NaCl. Clearly 
salt-sensitive plants do not survive under these conditions. 

Also, it is important to determine If resistance 
is stable in the absence of stress, Plants will be 
most useful if such stability is found. In the 
case of NaC tolerant tobacco obtained from 
tissue cultures we have found that the resist
ance is stable through at least two whole plant 
generations In the absence of stress (Nabors 
and Kroskey 1982). Cultured cells obtained 
from regenerated resistant plants also retain 
tolerance to salt following seven months in cul
ture without exposure toNaCI (Fig. 13). 

Finally it must be shown that increasing a 
particular stress tolerance in a known variety 
has not unfavorably altered other desirable 
varietal characteristics. In terms of a single mu
tation this is equivalent to determining that no 
detrimental plelotropic effects occur. 

5. Trials must 	demonstrate that proge-ly of re
ge' nerated -tlrn ae"ueu ne 
stress conditions encountered in the field. 
Tests of inheritability and stability of tolerance 
are best carried out under tnecontrolled condi
tions found in growth chambers or green
houses. Ultimately, the tissue culture worker 
and plant breeder must show that plants whichuseful under controlled conditions are
useful in the changing environment of the field. 
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Months 
FIGURE 13. Retention of NaCl tolerance In callus during growth In 
the absence of salt In tobacco cell lines originally obtained from a 
plant which was the offspring of a plant regenerated from a cell 

tolerant to 0.110 M NaCl. Triangles represent a callus 
culture shifted to medium containing 0.295 M NaC! for only the six 
passages shown. Squares represent a culture after 17 passages 
on medium containing 0.295 M NaCI. Closed circles represent a 
similar culture down-shifted for seven medium0.295Mpassages to con.aining no salt after 17 passages on medium containing 
NaCl and finally shifted back to salt-containing medium for the four 

passages shown. Open circles represent growth of the culture 
represented by closed circles in the three passages prior to down
shifting. 



Project Facilities and Administration 
The TCCP 1- housed inthe Plant Sciences Building in 

the main campus of Colorado State University. The project
utilizes 2000 quare feet of laboratory and office space in-
utiizes2000squreeet f lbortoryandoffce sacein-to 
clading a general laboratory. a sterile transfer room and 
growth chamber facility, and an autoclave-sterilizaton area 
(Fig 47, p 23). Greenhouse facilities for testing of whole
plants 'ire located nearby

plans -re lcatd nerbyon 
Field testing of useful stress-resistant plants is not an 

in-house goal of the project. Testing of wheat and millet 
plants ca, be carried out in Colorado. However, since a 
',ariety of natural environment, must be considered the 
project will rely oil the Internaiional Centers as a primary 
focus for firld testing. Readers of this report who are in-
terested in possible participation in tesiing gerrnplasm as it 
becomes available should contact the project director.for our experiments is supplied by theGernplas n for our etprvei e d bynthe 
International Maize and Wheat Improvement Center (CIM-
MYT) and the Agronomy Department at Colorado State 
University for wheat: by the International Rice Research In-
stitute (IRRIanby Dr. Neil Rutger Department of Agronomy 
and Range Science, University of California at Davis and by 
Dr. MS. Balal. Ministry of Agriculture Giza. Egypt for rice: 
and by Dr. Bill Stegmeir, Kansas State University. Ft. Flays 
with thie advice of the International Crops Research Insti-
tute for the Semi-Arid Tropics (ICRISAT) for millet. 

Project Accomplishments 
In its first two years. the TCCP has made significant 

progress in utilizing plant tissue culture to increase stress 
resistance in major cereals. Prior to the initiation of the proj- 
oct the following work was completed 

1 	 Using tobacco as a riodel system it was 
demonstrated that NaCI tolerance could be 
selected in cell suspensions (Nabors et at 
1975). 

2. 	 Our laboratory was the first in the world to 
show tiiat salt tolerance obtained in tissue 
culture was carried into whole plants regen-
erated from the cultures and their progeny 
(Nabors et al 1980). The tolerance is stable in 
that it remains after two whole plant genera
tions never exposed to NaCI (Nabors and Kros-
key 1982) 

3. 	 Tissue culture methods for wheat and oats 
(as well as other non-cereals) were im-
proved (Nabors 1976, 1979, 1981). Tobacco 
was used in the initial work because it is a 
plant which readily produJces cell ciltures with 
high regeneraive ability. 

Cereals, as noted earlier, are easily used to produce 
cell cultures, but regeneration from these cultures is typical-
ly of low frequency and of short duration. To obtain regen-
eraton at all. hand-dissected inimature embryos (a time 
consuming starting material) had to be used frequently to 
obtain callus. Therefore the first goal of the project was to 
obtain methods for high freguency, long term plant regen-
eration from cells derived from easily obtainable tissues. 
Progress toward this objective has; been rapid, arid this 
phase of the experiment is nearly complete (Heyser arid 
Nabors 1982a. 1982b: [leyser et al 1982; Nabors e al 
1982a. 1982b) 

1 For wheat, rice, pearl millet, proso millet, 
and oats callus cultures have been obtained 
from seedling roots, from seedling apical 
meristems, and from immature embryos. 

2. 	 Callus with high frequency, long duration re-
generation has been selected for each plant 

for callus derived from roots and immature 
embtyos. Our regeneration frequencies are ten 
to twenty-five times those reported in the litera
ture. Whereas regeneration typically is difficultobtain for cereal tissue cultures alter two to 
three months, our cliltures maintain suitable re
generation frequencies for ovar one year and 

ain indenie We hve oncenraed 
apparently indefinitely. We have concentrated 

obtaining regeneration from seedling root 
caince re eaily obtaeedland cuo
callus since seeds are easily obrayied and cul
tured compared to inrsature erbryos. 'The 
laterare beuse te ge ret lu wh 

l e generate tsey g ra readily us whinh 
will regenerate plants more readily using stand
ar clur onditons 

3. 	 Callus tolerant to 3000, 6000, and 9000 ppmNaCl has been obtained for each species.Selection for drought-tolerant and aluminum
tolerant callus is underway for each species. 

