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FOREWORD M.S. SWAMINATHAN

Director Generd

RRI first organized a symposium on rice genetics and cytogenetics in

February 1963. The proceedings of that symposium, published in
1964, contain an excellent summary of the knowledge then available
concerning different aspects of rice genetics and cytogenetics. Drs. T. T.
Chang and Peter R. Jennings played an important role in organizing that
gathering. Unfortunately, since then no maor international symposium
on rice genetics seems to have been organized, either at IRRI or else-
where. In contrast, in other magjor cereals like wheat and barley, interna-
tional symposia are held once in 5 years to review the state of knowledge
of genetics and to develop collaborative research in fields such as gene
mapping, identification and conservation of genetic stocks, and gene
symbolization and nomenclature.

In spite of the great importance of rice to both human nutrition and the
rural economy in many nations of the world, there has been no systematic
effort to organize at periodic intervals symposia on rice genetics. A
continuous updating of knowledge of the genetics of the rice plant and the
precise identification of the nature of the genetic control of important
economic characters have become particularly urgent in the context of
recent advances in molecular biology and genetic engineering.

We a IRRI, therefore, welcomed a proposa from our Japanese
colleagues for organizing the present meeting. Scientists of the Japanese
Committee on Rice Gene Nomenclature and Linkage Groups and IRRI
joined together and planned the details of the symposium. | am particu-
larly grateful to Prof. M. Takahashi, who agreed to serve as Co-
chairman, and Dr. H. |. Oka, who assumed the role of Secretary of the
International Organizing Committee. Most of the preparatory work at
IRRI was done by Dr. G. S. Khush and his colleagues in the Plant
Breeding Department. Our gratitude also goes to the other members of
the Organizing Committee, namely, Drs. J. N. Rutger, R. C. Chaudhary,
SM.H. Zaman, B.H. Siwi, Min Shao Kai, T. Kinoshita, M.H. Heu,
M. Jacquot, A. Abifarin, T. T. Chang, Ray Wu, and M. Van Montagu.
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Xii

After the idea of organizing the symposium was finalized, we were
fortunate to have had the benefit of discussions with Dr. Alva App,
Director for Agricultural Sciences of the Rockefeller Foundation, who
generously came forward with the assurance of financial support. His
address discusses the new initiative of the Rockefeller Foundation in the
field of genetic engineering in rice. We are most grateful to Drs. App and
Gary Toenniessen and the Rockefeller Foundation for their support.



WELCOME ADDRESS MS SWAMINATHAN

During the course of this symposium we will give serious considera-
tion to organizing a Rice Genetics Cooperative for the following
purposes:
* To organize once in 5 years an Internationa Rice Genetics
Symposium, on the model of those already being organized in
wheat, barley, etc.
* To develop standard rules for gene symbolization and nomencla-
ture.
e To ensure the proper maintenance of genetic and chromosome
markers including trisomics and translocation stocks and to make
them available to interested researchers.
 To prepare and continuously update linkage maps.
e To monitor and promote the application of genetic engineering
and tissue culture techniques.
» To assume responsibility for publishing the Rice Genetics Newsletter.
Under the Cooperative, Standing Committees could be appointed,
each with an appropriate rice geneticist as convenor, to follow up and
implement programs in the period between two international symposia
IRRI will be happy to provide secretarial and logistic support to such an
endeavor. In consultation with several of you, we shall prepare some
concrete proposals for your consideration during the concluding session.

| am glad that, with the help of our Japanese colleagues, a Rice Genetics
Newsletter has been started. Dr. Khush and | are grateful to Drs. H. 1.
Oka, Y. Futsuhara, and T. Kinoshita for their labor of love in organizing
the publication of this newsletter. The first issue was published last year
under the joint editorship of Drs. Oka and Khush. This publication will
provide an excellent vehicle for communicating information on the work
of the proposed Rice Genetics Cooperative and its Standing Committees.

| welcome all of you and thank you for travelling long distances to be
here with us today. Our group contains a happy blend of Mendelian and
molecular geneticists. | hope this will help to generate some hybrid vigor
in the work of rice geneticists. May | extend a particular welcome to the
doyens of rice genetics like Profs. Matsuo, Takahashi, and Oka. | am also
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happy to see among us today a few who attended the 1963 symposium.
We are equally fortunate to have with us Profs. C. M. Rick and Ralph
Riley. Prof. Rick’s experience in heading the Tomato Genetics Coopera-
tive for over 30 years will be invaluable in organizing the Rice Genetics
Cooperative.

We have a very heavy program ahead of us. | hope that with the
cooperation of all the participants we can make this first Internationa
Rice Genetics Symposium a very memorable and valuable one. To us at
IRRI, this gathering is of particular significance, since it is the first of
three symposia we are hosting to commemorate IRRI's 25th Anniver-
sary, as well as a meeting of the Internationa Rice Commission. The
major purposes of these meetings are to review the current state of
knowledge in different areas of rice science and to provide guidelines for
our work during the rest of the century.

| welcome you all once again.



OPENING REMARKS T. MATSUO

Professor Emeritus
University of Tokyo

am very happy to be with al of you, the rice geneticists of the world.

Today is a momentous day in the history of rice genetics, so many
world leaders in the field are meeting on a common platform.

Our knowledge of rice genetics lags far behind that of other important
food crops such as maize, wheat, barley, and tomato. Linkage maps of
rice are ill poorly understood. One reason is that there has been very
little international coordination among rice geneticists. It is therefore
high time to hold this symposium and discuss the present status of the
field. 1 hope such international symposia will be held periodically.

There is also a common desire among rice geneticists to evolve an
acceptable gene nomenclature and chromosome numbering system. We
also need to establish gene stock centers to maintain and preserve the
seeds of mutant stocks. An informal organization such as the Rice
Genetics Cooperative (RGC) is needed to promote the exchange of
materials and information among scientists.

| hope the rules of gene nomenclature and a chromosome numbering
system will be agreed upon and that gene stock centers will be set up and
the RGC established before this symposium is over. The RGC should be
charged with the responsibility for monitoring gene symbols, linkage
mapping on a cooperative basis, maintenance of gene stocks, and publi-
cation of a Rice Genetics Newdetter (RGN) annually. Fortunately, a
beginning has been made in the publication of the RGN. The decision for
publication was taken up after consultations among Drs. M. S. Swami-
nathan, G. S. Khush, H. I. Oka, Y. Futsuhara, and T. Kinoshita. The
first volume of the RGN was published in December 1984 under the
editorship of Drs. Oka and Khush. | hope the RGN will play a maor role
in promoting the cause of rice genetics.

| wish you best of luck for the success of this symposium, and | am
looking forward to interacting with you during the next four days.
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KEYNOTE ADDRESS A. A. APP

Director for Agricultural
Sciences

The Rockefeller Foundation

New York, NY, USA

lease alow me to begin by pointing out what you aready know —

first, that rice is the most important food staple in the developing
world, and second, that it is very probable that the population in the less
developed countries (LDCs) will go from 3.6 billion in 1984 to approxi-
mately 6.4 billion in the year 2020. This means that cereal production in
the LDCs will have to increase from 90 to 100% over this period of time.
How will the LDCs feed all these people?

| believe we stand on the brink of a major revolution in the plant
sciences, and | think that this is going to have an enormous effect on crop
yields. It is not a question of whether or not it will have an effect: It is
only a question of when and the magnitude.

Transformation of dicots is a redlity today — a standard procedure.
Many knowledgeable experts say that the same will be true of cereals
within the next three or four years. Furthermore, we can expect the pace
of development in genetic engineering to increase as time goes on. This
new technology will produce breakthroughs in vyield, grain quality,
tolerance for environmental stress, resistance to pests and pathogens, and
so on. This in turn will have an enormous impact on the economics of
production, the environment, and the type and quantity of requirements
for off-farm inputs. In addition, it will raise serious questions of equity for
society within a given country, and between nations.

There is a problem. The first Green Revolution in rice was the result in
part of the successful application of classical plant breeding. The princi-
ples and practice of plant breeding were well established. It was a matter
of applying them to rice in the developing world. However, who is going
to develop the methodology for genetic engineering of rice and assist in
applying this to modern plant breeding programs in the LDCs? It is
unlikely that the private sector will do this — the profit motive is missing.
It is aso unlikely that the public sector in the more developed world will
do this, since rice is not an important cereal in their countries. The
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ultimate responsibility and execution of this task resides with the rice-
growing countries of the world. There is great concern that if this task is
not accomplished, rice, the most important food in the world, will not
benefit from the revolution in the plant sciences. The Rockefeller Found-
ation sees this as an important challenge, and within the limits of its
resources and its sincere wish to help the LDCs, if asked, to obtain the
scientific capability to develop and exploit biotechnology in their rice
improvement  programs.

We see the use of biotechnology as a second generation effort in rice
variety improvement. However, we need a much better knowledge of the
rice plant, and we need to stimulate research in the basic disciplines such
as rice genetics, physiology, biochemistry, entomology, and pathology.
Development of the knowledge base in these various disciplines will take
time and funds. It is imperative that this research be expanded immedi-
ately. Otherwise, we run the risk of seeing a powerful new set of tools for
genetic manipulation lie idle because of the lack of understanding of the
systems we wish to modify and improve.

Classical plant breeding has served us well and is continuing to make a
substantial contribution to increased rice production. It has been so
successful in recent years that the area of rice genetics was felt by many to
be somewhat irrelevant for varietal improvement, and as a conseguence
has been underfunded; has not attracted an adequate number of young,
bright, well-trained scientists; and in general has been neglected.

It is for the above reasons that the Board of Trustees of the Rockefeller
Foundation is particularly pleased and honored to join with the Japanese
Committee on Rice Gene Nomenclature and Linkage Groups and with
IRRI in support of this symposium.

Thank you very much.
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WILD PROGENITORS Natiorl Indititeof Geretics
OF CULTIVATED RICE | Misma 411, Jepen

AND THEIR POPULATION
DYNAMICS

The common wild rice of Asia shows a perennia-annual continuum and wide
variations in life history traits suggesting r—vs. K-selection. It also shows a trend
of association of KC10; resistance and low temperature resistance among
populations as is found among indica and japonica rice cultivars. The populations
contain various isozyme aleles, and the most frequent genotypes are those found in
intermediate indicajaponica cultivars. The genetic structure of populations reflects
differences in breeding systems. When experimental populations raised from
juvenile plants collected in natural habitats were examined, intermediate
perennial-annual populations were mostly polymorphic. An example is presented
showing that an intermediate population is ready to respond to environmental
heterogeneity both spatially and temporally. These observations support our
previous hypothesis that the intermediate perennia-annual type of wild rice is
most likely to be the immediate progenitor of rice cultivars.

he common wild rice or the Oryza perennis complex is distributed

throughout the humid tropics and is comprised of four major geog-
raphical forms: Asian, American, African, and Oceanian (8). It is gener-
ally accepted that O. sativa L. has been domesticated from the Asian form
of this species complex (=O. rufipogon Griff.) in Asia, while O. glaberrima
Steud. in Africa stems from O. breviligulata Chev. et Rheor (10). With my
colleagues, | have continued investigations on the wild and cultivated
rices concerning character variations, isozymes, breeding systems, F;
sterility relationships, isolating mechanisms, introgression, population
structure, and adaptive dStrategies, as partly reviewed by Oka (18) and
Morishima (9). The main direction of differentiation in the Asian com-
mon wild rices is represented by that between the perennial and annual
types (13). The two types also differ in many traits and habitat prefer-
ences and in adaptive strategy (26).

Whether the perennial or the annua type of wild rice is the ancestor of
cultivars has been an unsettled issue. Chatterjee (3), Ramiah and Ghose
(23), and Chang (1, 2) considered the annua type to be the ancestor in
view of character similarities. Sampath and Rao (25), Richharia (24),
and Oka (17, 18) considered the perennial type to be the ancestor. O.
sativa is essentially a perennial plant, and a continuous array of grada-

3



4 RICE GENETICS

tions between the perennial types and cultivars has been found in the
semi-wild material from Jeypore Tract, India (19). Recently, we put
forward another hypothesis that an intermediate perennial-annual type
was more likely to be the progenitor in view of its high evolutionary
potentiality and fairly high reproductive effort (27).

As to the site of incipient domestication, Chang (1, 2) considered a
broad area extending over the foothills of the Himalayas and its asso-
ciated mountain ranges, this broad area is comparable to Harlan's (6)
noncenter concept. As to the time of origin, the eldest remains of rice
grains or hulls have been excavated in India (Naharaga, Uttar Pradesh),
China (Ho-Mu-Do, Xhgjiang), and Thailand (Non Nok Tha), all being
6,500 to 7,500 years old. This suggests diffused origins of rice domestica
tion (7).

DIFFERENTIATION OF ASIAN WILD RICE POPULATIONS

Compared with the perennial type, the annua type is characterized by a
low regenerating ability, high reproductive alocation of resources, early
flowering time, awn development, high selfing rate, and tolerance to
drought and submergence (26). The annual types grow in relatively
shallow, temporary swamps that are parched in the dry season, while the
perennial types grow in deeper swamps having a more stable water
condition. The mode of association of life history traits with habitat
conditions indicates that the annual types are r strategists and the
perennial types K strategists (4).

Wild strains from various localities of Asia are scattered according to
anther length, representing outcrossing rate and percent reproductive
alocation (Fig. 1). The two values are intercorrelated (20) and show a
wide range of variation among strains for each locality, although Chinese
strains are largely of perennial types having a low reproductive alloca-
tion. Strains with medium values in these traits can be regarded as
intermediate perennial-annual types. Some of them showing traces of
characteristics of a cultigen could have resulted from introgression be-
tween wild and cultivated plants. The intermediate types are relatively
infrequent and often found in strongly disturbed habitats, suggesting that
they are disturbance tolerant. They aso contain a large amount of
genetic variation in their populations and can be differentiated into
perennial and annual types in response to microenvironmental condi-
tions (14, 27).
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Fig. 1. Asian wild rice strains scattered by anther length and reproductive allocation. Solid
symbols represent the strains showing high seed shedding and open symbols show low
seed shedding. A = India; ® = Thailand, Burma, Malaysia; ® = China; * = Malayan
archipelago.
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In reproductive effort or seed productivity and selfing rate, wild annual
types are more similar to cultigens than perennia types. In vegetative
regenerating ability, seed dormancy, and awn development, wild peren-
nial types are more similar to cultigens than the annual types. In view of
the trend of evolution generally recognized in higher plants, it may be
inferred that the perennial type is primitive and the annua type and
cultigen have shared the evolutionary process to increase seed productiv-
ity. However, domestication has brought about other characteristics like
uniform seed germination due to reduced dormancy, contemporary
tillering and uniform seed maturity, and reduced seed shedding in
addition to seed productivity, most probably in response to selection due
to seeding and harvesting by man, which we have called cultivation
pressure (21).

One may question which of the perennial and annua types is more
similar to a cultigen in aleles for isozymes. Based on a multivariate
analysis of data for 20 loci, Second (29) pointed out that the perennial
and annual types could not be distinguished clearly. In our data, the
perennial and annual types showed a difference in the frequency of alleles
a Sdh-1, Pox-1, and some loci; at Sdh-1, alele 1 was predominant in the
annual and alele 3 in the perennia types, while alele 2 was predominant
among cultivars (J.C. Glaszmann, pers. comm.). At Pox-1, alele 2A was
predominant in annual and cultivars, and both 2A and 4A in perennial
types. Whether or not allozymic variations are associated with adaptive
traits is under observation. In general, the wild populations are more
polymorphic than cultivars and carry aleles that are not found among
cultivars. Yet, it does not seem possible, at present, to detect the wild
progenitors of cultivars on the basis of isozymic genotypes.

INDICA-JAPONICA DIFFERENTIATION IN WILD RICES

Rice cultivars are differentiated into the indica and japonica types, which
are distinguishable by different patterns of character association or by
correlations of diagnostic characters (12, 16). In wild rices, no significant
correlations of diagnostic characters were found among strains from
India and Thailand, so that the indica-japonica differentiation was not
detectable (18, 22). Using a wider range of materials, we have recently
found a tendency to such differentiation shown by a correlation between
KCIO; resistance and cold resistance (Fig. 2a). Most wild strains were
sensitive to both KCIO5; and low temperature and were indica-like, but
some of them, particularly those from China, were relatively resistant to
both and were japonica-like in this sense.
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Fig. 2. Asian wild rice strains scattered (a) by resistance to low temperature and to KCIO,
and (b) by a score representing both resistance (-K + 1.94 L) and reproductive allocation.
® == |ndia and Thailand, & := China, = cultivated strains.

The wild strains were also scattered by an index obtained by combin-
ing the measurements of KCIO, resistance and cold resistance and per-
cent reproductive alocation (Fig. 2b). Strains with low reproductive
alocation or perennial types were closer to japonica in the index vaue
than those with high allocation or annual types, which tended to be
scattered toward the indica type.

A survey of alozyme variations in wild and cultivated strains by
Second (28) showed a certain trend of variation among rice cultivars that
correspond to the indica-japonica differentiation. We are also engaged in
this work; when examined with three diagnostic loci, Cat-1, Pgi-1, and
Acp-1, 14 genotypes were recognized among cultivated strains. Two
genotypes were most frequent and represented the indica and japonica
types in cultivars (Fig. 3). The third most frequent genotype, which was a
recombinant type, formed a group distributed mainly in the hilly areas of
tropical Asia. When compared with the result of multivariate analysis of
character values, varieties having those allozyme genotypes were inter-
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Fig. 3. Distributions of 17 isozyme genotypes for Cat-1, Pgi-1, and Acp-1, whose alleles
differ in frequency between the indica and japonica types, among Asian rice cultivars and
wild rice strains from different localities. H" = — Sx; Inx;, inwhich x; represents frequency of

the i-th genotype.