4. 	For rice, over 3400 plants have been regen
erated from callus cultures, over 200 of the 
plants are from cultures tolerant to NaCI 
(see Table 2). For wheat and pearl millet over 
300 plants have been regenerated, over 30 
from NaCI-tolerant cultures. For oats over 1000 
plants have been regenerated. over 350 from 
NaC-tolerant Cultures. For pro o millet over 
100 plants have been regenerated, over 20 
from NaCI-tolerant cultures. In each case, all 
plants from tolerant cultures and some from 
non-tolerant cultures are grown to maturity. 

5. 	 As seed is obtained from regenerated 
tolerant plants, germination tests are per
formed to determine if increased NaCl toler
ance occurs. Seeds showing increased toler
ance are grown to mature plants which are 
again tested for NaCI tolerance, Plants with in
creased stress tolerance in both tests are used 
to obtain seed stock for future field tests. At 
present germination and whole plant salinity 
testing is just beginning for rice, wheat, pearl 
millet, arid oats. 

Methodology and Discussion of Project 
Accomplishments
 

General Methodology 
For introductory information on project methods, 

readers are referred to Rapid Crop Improvement Using 
Tissue Culture Technique, Technical Series Bulletin No. 
24. Office of Agricultu e. DevelopInent Support Bureau, 
Agency for International Development. Washington. D.C. 
20523. April, 1980. 

As a basic mediuM tthe lproject ises that of Linsnnaier 
ano Skoog (1965). This rnediurn is high in both reduced 
and oxidized nitrogen: many other similar media woc,-; yield 
suitable results. Readers are referred to two excellent 
books edited by H .E Street and T A. To, -pe (see Refer
ences) for additional nredia. Our media are adjusted to pItI 
5 5 prior to aitoclavng. As shown in Fiqur 14 (D. [loising
ton and M Nahors. iJrll)uHlished) agar acts as a buffering 
a(enl fur rnit m,,diai. In finititing tl;tue cullilre of any 
Pec0i; we,reviewe( all r(Ilvarlt literalre Ihen we tested 

a iiiliber of p)o'lily inmpotamnt growth l o nores (auxins 
arid cyt(kinmi) v;rIms(Al; tior' delermrineiit (:;orH(:Pnr to the 
best ,leiiiini fhrni:iximifl cllus growth ind the best firedi
url for giY.Vith ()fAllt,;WICihi regenerate,; plants (R callus: 
see next sectio). Optrmal tissue culture ime(tia tend to be 
variety specific Also lh bestA medium1 for maximal callus 

9 



4 . V-.. r ... . .. ... .. 

growth is frequently not the best medium for production of 
R callus (see Table 4), This fact has retarded the discovery ........... .. 7 
of successful regeneration methods. " -

For dicots a figure similar to the one in Figure 15 is Z. 1 -. 
constructed, The medium which is best for callus growth or j 
for plant regeneration can be easily identified. In Figure 15 > I "' 
two hormones are considered. The introduction of addition- D 102 - -4 
al substances ipromoting growth or differentiation consider- _j20 
ably compitl(ctes the picture. Determining the very best 3 
medium for plant regeneration, for example, Is a reasonably 
complex procedure, For grasses a medium containing an 1 *O20 

• optimal concentration of an auxin usually promotes ade- _j 
quate callus growth (Fig. 16). Again, as illuslrated in Table 
4 this medium may not be optimal for regeneration. In  00 ' i 10E UX 13M 1A U)
terms of medium selection the goal of the TCCP has been 

KINETIN/AUXIN (MOLAR)
to find a medium which allows callus to regenerate plants 
at a reasonably high frequency for at least one year. FIGURE 15. The production of callus (open circles), shoots (solid 

Callus growth and regeneration frequency are meas- squares), and roots (solid circles) by primary tobacco callus derived 

ured byithe-cross-sectonal comparisonmethodof Hooker . from-stem sections.-Data, was. taken, after. six. weeks;_25 vials. per... 

and Nabors. (1977). Briefly, callus' size is compared to the data point were averaged; standard errors are shown. 

size (as measured by cross sectional area) of a number of 
standard clay spheres. By arbitrarily setting the mass of the 
smallest sphere as 1.00, relative mass determinations can 
easily be made, We use this method because it eliminates 130 
the time-consuming step of weighing Individual calluses. 
Studies in the lab indicate that an experienced technician 
can obtain comparative measurements with this method 110 
which are equal in accuracy to those obtained by actual 
weighi measurements. o-o 2,4,5-T 

090- 2,4-D
5 50 

" = 70AUTOCLAVED +AGAR 

5.00 

. - 50

45 • INITIAL 

30 
• AUTOCLAVED" 

i'400 10 

10 20 30 40 50 5 10 15 20 
IAA CONCENTRATION (mg/I) Concentraion x 1O5M 

FIGURE 14. The effects of IAA (a weak acid), agar, and autoclav
ing on pH of Linsmaier and Skoog's medium, Autoclaving lowers FIGURE 16. ihe production of callus from germinating seeds in 
the pH by driving off dissolved NH3. Park oats as a lunction of the concentration of two artificial auxins, 

Table 4. Relative Callus Sizes and Percentages of Calluses With R Regions in Three Millets After Four Weeks on Media Containing Various 
Hormone Concentrations. 