WILD PROGENITORS 9

mediate indica-japonica types, although most of them were classified as
indicas.

The wild strains showed a wider range of genotypic variation. Among
them, the intermediate indica-japonica genotypes were most predomi-
nant. Among Chinese strains, the genotypes representing japonica were
relatively frequent, as pointed out by Second (29). Allozyme similarity
has often been used to assess phylogenetic relationships. In rice, however,
the allozyme genotypes are various and their frequencies are subjected to
sampling error and other conditions. It may be concluded that the
genotypes representing intermediate indicajaponica cultivars are fre-
guent among Asian wild rice strains.

GENETIC STRUCTURE OF WILD RICE POPULATIONS

Inter- and intrapopulational diversities were assessed on the basis of
variations in isozymes and character values by using plants raised from
seeds collected in their natural habitats. Generaly, perennial populations
were more polymorphic than annual populations in both isozymes and
visua characters (Table 1). In contrast, interpopulational diversity was
much higher among annual populations than among perennia ones.
Intermediate perennial-annual  populations were in  an intermediate
state. This pattern reflects the differences in breeding systems (11).
However, the data thus obtained represent the genetic diversity re-
leased by seed propagation, which is infrequent in perennia populations.
To assess the realized or actual genetic diversity, we have raised experi-

Table 1. Genetic diversity and other parameter values estimated within and
between wild rice populations.

Type Average for Pox-1 and Acp-1 Average for 6
characters
No. of a Fixation = Hetero- No. of c ¢ d

populations S Ggr index zygote % populations S ST

Perennial 24 .290 532 .083 23.0 9 114 83
Intermediate 12 117 .688 .427 9.1 7 77 63
Annual 14 .092 670 .914 14 10 48 81

alHs = average gene diversity within population.
bCSI. = relative magnitude of gene differentiation among population (15).
= intrgpopulation genetic variance shown by InX x 108

c
C

S
dCSI' = relative magnitude of interpopulational generic variance to toal genetic variance (%).
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mental populations from juvenile plants collected in natural habitats in
addition to those from seeds and have compared them (Table 2). In
seed-derived populations, the average gene diversity for 10 isozyme loci
was higher in the perennial and intermediate types than in annua types.
In the juvenile-derived populations, however, there was no such differ-
ence between perennial and annual populations, and intermediate
perennial-annual populations showed the highest diversity. The low
genetic diversity in perennial populations indicates clonal propagation of
a few competitive plants. The high diversity in intermediate populations
may be attributed to their propagation by both seed and ratooning (27).

The diference in gene diversity between seed- and juvenile-derived
populations differed according to the loci (Table 2). At Sdh-1, Pgd-2, and
Pox-1, seed-derived populations seemed to be more polymorphic than
corresponding juvenile-derived ones, but no marked differences were
found at other loci. The fact that the perennial and annua types differed
in aleic frequency at Sdh-1 and Pox-1 suggests that selectional mortality
is involved in the demographic process of populations.

Table 2. Gene diversities at 10 isozyme loci observed in seed (S)- and
juvenile (J)-derived populations, sampled at 6 sites in Thailand.?

Site Annual type Intermediate Perennial
type type
NE-2 NE-3 NE-4 NE-1 CP-20 NE-88
S J S J S J S J S J S J

Plants

examined

(no.) 33 7 18 78 26 118 64 14 71 9 10 24
Gene

diversity”

Acp-1 .000 .000 .000 .000 .076 .076 .295 .495 .661 .661 .500 .000
Est-2 .058 .240 .000 .000 .163 .170 .059 .500 .397 .466 .492 -

Est-Ca .000 .000 .058 .000 .000 .000 .095 .000 .058 .000 .000 .000
Pgd-1 .226 .130 .448 .226 .496 .499 .113 .332 .379 .180 .320 .076
Pgd-2 .163 .000 .095 .058 .195 .000 .490 .000 .257 .168 .420 .000
Pgi-1 .196 .086 .466 .000 .000 .000 .435 .442 .255 .375 .000 .000
Pgi-2 080 .086 .436 .108 .000 .080 .376 .526 .243 .643 .000 .076
Pox-1 .000 .000 .195 .000 .000 .000 .498 .000 .255 .500 .500 .499
Pox-2 .000 .000 .000 .036 .000 .262 .000 .000 .000 .095 .000 .000
Sdh-1 .467 .000 .265 .000 .166 .019 .498 .000 .382 .000 .180 .000

Average .199 .054 .196 .043 .110 .111 .286 .230 .289 .313 .242 .112

~Data from P. Barbier (unpublished det).
h=1-% pf
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OBSERVATIONS OF AN INTERMEDIATE PERENNIAL-ANNUAL
POPULATION

In an attempt to look into the population biology and genetic changes of
wild rice populations, we have continued monitoring severa fixed sites in
Thailand. An example is a population at site NE-1 near Saraburi that
covers a roadside ditch and adjacent waste land. At our first visit in
December 1977, seemingly intermediate perennial-annual plants scat-
tered in a parched ditch were found to be an annual type by examining
their seed-derived progeny. In December 1980 and May 1981, however,
perennial-like plants dominated this site. A close observation in Decem-
ber 1983 revealed that different types were distributed, forming patches
or subpopulations, some being persistent but others being more rapidly
changing or short-lived (Table 3).
Examining seven subpopulations, we have learned the following:
® The plants in shallow water (December) were of annual type, propa
gating by seeds and having a low regenerating ability of excised stem
segments and long awns, while those growing in deeper water were of
perennial type, propagating by ratooning only and having a high
regenerating ability and shorter awns.
® The regenerating ability of seed-derived plants was generaly lower
than that of juvenile-derived plants when plants sampled from the
same patches were compared.

Table 3. Heterogeneity of subpopulations with different microenvironments
in regenerating ability measurement, awn length, and allelic frequency from
site NE-1 near Saraburi, Thailand.

Sub- Water depth  Plants/ Regeneratingb'c Awn Frequency of¢® Observation
popu- Dec.83-Aug.84 M?? ability®€ length® in 1985
lation (cm) (cm)  Sdh-1' Pox-12A

A 0-25 - 0.2 11.0 100 100 Habitat

destroyed

C 3-27 1760S - (0.2) 10.4(8.1) 100 (100) 100 (100)

F 27 - 55 0 0.6 7.1 86 100 Extinct

B 4 — 30 - 1.5 7.0 17 0 Persistent

D 16 - 50 412R 2.0(2.4) 6.4 (6.1) 0 (0) 0 (0)

E 40 - 55 392R 0.0 (15) 7.4(7.4) 55(0) 33(0)

G 25 — 64 304R 1.2(1.9) 6.9(6.8) 14(0) 0 (0)

aDensity of seedlings (S) and ratooned shoots (R) observed in June 1984.
Regenerating ability of stem cuts examined at Misima.
CData obtained on plants raised from seed are shown. Those in parenthem are due to plants raised from juveniles collected in
the natural habitat and grown under the same condition.
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® The perennia and annual types were fixed for different alleles at Sdh-1
and Pox-1, but the perennial plants released some variants in their
seed-derived  progeny.

® All annua subpopulations observed in 1983 disappeared before
January 1985 because of strong disturbance of the habitats by man,
while perennia subpopulations persisted.

CONCLUSION

The intermediate population seemed to be a mixture of different peren-
nial and annual types and readily responsible to selection imposed by
environmental changes. The subpopulations can follow up environmen-
tal heterogeneity, both spatialy and temporaly, and can be differen-
tiated into different perennial and annual types. They have high
evolutionary potential. Even if this population is a product of hybridiza-
tion between perennial and annua types, the evolutionary process is
essentially due to differentiation-hybridization cycles (5).
Sano et al (27) considered that intermediate perennial-annual popula-
tions could be the immediate wild progenitor of O. sativa. This view is
supported by the present observations, because it was found that:
® such intermediate populations carry a large amount of genetic varia-
tions, particularly when tested with juvenile-derived plants,
they are highly evolutionarily flexible, and,

® some of the plants have a fairly high seed productivity and a peren-
niality as is found in O. sativa cultivars.

REFERENCES CITED

1. Chang, T.T. 1976. The origin, evolution, cultivation, dissemination, and diver-
sification of Asian and African rices. Euphytica 25:435-441.

2. Chang, T.T. 1976. The rice cultures. Phil. Trans. Roy. Soc. London
B275:143-157.

3. Chatterjee, D. 1951. Note on the origin and distribution of wild and cultivated
rices. Ind. J. Genet. and Pl. Breed. 11:18-22.

4. Gadgil, M., and O.T. Solbrig. 1972. The concept of r- and K-selection: evidence
from wild flowers and some theoretical considerations. Amer. Nat. 106:14-31.

5. Harlan, JR. 1966. Plant introduction and biosystematics. Pages 55-83 in K.J.
Frey, ed. Plant breeding. lowa State Univ. Press, Ames.

6. Harlan, JR. 1971. Agricultural origins. centers and noncenters. Science
174:468-474.



WILD PROGENITORS 13

7.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

Harlan, JR. 1975. Geographica patterns of variation in some cultivated plants.
J. Heredity 66:182—191.

Morishima, H. 1969. Phenetic similarity and phylogenetic relationships among
strains of Oryza perennis, estimated by methods of numerical taxonomy. Evolu-
tion 23:429-443.

Morishima, H. 1984. Wild plant and domestication. Pages 3-30 in S. Tsunoda
and N. Takahashi, eds. Biology of rice. Japan Sci. Soc. Press, Tokyo/Elsevier,
Amsterdam.

Morishima, H., K. Hinata, and H.l. Oka. 1963. Comparison of modes of
evolution of cultivated forms from two wild rice species, Oryza breviligulata and
O. perennis. Evolution 17:170-181.

Morishima, H., and H.I. Oka 1970. A survey of genetic variations in the
populations of wild Oryza species and their cultivated relatives. Japan. J.
Genetics 45:371-385.

Morishima, H., and H.l. Oka. 1981. Phylogenetic differentiation of cultivated
rice. XXII. Numerica evauation of the indicajaponica differentiation. Japan.
J. Breed. 31:402-413.

Morishima, H., H.l. Oka, and W.T. Chang. 1961. Directions of differentiation
in populations of wild rice, Oryza perennis and O. sativa f. spontanea. Evolution
15:326-339.

Morishima, H., Y. Sano, and H.Il. Oka. 1984. Differentiation of perennia and
annual types due to habitat conditions in the wild rice Oryza perennis. Pl. Syst.
Evol. 144:119-135.

Nei, M. 1975. Molecular population genetics and evolution. North-Holland
Publ. Comp., Amsterdam/Oxford.

Oka, H.l. 1958. Intervarietal variation and classification of cultivated rice. Ind.
J. Genet. and Pl. Breed. 18:79-89.

Oka, H.l. 1964. Pattern of interspecific relationships and evolutionary dynamics
in Oryza. Pages 71-90 in Rice genetics and cytogenetics. Elsevier, Amsterdam.
Oka, H.l. 1974. Experimental studies on the origin of cultivated rice. Genetics
78:475-486.

Oka, H.l., and W.T. Chang. 1962. Rice varieties intermediate between wild and
cultivated forms and the origin of the japonica type. Bot. Bull. Acad. Sinica
3:109-131.

Oka, H.l., and H. Morishima. 1967. Variations in the breeding systems of a
wild rice Oryza perennis. Evolution 21:249-258.

Oka, H.l., and H. Morishima. 1971. The dynamics of plant domestication:
cultivation experiment with Oryza perennis and its hybrids with O. sativa. Evolu-
tion 25:356-364.

Oka, H.T., and H. Morishima. 1982. Phylogenetic differentiation of cultivated
rice. XXIIIl. Potentiality of wild progenitors to evolve the indica and japonica
types of rice cultivars. Euphytica 31:41-50.

Ramiah, K., and R.L.M. Ghose. 1951. Origin and distribution of cultivated
plants of South Asia. Rice. Ind. J. Genet and Pl. Breed. 11:7-13.

Richharia, R.H. 1960. Origin of cultivated rice. Ind. J. Genet. and Pl. Breed.
20:1-4.

Sampath, S., and N. Rao. 1951. Interrelationships between species in the genus
Oryza. Ind. J, Genet. and Pl. Breed. 11:14-17.



14

26.

27.

28.

29.

RICE GENETICS

Sano, Y. and H. Morishima. 1982. Variations in resource allocation and
adaptive strategy of a wild rice, Oryza perennis Moench. Bot. Gaz. 143:518-523.
Sano, Y., H. Morishima, and H.I. Oka 1980. Intermediate perennial-annual
populations of Oryza perennis found in Thailand and their evolutionary signifi-
cance. Bot. Mag., Tokyo 193:291-305.

Second, G. 1982. Origin of the genic diversity of cultivated rice (Oryza spp.):
study of the polymorphism scored at 40 isozyme loci. Jpn. J. Genet 57:25-57.
Second, G. 1985. Evolutionary relationships in the sativa group of Oryza based
on isozyme data. Genetique, Selection, Evolution 17(1:8-114).



EVOLUTION OF ORYZA | Tiooraons de cénctiaue
LONGISTAMINATA ORSTOM, B.P. V.51 Abician

Ivory Coast

Thirty-one populations of Oryza longistaminata A. Chev. & Roehr were classified on
the basis of ecological data recorded during collecting missions and were studied
through multivariate analysis for their breeding systems involving flowering
components and self-compatibility. Only 14% of rhizomatous plants were
self-compatible, but up to 75% showed a rate of self-fertilization below or equal to
1%. High levels of individual self-compatibility were observed only in populations
found in cultivated areas. Some particular plants without rhizomes, called

“obake” types, were released by scattered plants in cultivated fields, most of these
plants were self-compatible and were thought to arise from natural hybridization
between O. longistaminata and the cultivated rice species. The results suggest first
that strict self-incompatibility acts fully only in the undisturbed isolated conditions
of large populations and second that the crossing barrier that separates O.
longistaminata from O. breviligulata could be strengthened, since no evidence of
introgression was seen when the two species occurred sympatrically. On the
contrary, acquisition of self-compatibility through introgression with cultivated
rices would permit release of populations adapted to habitats perturbed by man
and development of the weedy habit.

he perennial wild rice Oryza longistaminata A. Chev. & Roehr is also

known as O. barthii A. Chev. or O. perennis Moench ssp. barthii A.
Chev. O. barthii should correspond in fact to O. breviligulata (9); in order to
avoid confusion we have used O. longistaminata to designate the perennial
African wild rice and O. breviligulata for the annual African wild rice, both
of which belong to the O. sativa species complex.

O. longistaminata has the widest distribution of all Oryza species in Africa.
It shows a large range of ecological sites such as regularly flooded plains,
where populations can cover huge areas, or temporary to amost perma
nent ponds in which O. breviligulata can be encountered sympatrically; O.
longistaminata is a perennial with vigorous creeping and underground
rhizomes and can overrun cultivated fields, forcing farmers to abandon
them (2, 17). Both O. longistaminata and O. breviligulata are collected by
local people in West Africa for traditional consumption.

Nayar (12) reported that O. longistaminata could be self-incompatible
since the panicles, when bagged, produce only a few seeds. Chu et a (4)
checked this partial self-incompatibility through cytological studies. O.

15
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longistaminata is known to be isolated from the other rice species by a
strong reproductive barrier (5,7). However, evidence for natural crossing
between O. longistaminata and its related taxa was seen during field
surveys (2,13) and in experimental hybridizations (8). It was suggested
that a balance between isolation and hybridization might play a role in
the evolutionary dynamics of species such as O. longistaminata (8). This
paper attempts, through extensive observations of breeding systems, to
set forth challenging considerations on the evolution of O. longistaminata.

MATERIALS AND METHODS

Thirty-one populations composed of 750 plants were chosen to represent the
geographical and ecological diversity of O. longistaminata in Africa (Fig. 1).
These populations were original samples collected in 14 African countries by
ORSTOM (Institut Francais de Recherche Scientifique en Coopération) and
IRAT (Institut de Recherches Agronomiques Tropicales) within the framework
of the preservation of rice genetic resources supported by IRRI and the
International Board for Plant Genetic Resources (IBPGR). Two additional
samples from Nigeria were kindly given to us by Dr. H.I. Oka of the National
Ingtitute of Genetics in Mishima, Japan, after his collecting mission in West
Africa (15).

The characterization of populations was made at two different levels.
First, the field data recorded during collecting missions were analyzed to
set a coherent classification of O. longistaminata populations. A seed
sample of each population was hulled to measure the frequency of
abnormal or deteriorated kernels, since this may indicate the level of
introgression pressure from the other rice species. Second, observations
were made during 2 years on several characters pertaining to breeding
system. The plants were grown in individual pots in concrete beds with
water supply. They were rgjuvenated periodically thanks to their peren-
nial growth habit. Since the experimental site (Abidjan) is in a forest area
a 4°N latitude, neither available light intensity nor critical day length
was aways suitable for abundant flowering. However, these marginal
conditions provided valuable descriptors of flowering ability within O.
longistaminata populations. The main flowering period ran from Septem-
ber to January. Self-compatibility was tested by bagging al the panicles
at their emergence. Some rare flowerings occurred from February to June
among rhizomatous plants that we considered insensitive to photoperiod.
Perennial plants without rhizomes were also noted. Following Chu and
Oka (8), we caled these off-types “obake” since they were thought to be
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Fig. 1. Location of O. longistaminata populations.

hybrids between O. longistaminata and the other rice species. Both field
data on collecting sites and characters pertaining to breeding system are
presented in Table 1. In order to perform multivariate analysis involving
factorial correspondence anaysis (1), data were computed as qualitative
states of characters either directly at the individual level or as recorded
frequencies at the population level.