Calluses were initiated from seedling roots. 30 calluses per treatment, Media were selected from those giving maximal callus growth or pro
duction ol R regions In previous experiments, "'s indicate maximal callus growth or R region percentage, InSenegal Bulk, 147.4 Isnot signifi
cantly different (95% confidence level) from 138.7, For the other two varieties the medium producing maximal callus growth - different from 
the one producing a maximal percentage of vials with R regions, 

2.5 ppm 2,4-D 1.0 ppm 2,4,5-T 
Millet Species 1.0 ppm IAA 1.0 ppm IAA
 
And Variety 2.5 ppm 2,4-D 0.5 ppm Klnetin 1.0 ppm 2,4,5-T 0.5 ppm Kinetin
 
Pearl Millet 16.7% 42.9%" 0% 0%
 
World Composite 153,5 87.7 129.7 199,6*
 

Pearl Millet 13.5% 25.7% 10,3% 31.4%"
 
Senegal Bulk 31.5 91.6 147,4' 138.7
 

Proso Millet 44.8%' 21.4% 3.3% 0% 
Abarr 225 10.4 188,6' 150.6 
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Obtaining high frequency, long term regeneration 
from cereal callus, 

Crucial to the success of the TCCP in regenerating
large numbers of cereal plants from tissue cultures has 
been the recognition that on solid medium at least two 
types of cells are produced. So-called "embryogenic callus" 
(Fig. 17) is translucent to opaque In appearance, milky
white to yellow or ycllov-green. in color, and appears as 
dense, compact regions of non-vacuolated cells which pro-
duce small embryos or embryo!ds that develop into com-
plete plants. So-called "non-embryogenic callus" is crystal-
line and transparent in appearance, White, tan, brown, or 
green in color, and appears as loosely packed, friable re-
gions of vacuolated cells which produce roots or less fre-

IR 

.NR' 

414 

quently shoots by organogenesis but new. complete 
plants, These two callus types have been noted by a 
number of tissue culture workers (see Heyser and Nabors 
1982a, 1982b; and Heyser et al 1982). 

We are the first to quantify the fact that embryogenic
callus has a much higher frequency of regeneration than 
non-embryogenlc callus and that It is found in root-derived 
cultures of several major cereals (Fig. 18).

In terms of basic research several important questions 
can be asked about the two callus types. First, are there 
really two callus types or simply two ends of a continuum? 
Our observations indicate that embryogenic callus tends to 
become non-embryogenic as the cells become larger and 
more vacuolated and that the reverse change does not oc-

FIGURE 17. Callus cultures with both embryogenic (R callus) regions and nonembryogenic (NR callus) regions. Some calluses have regen
erateu shoots (S). Callus from (A)seeds of Drought Resistant 7203 pearl millet: (B)seeds of Abar prose millet; (C)seeds of Park oats; (D)seeds of Giza-159 rice; (E)stem sections of Samsun tobacco (Nicotiana taacum): (F)seeds of Glennson wheat. 
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cur This is in line with the normal developmental process 
for plant cells although instances in which vacuolated cells 
give rise, by unequal division to a vacuolated and a non-
vacuolated daughter cell are known (see Raghavan 1976). 
In 1979 H.E. Street proposed that calluses have two types 
of cells from the time of initiation and that while unequal 
growth rates can lead to a callus of predominately one 
type, ine two types ,are basica,; non-interconvertible. We 
have observed that tle two callus types have different her-
mone requirement for growth. Thus a callus of predom-
inately one type can be obtained. Also, as noted before we 
find that embryogenic callus tends to become non-
embryogenic; but our observations are not precise enough 
to distinguish whether this actually occurs or whether small 
hon-embryogenic regions simply outgrow and overgrow the 
embryogenic regions. Thus the initial question - whether 
there are two cell types or a continuum of cM ', 9 - and 
the more basic question of lnterconvertab;lity of embryo-
genic-and-ton-embryogenic cell-sremalns-'bnanswered at 
this time. We find that what appears to be totally non-
embryogenic callus continues to give rise to embryogenic 
regions, but these could arise from a few undetected em-
bryogenic cells. 

A second series of questions concerns the use of the 
term "embryogenic" to describe callus that appears to 
have embryonic stages and to give rise to embryos which 

e0cI. 
9 

to 9 
8 '-./Typical 

0 7 

4-40 Fmbyogemc Callus 
0 Non - emrnbyogenic Collus 

-

4 5 6 

Passagee 

00

90 
9 embryoqenic oat 

r0non embryogenic oat 

80- , embryogentc nce 
'.]non embryogenlc rice 

C G A erobryoqenic miliet 

non etbtoec~ mille
E 50 

Is 

3 = " 6 

develop into complete plants. In a few cases workers have 
begun t, carry out cytological experiments necessary to 
show that stages characteristic of normal embryogenesis 
are fourd in embryogenic callus (Vasil and Vasil 1981), 
Howeier many workers use the term without that demon
stration. While embryogenic callus does appear to consist 
of lumps representing embryoids the use of the term er
bryogenic Is probably presumptive at this stage. Swamy 
and Krishnamurthy (1981) feel that for dicots at least, em
bryos arisinq from cultured cells boar only superficial ana
tcmical similarity to zygotic embryos and are more closely 
related to shoot buds, Since our goal is to produce large 
numbers of plants from callus cultures, we prefer to 
sid,.atep these important basic research questions and to 
use the term "regenerative callus" (R callus) instead of em
bryogenic callus and "non-regenerative callus" (NR callu7, 
instead of non-embryogenic callus. 

Since each cultured cell represents a potential plant, 
we originally sought to-produce a-large- population of- cells'....... 
as rapidly as possible. This generally resulted in a callus 
consisting of a larger portion of NR cells with time. The 
common observation that regeneration in cereal callus falls 
off rapidly with time results from the fact that most tissue 
culture media favor the growth and division of NR cells. If 
small regions of R and NR cells are isolated, the R cells 
rapidly produce plants while the NR cells never do. Thus 
the low level of plant regeneration observed in large NR cal
luses may come from unobserved R regions within these 
calluses. This understanding resulted in an early redirection 
of our experiments to discover media which favored the 
growth and division of R cells. 

cereal callus derived from seedling roots con
sists predominately of NR regions. Between 0 and 25% of 

..
 