RESULTS

Field data permitted a priori recognition of five population types that can
be used in graphical representations of multivariate analysis. This clas-
sification agreed with our own field observations (16) as well as those
made by the Japanese team (13,15). The first two types were found in
isolated conditions in regularly flooded plains with little environmental
variation or in temporary ponds of Sahelian countries, and the true wild
form of O. breviligulata was expected when occurring sympatrically with
O. longistaminata. The other three types were found in more or less
cultivated areas and in rice fields; some of them were seen in various
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Table 1. Rating of the characters used to describe the ecology and breeding
system of O. longistaminata populations.

Character System of rating
1. Population size large, medium, small, scattered plants
2. Habitat flooded areas, temporary ponds, cultivated areas
3. Proximity to rice fields isolated, cultivated areas, weedy
4. Sympatry with O. breviligulata absence, presence
5. Frequency of abnormal kernels 0-3%, 4-10%, 11-25%, 26-50%, >50%
6. Rhizome development presence, absence
7. Flowering ability presence, absence
8. Panicle number per plant 0, 1-4, 58, 9-12, >12
9. Photoperiod insensitivity presence, absence
10. Self-compatibility presence, absence
11. Selffertilization rate 0. 01073, 1073.1072, >1072

habitats recently perturbed by man but not in the weedy condition,
which was restricted to small populations encountered in the vicinity of
cultivated rice fields. An extreme situation consisted of a weedy type
where the plants did not constitute populations but were scattered in
cultivated fields, recent fallows, or aongside irrigation ditches. In these
conditions, sympatry with O. breviligulata might have included weedy
forms involving various origins as discussed subsequently.

Figure 2 shows the representation of the 31 populations according to
our previous classification in the plane defined by axes 1 and 2 of a
factorial correspondence analysis involving the 11 characters represented
in Table 1. Axis 1 accounts for 28% of the total variability and axis 2 for
19%. The first axis is associated with flowering ability and flowering
intensity. A cluster may be isolated that includes most of large isolated
populations and that is characterized by low flowering components and
only occasional self-compatible plants.

The second axis is related primarily to sympatry with O. breviligulata
and secondarily to both absence of rhizomes and photoperiod insensitiv-
ity. Three groups may be observed. The populatiors growing sympatri-
caly with O. breviligulata are quite similar to the large population except
that their flowering ability is better. On the other side, scattered plants in
cultivated fields yield predominantly “obake” types with continuous
flowering habit. Most of them are self-compatible and can be considered
as hybrid swarms.

Some populations are close to this group, since they contain many
self-compatible rhizomatous plants with a high rate of self-fertilization
and occasional “obake’ types; these populations may represent posterior
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Fig. 2. Thirty-one populations of O. longistaminata plotted in the plane defined by axes 1
and 2 of an analysis of correspondences involving 11 characters relative to ecological
factors and breeding system. A ® = occurring in regularly flooded areas, B ¢ = in
temporarily inundated ponds, C A = in cultivated areas but not in the weedy condition,
D V¥ := weedy, in the vicinity of cultivated fields, E ® := weedy, scattered plants in culti-
vated fields or recent fallows, br = sympatry with O. breviligulata.
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evolutionary stages of hybrid swarms. Finally, most of the weedy popula-
tions congtitute the last group, in which no “obake” types were recorded
but frequent medium to highly self-compatible plants were observed. We
can point out the intermediate position of a population sympatric with O.
breviligulata that showed many self-compatible individuals. However, this
population was found in cultivated areas, and the wild origin of O.
breviligulata might be doubtful.

The third axis represents 15% of the whole variation and is linked only
to high frequencies of abnorma or deteriorated kernels. This axis is
characterized mainly by scattered plants as expected. However, Some
large populations of East Africa have frequently shown small kernels
filling the spikelets incompletely, although they could not be considered
as deteriorated. Sympatry with O. breviligulata showed a high level of
abnormal kernels, but no evidence of introgression was found such as
“obake” types or highly self-compatible individuals. This suggests differ-
ent relationships of O. longistaminata with its related species.

A second analysis was performed by extracting at random ten indivi-
duals among six populations representing each type previously described
and where sympatry with O. breviligulata was involved in both wild and
cultivated conditions. Factorial correspondence analysis was run by
computing only the six characters pertaining to breeding system (Fig. 3).
Axis 1 explains 53% of the whole variation and axis 2 explains 25%.

The first axis is related to flowering components and self-compatibility.
The second axis permits separation among self-compatible plants of
“obake” types from rhizomatous plants. Additional differences within
each of the two groups can be seen along axis 2; the rhizomatous plants
are distributed on the basis of their photoperiod insensitivity, and
“obake” types are classified according to their rate of self-fertilization.
Both large population and sympatry with wild O. breviligulata give a
narrow range of variability based on flowering components. The self-
fertilization rate of rarely occurring self-compatible plants is so low that
it can be considered accidental or as having no evolutionary significance.

On the contrary, the populations found in cultivated areas show a
large variability with high flowering ability even if the plants are self-
incompatible. Both rate of self-compatibility and photoperiod insensitiv-
ity among rhizomatous plants are associated with the presence of
“obake” types, and they increase as the cultivated fields become closer.
Sympatry with O. breviligulata releases self-compatible plants only when it
occurs in cultivated areas; this can be explained by the various origins of
weedy O. breviligulata, since they may include some forms belonging
taxonomically to O. breviligulata but that have arisen through introgres-
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Fig. 3. Fifty-seven plants belonging to 6 population types and plotted in the plane defined
by axes 1 and 2 of an analysis of correspondences involving 6 characters pertaining to
rhizomatous, flowering, and self-compatibility habits. The ecological classification is the
same as in Figure 2. Both population types and individual self-compatibility rates are
represented by a conventional symbol. br = sympatry with O. breviligulata, O = “obake”
type, nf = no-flowering ability.
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sion between independently domesticated African and Asian rices (18).

When considering al the data available, 14% of rhizomatous plants
are self-compatible; their rates of self-fertilization range from 0.1% to
27%, and up to 75% of these plants show a level of self-fertilization
below or equal to 1%. High levels of self-compatibility occur only
in populations from cultivated areas. On the other hand, 90% of “obake’
types are found to be self-compatible, with a similar self-fertilization
range (0.1% to 28%), and they can be thought as subsegquent progeny of
F; plants. Thus, our results suggest that self-compatibility and characters
related to reproductive effort by seeds originate from natural introgres-
sion with cultivated rice.

DISCUSSION

O. longistaminata can be considered as the African form of O. perennis,
which can be divided into four geographical groups based on phenotypic
analysis and F; dterility relationships, the American, Asian, Oceanian,
and African forms constitute different clusters that are assumed to have
evolved independently of one another (11). Isozyme surveys on 24 loci
showed a large genetic distance between O. longistaminata and a cluster
made of Asian and American forms of O. perennis, O. breviligulata, and the
cultivated rice species (19). Strong differences are observed between
African and Asian wild rices belonging to the O. sativa species complex.
In Asia, a continuous array of intermediate forms is seen from selfing to
partial outcrossing and from annua to perennia habits (14). Since
extensive hybridizations have occurred between O. sativa and wild rices,
the classification of Asian O. rujpogon Griff. (= O. perennis Moench) into
two species, namely O. rufipogon sensu stricto for the perennial form and
O. nivara Sharma and Shastry for the annua one, can be thought only as
conceptual because it may represent the situation in the paleoenviron-
ment (3). On the contrary, no such continuum is found in Africa; annual
autogamous and perennia alogamous forms give easily distinguishable,
true species, namely O. longistaminata and O. breviligulata. According to
genetic distances and climatic conditions prevailing in paleoenviron-
ments, both species might have originated from Eurasia and invaded
Africa, but the migration probably lasted longer for O. breviligulata,
which is adapted to temporary ponds and to dissemination by cattle (19).

According to Stebbins (21), our results suggest that strict self-
incompatibility acts fully only in large undisturbed populations that can
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store up a large amount of genetic variation. Hardy-Weinberg expecta
tions were tested on some loci and were in accordance with observed
genotype frequencies (20). This can be an indication of predominant seed
reproduction, but the low flowering ability and the poor seed production
in open pollinated conditions suggest that a balanced breeding system
between vegetative and sexual reproduction operates in these popula
tions.

Sympatry with wild O. breviligulata gives no evidence for natural
introgression, and the crossing barrier tends to be strongest when hy-
bridization is attempted with that species (5,7). It is possible that O.
longistaminata has strengthened its crossing barrier towards O. breviligulata
in order to protect itself from natural hybridizations because the gene
flow in their sympatric populations is directed only towards the cross-
pollinated species.

Evidence for reciprocal genetic exchanges with cultivated rices was
seen at the isozyme level (6, 10, 20). Hybrid swarms and self-com-
patible populations were found in weedy conditions, and some of
these populations showed clear effects of inbreeding (unpublished data).
The reproductive barrier may not be as strong with O. sativa as with O.
breviligulata because of the recent introduction of Asian cultivated rice in
Africa. However, the breaking of self-incompatibility through hybridi-
zation with O. sativa can also be promoted, since natural habitats of O.
longistaminata are now reclaimed for rice cultivation. Consequently, large
original populations are split into a lot of small weedy populations. In
these conditions, the cost of reproduction by strict self-incompatibility
increases, since the effective population size becomes smaller and natural
interspecific hybridizations can be favored due to a lack of intercompati-
ble lines. In addition, agricultural practices disturb habitats, which
become unsuitable to rhizome propagation. Thus, the acquisition of
self-compatibility permits elimination of lethal genes and genes causing
inbreeding depression in order to release plants with improved flowering
ability and high seed production. They can be adapted to habitats
perturbed by man and can develop a vigorous weedy habit.
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Isozymes have proven to be good markers for making systematic and phylogenetic
inferences in many living organisms. A technique was developed to revea
isozymes at more than 40 loci in rice and was applied to the study of the genetic
structure of the Sativa and Latifolia groups of species. This paper presents a
summary of the results and their interpretation that were published elsewhere.
The distinction of two cultivated species and of the indica and japonica subspecies of
O. sativa was confirmed. No selection of particular alleles was observed in
cultivated O. glaberrima compared with its direct wild ancestor. The
interrelationships among wild species of both the Sativa and Latifolia groups can
be interpreted as reflecting divergence due to genetic isolation. They suggest an
evolutionary scenario coherent with tectonic and climatic modifications in the Old
World since the mid-Tertiary era. Before domestication, the Himalaya range
enhanced a differentiation of O. rufipogon in China and South/Southeast Asia,
which is related to the indica-japonica genetic structure. Reciprocal introgression
between the indica and japonica subspecies has probably been determinant in
building the genetic diversity of O. sativa.

he term isozyme describes different molecular forms of enzymes

with the same substrate specificity. They may represent products of
different alleles at a given locus (allozymes) or products of different loci.
Their study has gained popularity since the 1960s when the simple
electrophoretic technique was developed and revealed an unexpectedly
large amount of genetic polymorphism at the molecular level within
populations and species of various organisms. Additional techniques
coupled with electrophoresis, such as the study of isozyme thermostabil-
ity, have unraveled still more variability, although it is now well estab-
lished that these techniques are able to evidence only part of the total
variability at the level of DNA. The polymorphism “hidden” by these
techniques is large when individuals that are compared belong to more
distantly related taxonomic units.

The isozyme approach has been widely applied to the study of plant
genetics and breeding (20). Still, compared with animals, it has been
applied very little to the study of phylogeny in plants. The reasons for this
situation appear to be well exemplified in the case of Oryza.
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Research on rice isozymes started early (4) but was limited to genera
enzymes that are stained by artificial substrate and show complex
zymograms (peroxydases, esterases, acid phosphatases). Considering the
large genetic diversity present in a single species group like the Sativa
group in Oryza, it is not possible to infer loci and allelic relationship from
such complex zymograms. The earlier studies failed to use the basic
power of isozymes compared with morphological characters.

Another factor seems to have refrained researchers from using
isozymes for phylogenetic studies on rice and other plants. Earlier studies
showed that isozymes are often under apparently strong direct selection.
Their polymorphism can be supposed to be subjected to genetic con-
vergence according to a selection pressure like domestication (5). On the
contrary, it has become more and more apparent that enzyme electro-
phoresis provides data that differ fundamentally from morphological,
macroscopic characters. They represent primary products of structural
genes that appear to be well conserved among organisms compared to
other classes of DNA. They are thus geneticaly determined in a simple
way and are generaly neutral to direct selection or subjected to only
dight selection coefficients (although they may be associated with
selected genes on the chromosome segments). Besides, they can be
compared on the same ground between the cultivars and the weedy or
wild forms of a domesticated species complex.

We developed a technique on starch gel to strain more than 13 rice
enzymes encoded at more than 40 loci. Provisiona inferences on genetic
determinism were based on the comparison of polymorphism observed in
self-pollinated and closely related outcrossed species, and on general
knowledge of the secondary structure of the enzymes considered. At
present, more than 20 of these loci have been checked for Mendelian
segregation of various aleles among the Sativa group of species (19). So
far the results have aways confirmed previous assumptions and have
enhanced confidence in an assumed genetic determinism.

This technique was used to determine genetic structure and genetic
distances among cultivated rice and the Sativa and Latifolia groups of
species congtituting the section Eu-Oryza of the genus Oryza. Because of
the large genetic diversity studied, and because of some technical con-
gtraints, not all loci were always surveyed;, but at least 17 or 24 were
analyzed.

Detailed results have been published elsewhere (14, 15, 16, 17). This
paper gives a general overview of the main results and their interpreta-
tions from the phylogenetic viewpoint.
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THE GENETIC STRUCTURE OF CULTIVATED RICE

While none would dispute an Asian origin for O. sativa, Portéres (12)
suggested an independent domestication of O. glaberrima in Africa This
hypothesis was challenged, however, particularly by Nayar (9), who
proposed that the origin of O. glaberrima was also India

The relationship between O. sativa, O. glaberrima, and the latter’s wild
and weedy relative O. breviligulata was studied in detail at 40 loci. The
following conclusions were reached:

As shown in the multivariate treatment of the data in Figure 1, the
cultivated, wild, and weedy African species form a group clearly
distinct from O. sativa. The diversity of O. breviligulata is greater than
that of O. glaberrima; domestication has reduced the gene diversity
but has not selected new alleles.

Two groups are clearly distinguished among O. sativa corresponding
to the indica and japonica subspecies or to the traditional distinction
(among others) of the Hsien and Keng types by the Chinese.
Intermediate types between the indica and japonica subspecies exist
that show particular alleles and/or particular characters such as
inducing cytoplasmic male sterility or adaptability to upland or
floating conditions. This point and the previous one are clearly
corroborated by a study of a much larger collection of O. sativa (7).
The distribution of F; pollen sterility relationships among O. sativa
is related to some extent to its isozyme polymorphism as it leads to
the extraction of two small groups of varieties with a complemen-
tary set of isozymes. All genotypes among O. sativa except rare
alleles can be explained by hybridization between these varieties,
which are assumed for that reason to represent the “ancestral”
indica and japonica isozyme sets.

An approximately equal genetic distance was found between O.
glaberrima and the “ancestral” indica andjaponica in the three combi-
nations as shown in Figure 1.

Some of the weedy strains (according to their occurrence in rice
fields or recent fallows) of O. breviligulata show two aleles frequent
in O. sativa but never found in wild strains of the same species, nor
in O. glaberrima. In connection with field observations and artifi-
cia hybridization experiments, this strongly suggests that, according
to Nayar's hypothesis, some of the weedy strains of O. breviligulata
have their origin in the introgressive hybridization of O. glaberrima
by O. sativa.



30 RICE GENETICS

Fig. 1. Sixty strains of cultivated rice or wild and weedy O. breviligulata plotted in the
first plane for a principal coordinate analysis of the genetic distances scored at 40
isozyme loci. Their classification is indicated by conventlonal symbols. Among O. sativa,
an open symbol indicates a negative phenol reaction and allows the distinction of an
indica and a japonica group. The dotted triangle shows that approximately equal genetic
distances are found among the three groups of cultivated rice (about 15 allelic
discordances over 40 loci scored).

It should be stressed here that, most unfortunately, the distinction of
the indica and japonica subspecies made above does not correspond to the
morphological distinction of the indica, japonica, and javanica morpho-
logical types widely in use, at IRRI in particular. However, it very closely
corresponds to the “Continental” and “Insular” groups of Oka (10) and
doubtless to a basic subspecific differentiation of O. sativa in which the
javanica type is part of the japonica subspecies. Illustrative of this fact is
the observation that both the indica and japonica subspecies present all
morphological types of spikelets often used to distinguish the indica,
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japonica, and javanica morphologica types.

The above results are interpreted as reflecting a differentiation of the
direct ancestors of cultivated rice into three species of subspecies prior to
domestication. The rich ecotypic and varietal diversity of present O.
sativa would have arisen (a) from introgressive hybridization between the
indica and japonica incipient cultivars themselves and between the culti-
vars and the local wild rice in the various areas of their dissemination and
(b) from selection by man superimposed on this basic genetic structure.

It is well known that hybridization may be an evolutionary stimulus,
particularly in areas disturbed by man and for the origin of domesticates,
both plants and animals (1). We followed that model for the origin of
rice. However, two main questions arise:

® What kind of evidence do we have to warrant the assumption of a

long time of isolation of the various ancestors of cultivated rice in
different environments prior to their domestication?