FIGURE 18 rop: Number of shools per 10cm3 of callus as a 
function of number of five week passages The data are combined 
from four ice varieties (Giza-159. Pokkah, IR-36, and Mahsuri). y 
Average sample size is 102 shoots A passage averaged live . 
weeks. Bottom; Frequency of shoot formation in vials of embryo
genic (R callus) or non-embryogenic (NR calli ) tissue derived from FIGURE 19. Several Malasuri rice plants regenerating from a wite 
seedling roots. A passage averaged five weeks. The first passage prad of H callus ThU Shilny ilay callus in the lower righ-t Is typma! of 
was for primary callus induction. Average sample size is 40 vials Ni cells inMahsiir. )20, 
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culture vials are found to contain R regions which comprise
from 1-10% of the total callus. If RegionsE ,e iemoved to 
appropriate media, plant regeneration results (Fig. 19). No 
media have been found which allow regeneration from simi
lar NR regions. R callus can be obtained from.secondary
cultures by (1) maintaining R regions on a medium which 
favor division and growth of R cells but not regeneration or 
by (2) continuing to remove R regions as they appear on 
NR callus masses. Experiments to increase the percentage 
of culture Vials with R regions and to increase the percent
age of R cells in a callus are .urrently in progress.

The ability to produce regenerated plants at a reason
able frequenc, and for a' pt 'id of some months is impor
tant since selection of desirable mutants in tissue cultures 
requi'es time. As discussed earlier, long term mutant selec
tion is necessary to insure that stable cultures. and non
chimerical mutant plants are obtained. 

Wheat Methodology 
At.present theT.CCPis-usingPavonGlennsonChris.

and Chinese Spring cultivars of wheat. Most preliminary
and methodological work was carried out with Chris. 
Chinese Spring is used because of its usefulness in the 
."videcross program carried out by CIMMYT. In addition 
preliminary tissue culture experiments are being conducted 
on Triticale. 

Most callus cultures are obtained from seedling roots. 
Seeds are surface sterilized briefly with 90% ethanol then 
with 20-50% Clorox for 30 minutes. The Clorox concentra-
tion is seed lot dependent. In a few cases the Clorox treat-
ment is followed by a 1-3 minute exposure to .025-.100% 
mercuric chloride. This treatment is utilized only when sur-
face contamination by bacteria and fungi cannot be satis-
factorily reduced with Clorox. Mercuric chloride is taken up
and retained by seeds and is thus quite toxic to the seedt,
both in terms of germination and callus formation. Uptake 
seems to be more affected by exposure time than by con
centration so short exposures of higher concentrations are 
more effective than longer exposures of lower concentra
tions. FolloNing surface sterilization the seeds are rinsed 
six times in sterilized watur, When irmimature embryos are 
used they are hand dissected following a similar surface 
sterilization. 

Seeds or immature embryos are then placed on a solid 
medium (1%agar) containing Linsmaier and Skoog's (1965)
major and minor salts and vitamins, 4% sucrose, and 
various concentrations of 2.4-dichlorophenoxyacetic acid
(2,4-D) or 2,4,5-trichlorophenoxyacetic acid (2,4,5-T). Con-

V. 

, *> 

iv" 

FIGURE 21, R and NR callus developed from a germinating 
Glennson wheat seed, (8.5x), 

centrations of between 1.0 and 10.0 ppm are most effec
tive in producing callus (Fig. 20). The concentration and 
hormone type are variety dependent. In general more callus 
forms for wheat in the dark than in the light. However R re
gions are difficult to identify for wheat (Fig. 21) and this dit
ficulty is increased in dark-grown callus. Methods to in
crease the amount and proportion of R callus formation in 
wheat are in the process of being determined. Calluses in
cubated in the dark are much more effective in producing R 
callus than are calluses incubated in the light. Hormones 
other than 2,4-D or 2,4,5-T obscure this difference. The ef
fects of other media additives is variety specific and has not 
been fully determined. Callus is sized by the cross sectional 
area method of Hooker and Nabors (1977). In the case of 

"- I 

FIGURE 20, Typical Chris wheat callus developed from a ger- rIGURiE 22. A Chris wheat bud 135x) and several plants (1I ) in a 
minating seed, (9x), culture jar. 
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selection for stress-tolerance the stressing agent (NaCI, 
AIC13,polyethyiene glycol, or dextran of a specific MW) is 
added to the callus induction medium or to medium sup-
porting the growth of callus established in the absence of 
stress. Callus is transferred to new growth medium every 
five weeks. 

Plant regeneration in wheat is obtained by shifting 
callus to medium containing no added hormones (Fig. 22). 
R callus produces regener 'ed plants within two five-week 
passages on this mediun :Mixed, R and NR callus pro-
duces some regenerated 'ants, but since NR callus grows 
more rapidly on L and S ,edium regeneration ceases after 
15-20 weeks in culture. ..olated NR callus never produces 
regenerated plants. R callus does not grow on regeneration 
medium. After two passages for plant regeneration on this 
medium it is shifted back to auxin-containing medium for 
continued growth. Culture conditions which increase the 
amount of R callus formed and the growth rate of R callus 
are currently under investigation in wheat. 

Plants are removed from attached callus and placed in 

Rice Methodology 
.We are presently using IR-36, Pokkali, and Mahsuri 

cultivars of Indica rice and Giza-159 and Calrose-76 cul
tivars of Japonica rice. Conditions for surface sterilizing and 
culturing seeds and immature embryos to obtain callus are 
the same as those reported for wheat. In contrast to 
wheat, R callus regions are easily identified in rice (Fig, 24 
and Heyser et al 1982). Rice is quite variety specific with 
respect to cultural conditions resulting in callus formation In 
general and R callus formation in particular. 

Calrose-76 seeds form maximal callus on medium con
taining 1.0-5.0 ppm 2,4-D. R regions appear on 20% of the 
calluses formed at 1.0 ppm and 0% of the calluses formed 
at 5.0 ppm. If tryptophan (TRY) or indoleacetic acid (IAA) 
are added to callus initiation medium the pcrcentage of vi
als containing R regions dramatically increases to as mu.;h 
as 80% (Fig. 25) while growth of NR callus is not. promot
ed. At least 1.0 ppm 2,4-D is necessary for callus initiation 
in the presence of IAA or TRY. The effect of these addi
tives is most prominent at 1,0 ppm 2,4-D and decreases at 

an open vial containing tap water (dh a yde)r perd 2.0- pn 524-Dpm Aft6-initiatioi"Calrose-76-...-ail......... -5-0-mad 

lite for continued root growth. After one-two weeks well-
rooted plants are placed in four inch pots in commercial, 
unsterilized potting soil mixed with 25% perlite. Warm tem-
peratures (around 30 C) seem to promote plant survival 
during the first three weeks following removal from culture 
vials. 