® Is the introgressive hybridization of O. sativa, which has probably

built most of its diversity at the isozyme level, a mere artifact of its
success in bringing it to various ecological and geographical envi-
ronments or, on the contrary, does this phenomenon explain its
success to a significant degree?

Elements of the answers to these questions should lie in the study of the
wild relatives of cultivated rice.

THE GENETIC STRUCTURE OF THE SATIVA GROUP

A fairly complete collection of the Sativa group with Australian, Chinese,
South and Southeast Asian, African, and American origins can be
congtituted and studied at 24 isozyme loci. A striking result is apparent
in Figure 2. Only O. Longistaminata and the Australian form of O. rufipogon
can be unambiguously distinguished from the remaining taxa of the group.
The maximum genetic distance was found between the Australian taxa
and others with common alleles differing at 10 out of the 24 loci. On the
other hand, the glaberrima, indica and japonica cultivated rice were all
found to be relatively similar to each other and to O. breviligulata com-
pared with the diversity within the Asian form of O. rufipogon itself.
When the Asian O. rufipogon was considered alone, some Chinese
strains appeared divergent from any strain originating outside China,
while being very close to the japonica isozyme set. They originated in
Kwangsi Province and showed no trace of introgression from cultivars.
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Fig. 2 Strains of spontaneous forms of the Sativa species group plotted in the first plane
of a principal coordinate analysis of genetic distances scored at 24 isozyme loci. The
geographical origins and taxonomic classification are indicated by conventional symbols.
The position of cultivated rice is indicated by the three "ancestral" isozyme patterns of
indica, japonica, and glaberrima types of cultivars introduced as supernumerary
individuals.
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On the other hand, the indica isozyme set was closer to many strains
found in South or Southeast Asia

In view of the large polymorphism in the Sativa group, another
striking result was that the American form of O. rufipogon, athough
morphologically slightly divergent, shares al its common aleles with the
Asian form of O. rufipogon. This fact definitely proves that the American
strains studied did not evolve independently from their Asian relatives for
a very long time. They have rather been recently introduced, probably by
man, and naturalized in America.

In contradiction to the above statement, Barnes and Pental (2) found a
divergence at the DNA level of some American strains compared to a few
Asian ones. However, from our study (17), those Asian strains most
closely related to American strains are found in Malaysia and Indonesia.
These were not included in the DNA study cited above.

THE GENETIC STRUCTURE OF THE LATIFOLIA GROUP

As understood here, the Latifolia group includes O. australiensis, because
its affinity at the isozyme level confirms macroscopic observations. The
Latifolia group thus comprises three diploid genomes (defined on cy-
togenetic grounds) — BB with maximal distribution in Africa, CC in
Asia, and EE in Australia— and two tetraploid genomes — BBCC found
in Africa and Asia and CCDD found in America.

Strains representing most of the various forms and species described in
this group were studied, but only one was probably from China (it
corresponded to the CCDD genome). Figure 3 shows the interrelation-
ships among them as analyzed at 17 loci.

Representatives of each diploid genome were found at extremes of the
distribution, while allotetraploids, and also some diploids with the CC
genome, were found intermediate between them. Intermediate diploids
include O. eichingeri and a group of O. officinalis from Indonesia and the
Philippines. Accordingly, two groups were formed within O. officinalis:
one presumed ancestra (CC1l) and one presumed introgressed (CC2)
with genes from genome BB.

Compared to conventional taxonomy, the classification was made easy
within such complexes as O. eichingeri and diploid and tetraploid O.
punctata or between O. officinalis and tetraploid O. minuta or O. malampu-
zhaensis.

A remarkable observation was that the maximum distances found
between the BB, CC1, and EE genomes (Nei’s distance on the order of 1)
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was not greater than those found between the Australian and other
strains of the Sativa group with the single genome AA.

Fig. 3 Twenty-six strains representative of the various forms of the Latifolia species
group plotted in the first plane of a principal coordinate analysis of the genetic distances
scored at 17 isozyme loci. The groups are symbolized according to the genome or
subgenome they represent and correspond to the following taxonomical classification.
BB= O. punctata (diploid); CC1= O. officinalis "ancestral"; CC2= 0. officinalis
introgressed with the genes from genome BB; CCei= O. eichingeri; DD= a putative
isozyme set of genome DD; EE= O. australiensis; BBCC= O. punctata (tetraploid), O.
malampuzhaensis, and O. minuta; CCDD= O. latifolia, O. alta, and O. grandiglumis.

EVOLUTIONARY INTERPRETATION

A coherent evolutionary interpretation of the genetic structure found in
both the Latifolia and the Sativa groups appears to be possible based on
the two following postulates:
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® In the case of genetic isolation, there exists a correlation between

isozyme divergence and the time since divergence occurred (molec-
ular clock).

Migration of wild rice naturally occurs on land only and by short
distances at a time, but man has promoted the migration of wild
and cultivated rice (directly and indirectly) across oceans and high
mountains.

A common ancestor of the genus Oryza in Eurasia seems to be a reason-
able assumption, since only in Asia are found the forest-adapted species
such as O. meyeriana, O. ridleyi, O. officinalis. (Based on their relationship
with Asian species, O. eichingeri in Africa and the American species are
assumed to be recently naturalized) Both the Sativa and Latifolia
groups may have migrated to Australia and Africa during the Tertiary
era by land and remained subsequently isolated by geographical and/or
climatic barriers. The recent uplift of the Himalaya range (8) can explain
the divergence between Chinese and non-Chinese Asian populations of
wild rice. As indicated in Table 1, a remarkably good agreement was
found between electrophoretic dating and the sequence of events in the
palecenvironment that should have created barriers to the migration of
wild rice within the Old World.

Because of the relative affinity of the wild annual O. breviligulata with
al cultivated forms and aso because accumulating favorable genes
should be easier within self-pollinated types, it is assumed that incipient
domestication of rice started from annual forms. It might have begun
independently in various areas in Asia and Africa, as it does not involve
catastrophic changes in the plant architecture nor physiology. As a
matter of fact, incipient domestication of annual forms is apparently still
going on in Western India (18). However, a differentiation of the wild
progenitors in Africa, South/Southeast Asia, and China existed prior to
domestication as well as in the respective cultures of the different ethnic
groups in these areas. It may be assumed that a combination of these
factors has resulted in the genetic differentiation of cultivated rice into
three main subspecies or species.

Subsequently, disturbance of primitive habitats and seed transporta-
tion promoted introgressive hybridization between gene pools geographi-
cally, ecologically, or genetically isolated. In that sense, no doubt, the
various forms of Asian O. rufipogon have all contributed to the origin of O.
sativa. In turn, many strains of the wild and weedy O. rufipogon have
introgressed genes from cultivars. The situation, which can be studied in
Africa, with introgression going on between O. glaberrima and O. sativa on
one hand and between O. sativa. and the wild perennial O. longistaminata
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Table 1. The correspondence between electrophoretic dating for the main
genetic divergences within the Sativa and Latifolia groups and the tectonic
or climatic events in the paleoenvironment that should have created a
barrier to the migration of species of Oryza according to their

environmental requirements.

Electrophoretic dating of
genetic divergence

Tectonic or climatic events in the
paleoenvironment

Australian vs non-Oceanic strains
of the Sativa or Latifolia group:
15 My*

Collision of the Australasian plate
with Southeast Asia

Asian vs African strains, Latifolia
group (basically forest-adapted): 15 My

O. longistaminata (adapted to humid
savanna in Africa) vs Asian O. rufipogon:
7MY

O. breviligulata (adapted to dry savanna
in Africa) vs Asian O. rufipogon:

2-3 My

- Opening up of the Red Sea

- Establishment of a climatic barrier
between Asia and Africa according
to the sequence:

humid forest

humid savanna
dry savanna
desert (for rice)

Chinese vs South/Southeast Asian
O. rufipogon: 2-3 My

Indica vs japonica

subspecies of O. sativa: 2-3 My

Emergence of the Himalaya as a
barrier to land migration

*My=millions of years.

(6) on the other, could be illustrative of what has happened in Asia since

prehistoric  times.

Figure 4 diagramatically depicts the proposed phylogenetic relation-
ships of cultivated rice with its ancestors in the Sativa group. It is
deduced from the isozymic genetic structure but appears to be coherent

with all facts known to the author.

This model of evolution for rice seems to be

in accordance with

published knowledge as a whole, even if it is contradictory with many
interpretations previously put forward (3, 11) as discussed in Second

(16).