Wheat plants are grown to maturity in a growth room 
or greenhouse maintained at 25-30 C (Fig. 23). 

V. TtGiza-
.
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FIGURE 23: Wheat plants in the TCCP greenhouse. 
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callus continues to grow for at least a year without the 
presence of exogenous auxin in the medium. This growth is 
not enhanced by addition of 1.0 ppm 2,4-D. These results 
suggest that initiated callus rapidly becomes auxin auto
trophic. Plant regeneration occurs only from R regions (Fig. 
26) and is enhanced when these regions are placed on a 
medium containing triiodobenzoic acid (TIBA) as opposed 
to IAA (Table 5). Since TIBA is an auxin transport inhibitor, 
regeneration in Calrose-76 rice callus seems to require 
lower auxin levels than callus initiation and growth.

:59 seeds form maximal callus on medium con
taining 1.0 ppm 2,4,5-T. Established callus will continue to 
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some rice varieties R callus production increases dramati
to thewith tie addition ot tryptophan (an IAA precursor)cally a all.medium. Other varieties do not respondtrom Mahsur rice seeds (6<.FIGURE 24. R ,ind NR callus 
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Table 5. The Percentage of Calrose 76 Rice Shoots Produced by
R Callus in Media Containing 0,5 ppm IAA or 0.5 ppm TIBA,. 
Cultures were maintained on media containing either 1.0 or 2.5 
ppm 2,4-D on the previous passage. Each treatment contained 30 
vials. NR callus gave no shoots in an indentical experiment. 

~/ K.4 IAATI 7 
1.0 ppm 2,4-D 41.7 8060% 

2.5 ppm 2,4-D 22.2% 75. 00% 

>.0 

callus. Rcallus is clearly visible in some cases and s beneath the 
plants inother cases. 

grow for several passages in the absence of exogenous 
auxin, although added auxin is required for long term vi
gorous callus growth. R regions appear on 10-20% of the 
calluses formed, and added TRY or IAA do not increase
this percentage (Fig, 25). Calluses from which R regions
have been removed continue to produce R regions for at 
least 13 months. Most regeneration occurs from R regions
placed on medium containing no exogenous auxins.lMahsuri seeds produce maximal callus on medium 

containing 0.5 ppm 2,4-D plus 0.5 ppm kinetin. R regions 
appear on 60-80% of the calluses formed. Addition of 0.5 
ppm kinetin to induction medium increases overall callus 
growth and the amount of R-callus in both primary and 
secondary passages, Addition of TRY or IAA is without ef
fect (Fig, 25). Mahsuri callus does not grow at all in the ab
sence of exogenous auxin. In fact, low auxin levels such as 
0.2 ppm 2,4,5-T are required to keep R regions alive long
enough for regenerated plant,.- to form. R regions are pro
duced as long as the callus lives - typically for 7 or 8 pas-
sages. Kinetin (0.5 ppm) appears to increase the life span 
of secondary Rcallus. 

In Mahsuri, R callus can be maintained in a growing,
non-regenerating state on a medium containing 1.0-6.0 ppm 
2,4-D and 0.1 ppm kinetin (Fig. 27).

A large number of different media containing various 
auxins, cytokinins, and combinations have been tested for 
regeneration of plants from R regions, Regeneration of A 
callus is maximized on a medium containing 0.5 ppm IAA 
and 0.4 ppm benzylamino purine (BAP) (Fig. 28). Table 6 
shows that thls ,'edium is far superior to one containing 
kinetin instead of BAP or 2,4-D instead of IAA. NR callus 

FIGURE 27. Callus from Mahsuri rice. Both vials contain R regiuns. The vial on the right was placed on regeneration medium. 
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FIGURE 28. Regenerating R Mahsuri rice callus (0.8x and 1.1x). 
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in loweras a Function without exogenous auxini which is also required
Table 6. Plant Regeneration from Mahsuri RCallus levels to keep R callus alive for plant regeneration. Plant re
ot Three Media. 25 jars per mediUm. 

at higher frequencygeneration on optimal media occurs a 

for Indica than for Japonica varieties.
0.5 ppm 2,4-D 0.5 ppm IAA 0.5 ppm IAA 

+0.5 ppm klnetin +0.4 ppm kinetin +0.4 ppm BAP The cultural conditions (particularly,cytokinln effects) 

favoring production of R callus and plant regeneration from 
number of 

7 14 that callus have ,not been fully determined for any variety.
plants per jar 3 

However regeneration rates are of high enough frequeoncy
after 5 weeks 

and long enough duration for each variety to allow consid

erable progress, in the selection of stress tolerant cultures 
on a medium containing 1.0 ppm 2,4-D or grows best and regenerated plants (Table 7). 

2,4,5-T and regenerated plants on no tested medium. riceIn terms of auxin levels it seems likely that the 
was maintainedIn Mahsuri, if allcallus from one seed 

approximately 40,000 varieties can be placed In one of two basic groups, Group I 
and subdivided for 5 passages, 

contains Calrose-76, IR-36, and Pokkali. The characteristic 
plants would be produced in the fifth passage from R 

of this group is that formation of R callus requires auxin 
on sixth passage regenera-callus. This projection is based 

levels higher than those necessary for growth of NR callus. 
tion rates. or IAA markedly increased the percentage 

IR-36 seeds form maximal callus on a medium contain- Thus added TRY 
In the case of Calrose-76of vials with R regions.

ing 2.0 ppm 2,4,5-T. R regions appear .on 12-20% of the 

and their rate of appearance is increased endogenously-produced auxin is sufficient for growth of NR 
calluses formed conar c.allus whereas this is not the case for IR-36. Group 11 
by -TRY- (Fig..-25).--_ Secondary- callus- is-maintslned--on 

tainsGiza159-Iid Mahsurb The'characteristic of this-group 
containing 1.0 ppm 2,4-D anc 0.5 ppmgrowth medium 

is that the level of auxin required for formation of R callus is 
to keep alive past 6-7 assageskinetin. Callus is difficult 

lower than that required for formation of NR callus. In the 
unless kinetin is added, Production of R regions ano regen-

for formation of NR case of Ciza-159 the level required
them declines gradually throughout the life oferation from 

callus is produced endogenously so the frequency of forma
the callus. As with Mahsuri, some auxin must be present in 

TRY and IAA are 
to keep the callus alive. 0.2 ppm tion of R regions is high and added 

the regeneration medium case of Mahsuri, endogenous auxinwithout effect. In the 
2,4,5-T is a useful concentration for this purpose, howev3r, 

production is low or absent in callus. When exogenous aux
0.5 ppm IAA plus 1.0 ppm benzylamino purine (BAP) seems 

in is added, low levels favor R callus; at higher levels NR 
better in preliminary trials, 

form maximal callus on a medium con- callus begins growth also. 
Pokkali seeds The effect of NaCI added to callus induction medium is 

14% of the cal-taining 1.0 ppm 2,4-D. R regions appear on 
shown in Fig. 29. The Japonica varieties seem to be more 

luses, and this percentage is increased by TRY or IAA (Fig. 
the Indica varieties. Also R callus Inducsalt tolerant than 

25). Pokkali callus is easier to keep alive than either IR-36 
to be more sensitive to added salt than NR seems 

or Mahsuri callus and its growth is promoted best by 1.0 tion 
R regions is promoted callus induction. 

ppm 2,4-D. Plant regeneration from callus andRegenerated rice plants are removed from

[ by 2,4,5-T and declines gradually for 7-8 passages. 
rice high levels of synthetic auxins placed in a vial containing tap water (changed daily) to pro-

In general, for are then placed in 5 cm 
2,4,5-T) inhibit both callus formation and regen- mote root growth (Fig. 30). They

(2,4-D or pots containing a mixture of commercial potting soil and 
eration. Callus formation requires low levels of these auxins 

1-2 weeks before transfer to 10 cm pots 
(usually 1.0-2.0 ppm) whereas plant regeneration from R re- 25% perlite for 

Plants are maintained on long days (16L:8D) until 
none. Callus (Fig. 31).

gions requires lower levels (0.1.0.2 p,.m) or 14 daythey are 45 cm high at which time they are given a 
from the two Japonica varieties seems to be somewhat (for 

short day (8L:16D) treatment to induce flowering (Fig. 32). 
to completely (for Calrose-76) auxin autotrophicGiza-159) to a LD growth chamber or green-Plants are then moved 

after it is induced. Higher exogenous auxin levels in callus food. Mahsuri
delay house and fertilized with commercial plant 

or callus growth media definitely inhibit orinduction and IR-36 appear not to respond to the SD induction treat
plant regeneration from R regions maintained on medium 

ment. All plants are maintained at 30 C during the day and 
In contrast,containing no exogenous auxins or even TIBA. 

25 C during the night.
the Indica varieties does not survivecallus from three 

Table 7. Number of shoots per 10 cm3 of callus as a function nf number of five week passages for four varieties, Average sample size is 25 

shoots. 

SHOOTS/IO CM3 
IR-36 MAHSURI POKKALIGIZA-1 59PASSAGE CALLUS TYPE 

3.42 25.20 2.028.45Regenerative2nd 0.400.88 0.29 0.94Non-regenerative 

. 8.61 23.80 7.682.433rd Regenerative 0.00 0.000.15 0.00Non.regenerative 

0.69 14.00 6.81 3.11
Regenerative4th 0.18
Non-regenerative 0.17 0.16 2.83 

3.410.00 11.00 13.40Regenerative5th 0.150.42 0.16 0.46Non-regenerative 

- 11.90 9.41 
6th Regenerative 

- 0,00 0.75Non-regenerative 
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FIGURE 29. NaCl, a typical stressing agent, reduces the rate of 
callus formation, 

FIGURE 30. Regenerated plants are removed from tissue culture 
and placed in tap water to increase root formation. 

Pearl Millet Methodology 
Currently in tissue culture studies we are using the fol

lowing cultivars: Gahi, Hays Millet Population 559, World 
Composite C75, Senegal Bulk, and 7203 Drought Resist-
ant. Conditions for surface sterilizing and culturing seeds 
and immature embryos to obtain callus and for reflecting 
stress-resistant cell lines are the same as those reported 
for wheat except that sterilization times are usually less 
and Clorox concentrations lower. Cultural conditions for 
pearl millet callus and plant regeneration are much less 
variety specific than those for rice. 

Pearl millet seeds form maximal callus on medium con-
taining 1.0 ppm 2,4,5-T and either 2% or 4% sucrose (Fig.
33). After initiation pearl millet callus continues to grow 
maximally on the same medium. As Is the case with rice, R 
callus regions are easily Identified inpearl millet, and R re-IA
 

llons of callus appear in around 0-10% of vials depending 
on the variety. If 2,4-D replaces 2,4,5-T as the exogenous 
auxin, overall callus growth decreases but the percentage
of vials containing R regions increases in some varieties 
(Table 4). If low levels of kirietin and IAA are added to the 
medium in addition to 2,4-D the percentage of vials contain
ing R regions further Increases. For example on medium 
containing 2.5 ppm 2,4-D, 0.5 ppm kinetin, and 1.0 ppm, 
IAA, 25% of calluses contain R regions. Formation of new 
callus containing R regions does not continue beyond two 
passages on this medium. The calluses are then shifted to 
a medium containing 1.0 ppm 2,4,5-T to restore rapid
callus growth. 

S .. 17
 

FIGURE 31. Regenerated plants are planted in small plastic pots
which are placed ingrowth chambers or in the greenhouse, 
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FIGURE 32. Regenerated rice plants in the greenhouse. 
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R regions of callus are placed on a medium containing Methodology for Other Millets 
0.2 ppm IAA to stimulate plant formation (Fig. 34). R callus The TCCP has completed preliminary experiments with 
dies if plaed,,on a medium with no exogenous auxin. On two forage millets - Foxtail (Setaria italica 'Golden Ger
media containing low auxin, R callus either forms plants or man') and Proso (Panicum milaceum 'Abarr'). For foxtail 
maintains itselt In the R state, The addition of cytokinins to millet, maximal callus formation was obtained on a medium 
medium appears to have no effect on either callus formai- containing 1.0 ppm 2,4,5-T. The cultural conditions giving 
tion, callus growth, or plant regeneration although some ex- rise to R callus regions were not investigated. One plant 
periments are still underway. Regenerated pearl millet was regenerated from secondary callus on medium contain
plants are removed from callus and treated exactly as rice ing 3000 ppm NaCI and one plant on medium containing 
plants (Fig. 35). 9,000 pprn NaCl. 

More extensive experiments were carried out for proso 
millet. Callus was obtained from seedling roots,, immature 
embryos, and mesocotyls as described in Heyser and Na
bors (1982b). The 2,4-D or 2,4,5-T concentrations giving 
the most vigorous callus growth and the highest production" . of R regions differed for each starting material (Fig. q6). An 

average of 8%, of all calluses produced R regions during 
the first three passages. Plants were obtained by placing 
callus on a medium containing no added hormones (Fig.
37)... R.callus1produced.plants. at,.a much ,higher-frequency. 
and for a longer duratior. th-,n NR callus. Culture conditions 
increasing the frequency of R callus were Investigated; 
2,4,5-T inhibits its formation compared to 2,4-D. Over 100 
plants were regenerated including some from culture media 
containing NaCI (Fig. 38). 

-4.-

FIGURE 33. Callus formation (9x) from a germinating Senegal 
Bulk millet seed. 

FIGURE 35. Flowering head of a regenerated pearl millet plarI. 

FIGURE 34, Regeneraling 7203 Drought Resistant millet plant in 
a tissue culture lar and a bud forming from 7203 Drought Resistant 
R callus (7x), 
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Methodology for Oats 
The TCCP continues to use oats (Avena sativa L. 

'' Park) as a model plant for developing grass tissue culture 
methods. Oat tissue cultures are obtained primarily from 
seedling roots although mesocotyls and immature embryos 
have been used in some experiments. surface sterilization
of starting materials is carried out by the methods 

described for wheat. Maximal callus production is found on 
L and S medium containing 1 ppm 2,4,5-T (Fig. 16). The 
method used for wheat successfully selects stress-resistant 
calluses. R callus appeared in between 0 and 21% of vials 
depending on medium, tissue source, and length of culture. 
Conditions required to increase the frequency of R callus 
are now under investigation. Media containing 2,4-D pro
duce significantly more R callus than media containing
2,4,5-T. In one experiment, of 628 vials containing callus on 
medium with 2,4-D, 8.4% produced R regions; for 553 with 
2,4,5-T, 2.5% produced R regions. 

Media containing 1.0 ppm 2,4,5-T result inmore regen
erated plants (Fig. 39) than media with more or less 2,4,5-T 
or 2,4-D. Plants are removed from callus and grown to ma
turity by the method used for wheat (Fig. 40). 

FIGURE 36. Rand NR callus from Abarr proso millet (4x left and 
6x right). The callus on the left is tolerant to 9000 ppm NaCl. 
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38, Regenerated proso millet plants inpots. 
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F!GURE 37. Regenerated Abarr proso millet plants which have FIGURE 39. A jar containing callus and regenerating Park oat 
been removed from surrounding callus. plants (0.8x) and plants regenerating from R callus (6x). 



.Other Crops and Experimental Methods. b 

Our laboratory has experience in tissue culture of corn 
I (Fig. 44), lettuce, tomato, tobacco, sugar beet, and soy

*" 	 . bean. The laboratory also conducts research on the physio
logical causes of seed dormancy (see Carpita and Nabors 

'I .j.. 1981).\Al In terms of tissue culture, the lab conducts limited 
• 	 into the biochemical mechanisms of Na+ tolerance'research 

in cultured cells (Heyser and Nabors 1981a, 1981b) and 
into methods for .)btaining herbicide-resistant cells and 
plants. At present cell cultures resistant to a number of dif
ferent 2,fD concentrations have been obtained (Fig. 45). 
Efforts to obtain and study regenerated plants are nowi underway, 	 , 

Future Experimental Direction and Project 

GoalsFIGURE 40. Regenerating Park oat plants ina growth chamber. 
During its first two years the TCCP concentrated on ..... Data from o~bat tissueeculturies were'ius ed to qu0a ntify. for_;... 	perfecting-cereal-tissueculture methods..so-that-regenera-.........
_,... 

the first time two important, points. (1)Green spots or re-	 tion of reasonably high frequency and long duration could 
gions, commonly found in grass calluses (see Nabors et al be obtained. Since stress selection inevitably lowers callus 
1982) are associated with both rapidly growing callus and 
callus producing regenerated plants. In fact, callus without 70" 

green spots or regions grows very slowly and never pro
duces regenerants. In mixed callus (containing both R and
 
NR regions) green spot or region production does not di- 60
 

minish for at least 46 weeks but shoot produ.:tion gradually 0

declines to zero by the 34th week of culture (Fig. 41). Most 50o 
green spots and regions develop into roots. For these two \
 
reasons, the relationship between regeneration and green
 
spots or regions is indirect. (2) R callus produces far more
 
regenerated plants than NR or mixed callus (Fig. 42), \
 
Heyser and Nabors 1982a). A logical hypothesis is that all 30
 
plants arise from R regions which are sometimes difficult to L
 
detect. The TCCP is the first laboratory in the world to 	 , 0 

00
quantify the differing regenerative potentials of R and NR 


callus. The suspected relationship between green spots or \-, ---
areas and R and NR callus is shown in Fig. 43. This figure .
 

1. now serves as a hypothetical framework suggesting further 

research.
 

le 24 30 36
 

Weeks in Culture 
100 

FIGURE 42. Shoot formation as a function of time in culture forA',,\

9 0"' " Park oat callus derived from seedling roots. Open triangles
90 T T ,/ ,represent 	 R callus; closed triangles represent NR callus; and open 

0. 	 80 XLTi.\ / squares represent callus selected for high green spot production, 
For R callus there were 30-78 samples per data point while NR( 
and green spot callus is represented by 39-759 samples per datac 70

ICU Green 	 point.
60-n 	 Spots

0 (0 Sp -	 Embrygenc---Embryog enic Callus 

: 50 Callus/
 
( 4 0 

: 30 	 Non-embryogenic 
/P20 Shoots 	 Callus \ 

• \ +adventitious 
10 	 roots 

0 Green Spo/s Shoots 
10 14 18 22 26 30 34 38 42 46 ,renoois 

Weeks 
Roots 

FIGURE 41. Shoot regeneration and green spot formation as a 
function of callus age. In root callus derived from Park oal seeds FIGURE 43. A model which relates a possible ontological se
calluses were transferred every 4 weeks following a 6 week initia- quence for the morphogenic structures observed in secondary oat 
tion passage. callus. 
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growth and plant regeneration rates, it is important to uti-
lize methods which will result in suitable rates of plant for- 
mation under stress conditions. Also, since selection of 
stable stress resistance requires a period of some months, 
regeneration from tissue cultures must persist at least 
through this period of time. 

During its first two years of operation the project has
succeeded in achieving both of these goals for wheat, rice, 

determine methods for obtaining continued production of R 
regions in secondary callus. Also, varietal differences in 
these cultural conditions will be more thoroughly explored. 
The cultural variables now under study include the effects 
of 2,4,5-T, 2,4-D, IAA, and tryptophan (all auxins or auxin 
precursors); of kinetin, BAP, and other cytokinins, of TIBA 
and other anti-auxins, of abscisic acid (ABA), and of light
versus dark. Other cultural variables whichhave not been 

pearl millet, oats, and proso millet. Thus in future years the 
main experimental thrust of the research will be turned to-
Ward the production of stress-resistant cultures and the 
testing of plants regenerated from such cultures. As noted 
in earlier sections this process is already underway. 

A secondary goal of the project during the coming 
years will be to continue efforts to improve tissue culture 
procedures for cereals, These efforts will include a more 
thorough investigation of the cultural condition favoring 
development of R callus from primary callus and studies to 

cc -ful 
Scrop 

7 -

FIGURE 44. A Seneca 60 corn plant regenerating on the under-
side of callus (1,2x). 
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for 2,4-0 trlerance in tobacco calli. Data 
presented were collected during three, tour week passages on the 
indicated concentrations. The bottom line (o) represents cultures 
exposed to the herbicide only during data collection, At the begin-
ning of each passage callus on no herbicide medium was stepped 
up to medium with the indicated level of 2,4-D. The top line (o) 
represents cultures exposed continuously to herbicide for 16 pas-
sages prior to data collection. Callus on concentrations above 2,44-x 104 m 2,4-D was obtained by gradual stepups from this level 
during the 16 week period. Standard error bars are indicated. 

studied to date include light quality, photoperiod, the effect 
of a cell suspension phase, and the use of other plant parts 
for the initiation of callus. The general strategy employed is 
to concentrate efforts on the production of plants from 
stressed cultures in which stress is maintained at several 
different levels and for as long as possible to insure stability 
of:resistance. As this effort continues,. results from smaller 
experiments designed to improve tissue culture methods 
are incorporated into standard methods. So, for example, 
the effect of tryptophan in increasing R callus production in 
Calrose-76 rice was used immediately to improve the 
standard culture techniques-for -that plant.-At. the same: time 
tryptophan was and is being tested on other varieties and 
on other species, As noted earlier, a positive effect was ob
tained with IR-36 and Pokkali rice and no effects were ob
tained with other rice varieties and pearl millet. 

The philosophy of the TCCP is that developing technol
ogy relating to tissue culture should be integrated into plant 
improvement and plant breeding programs as it becomes 
available in an established form. Thus methods for cell fu
sion are well developed in a few plants and will prove use

in breeding programs once they are extended to useful 
plants and once regeneration methods for the fusion 

products are obtained. Similarly, methods for isolating sin
gle genes and adding them to the genomes of cultured 
cells via an injection or plasmid mode will be useful to plant 
breeders provided the effect of the gene can be controlled 
after insertion and, again, regenerated plants from the aug
mented cell can be prcduced. Proposals to transfer multi
genic systems involving one or more organisms from one 
plant to another are regarded by us as being entirely in the 
realm of basic research at this time. Thus the notion of
moving nitrogen fixation from a legume to a non-legume
which does not fix nitrogen is at present nowhere near the 
interface between basic and applied research. 

Now, the areas of plant tissue culture which can bridge 
the interface and move into applied breeding programs are 
(1) rapid propagation techniques and (2) selection of useful 
mutant phenotypes. Rapid propagation can occur either by
various shoot tipping processes (also useful for obtaining 
virus-free plants) or by regeneration from callus cultures or 
cell suspensions. These methods are extremely useful in 
the reproduction of rare plants encountered in the field and 
in shortening the time required to introduce new varieties to 

Such techniques are available for a large number 
of cultivated plants (see for example, Conger 1981), but are 
unavailable for ot ers including particularly soybean and 
many other legumes. The TCCP maintains a computer ac
cess file of available regeneration techniques for agricultural 
plants. Interested workers should contact the project direc

for information about specific species.
The TCCP encourages the open exchange of informa

tion among tissue culture researchers, plant breeders, and 

other interested persons. Exchange of reprints and other 
information is encouraged. Those workers with proprietary 
concerns are urged to participate in this exchange. Secrecy
along the interface of basic arid applied research retards 
progress for all concerned. 
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