We may briefly answer now the two questions raised earlier:

e The role of the Himalayan mountain range as a geographic barrier
becomes even more probable when one considers that (a) the Sativa
group is found in open habitats (humid or only locally humid

savannas) and (b) conditions suitable for O.

rufipogon probably
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Fig. 4 Phylogenetic relationships of the two cultivated rice species in Asia and Africa.
Taxa boxed by solid lines are wild perennials. Taxa boxed by broken lines are annuals.
Taxa boxed by dotted lines are weedy types Arrows in heavy lines indicate direct
descent. Double arrows indicate introgressive hybridization, which seems to occur
between all sympatric or parapatric forms. However, O. longistaminata and O.
breviligulata are isolated in their natural habitat by reproductive barriers particularly
developed. The subspecies indica and japonica are conceptual in the sense that they
are meant to represent incipient cultivars in China and South/Southeast Asia. They
correspond nevertheless to a fundamental dichotomy within O. sativa.

existed in Central Asia until its desertification during the Quater-
nary era (21) and in central China until historical times. Low levels
of migration might have occurred among the areas of China and
South Asia through the mountainous area of Indochina. However,
there have never existed large, emerged plains between them, even
when the sea was at its lowest and the islands of Southeast Asia
were part of the continent.

®* In the Latifolia group, alopolyploids seem to have developed by
combination of genomes originating on two different continents —
Africa and Asia for the BBCC forms in particular. They are adapted



38

RICE GENETICS

to environments newly opened due to the disturbance of man. By
analogy we should assume that in the Sativa group introgression
between cultivars native to China and South/Southeast Asia and
the Hsien type of Southern China are good candidates as represen-
tatives of such an event from the point of view of their genetic
affinities, their growing environment; as well as historical consider-
ations.

Also, besides introgressive hybridization per se, there is the possibility
that the hybridization of two genomes previously isolated for a long time
has a mutagenic effect as evidenced or presumed in other organisms like
the mouse, frog, and Drosophila in particular (13). This could account for
the rare electromorphs found in O. sativa, particularly in those varieties
that do not really fall in the indica nor the japonica subspecies (7, A.
Ghesquiere and A. de Kachko, personal communication). Some of these
alleles are not observed in the wild species. This hypothesis represents an
appealing model for the evolution under domestication of species poly-
phyletic in origin such as O. sativa.
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The phylogenetic relationships of the cultivated rices, O. sativa and O. glaberrima,
to the complex of species grouped under the heading of O. perennisis far from
clear. We have analyzed a series of accessions from each of these species for the
isoelectric focusing patterns of ribulose bisphosphate carboxylase/oxygenase
(rubisco), and for the presence and organization of a number of coding and
noncoding repeated sequence families. The results of these studies indicate a very
close relationship between O. sativa, O. glaberrima, and O. perennis accessions from
Africa, Asia, and South America. Two South American accessions of O. perennis
differed from the others and from the cultivated rices, indicating that O. sativa and
O. glaberrima must have diverged from the O. perennis complex more recently than
some species that have been hitherto considered to be members of the complex.
The results are certainly not consistent with the view that the cultivated rices have
been isolated from one another and from their wild progenitors since the time of
continental  drift.

he phylogenetic relationships between the cultivated rices (O. sativa

and O. glaberrima) and the O. perennis species complex are the subject
of much discussion. O. sativa is the magor cultivated rice on the Asian
continent, while O. glaberrima is cultivated in West Africa. South America
has no naturally occurring cultivated rice but shares with Southeast Asia,
China, and Africa a complex of species, grouped under O. perennis. The
complex includes O. rufipogon or glumaepetula in South America, O.
rufipogon and O. nivara in Asia, and O. longistaminata and O. barthii or O.
breviligulata in Africa (1,2,10,11,15). One school of thought (1) proposes
that the cultivated rices O. sativa and O. glaberrima arose independently in
Asia and Africa, respectively, from species of the O. perennis complex.
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Nayar (11), on the other hand, suggests that O. glaberrima evolved from
O. sativa within the last thousand years.

We have attempted to complement the existing understanding of
morphological variation between the species by a study of wild and
cultivated rices at the levels of repeated DNA sequences and rubisco
polymorphism.

RESULTS
Fraction 1 protein analysis

Ribulose bisphosphate carboxylase/oxygenase (rubisco) contains chloroplast-
encoded (large) and nuclear-encoded (small) subunits. Rubisco was
purified from a number of rice accessions by preparative polyacrylamide
gel electrophoresis of total leaf protein. The proteins were then subjected
to isoelectric focusing (Fig. 1). In al cases, the small subunit is seen as
essentially the same pair of bands (visible most clearly for O. nivara). The
accessions differ for their large subunits, however. O. sativa, O. glaberrima,
O. nivara, Asian O. perennis, and African O. perennis al display similar
isoelectric focusing patterns. Two of the South American O. perennis
accessions—from Venezuela and Brazil (IRRI 100924)—also share this
pattern; O. perennis from Surinam and Brazil (IRRI 100970), however,
share a different pattern. O. australiensis has a unique isoelectric focusing
pattern, confirming its identity as a distinct species.

Repeated DNA sequence analysis

Repeated DNA sequences congtitute a considerable proportion of plant
genomes. These sequences may be broadly categorized into tandemly
repeated (or “satellite’) components, and dispersed repeated sequences
(interspersed with either single copy or other repeated sequences). Most
of these repeated elements are apparently noncoding and appear to
evolve at fairly high rates (4). We have used two repeated sequences as
hybridization probes to identify components shared by the genomes of O.
perennis species, O. sativa and O. glaberrima.

Tandemly repeated DNA sequences. Figure 2 shows the results of
probing various restriction enzyme digests of O. sativa DNA with a 350
bp fragment isolated as a prominent band in an EcoRI digest of O. sativa
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Fig. 1. Isoelectric focusing of ribulose bisphosphate carboxylase/oxygenase (rubisco)
from cultivated and wild rice accessions. All rubisco bands are arrowed in O. sativa. The
purification of these proteins and the origins of all accessions used in this study are
described in 14; accession numbers are those supplied by IRRI.

DNA and radiolabelled by nick trandation using 3°P-dCTP. In several
digests the probe hybridizes to a series of fragments that are multiples of
350 bp. The simplest conclusion is that members of the “RI 350" family
are found in a tandem arrangement in the O. sativa genome. The fact that
different restriction enzymes digest the arrays to differing extents (com-
pare EcoRIl, Bstl, and Bcll digests) suggests that some blocks of the
satellite that have been recently reamplified (or homogenised) include
these redtriction sites. EcoRI sites are found in the vast majority of
repeating units and are presumably part of the “ancestral” repeating
unit.

The RI 350 sequence has been used to probe Southern blots of
EcoRlI-digested DNA from various Oryza accessions (Fig. 3). It can be
seen that all DNAs possess sequences homologous to this probe except
two O. perennis accessions from South America — from Brazil (No.
100970) and Surinam — and O. australiensis. All other DNAs have this
sequence, with essentially the same repeating structure as O. sativa.
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Fig. 2. Hybridization of O. sativa RI1 350 probe to restriction digests of O. sativa DNA.
Approximately 5 pg DNA was digested per track. Fragment lengths (base pairs) are
indicated. DNA isolation, conditions for restriction, blotting, radiolabelling, and DNA
hybridization were carried out as described by 6.

Interspersed repeated DNA sequences. Digestion of O. sativa DNA
with EcoRI yields a prominent band 830 bp in length. This was radio-
labelled and hybridized to EcoRI-digested DNAs (Fig. 4). The pattern of
hybridization shows that the RI 830 family of sequences is found in all
accessions, with some minor differences in organization. In all species, a
band is seen a 830 bp, indicating conservation of this element since the
divergence of these species. This band is somewhat reduced in O.
australiensis, reflecting its distant relationship to the other species. Other
minor bands are seen in all accessions. The fact that the bands are not
related in intensity or molecular weight, aong with the observation that
the bulk of hybridization is to a broad smear of many different genomic
fragments, suggests that the Rl 830 sequences form an interspersed DNA
family.

When DNAs from the various accessions are compared, it is clear that
this family of sequences is relatively well conserved. The differences that
can be seen in the minor bands of homology (corresponding to subfami-
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Fig. 3. Hybridization of the Rl 350 probe to EcoRI-digested DNAs from nine Oryza
accessions; equal amounts of DNA were loaded in each lane.

lies of the RI 830 sequences) generaly reinforce the conclusion from the
use of the Rl 350 probe that all accessions have similar bands except O.
australiensis and the O. perennis accessions from Surinam and Brazil (No.
100970).

Ribosomal RNA genes. Ribosomal RNA is encoded by two major
types of gene: The 18S and 25S rRNAs are cotranscribed from the major
rDNA repeats present in several hundreds of copies per genome; the 5S
rRNA genes are found in separate tandem arrays.

In rice, the small genome size (0.6 pg/haploid genome) means that
rDNA sequences may be visualized as a band when restricted DNA is
electrophoresed on agarose gels (arrowed in Fig. 5). That these bands
correspond to rRNA genes is shown by their hybridization to a wheat
rDNA clone. Digestion with EcoRI results in single bands of around 9 kb
in most accessions, suggesting that EcoRI cleaves the rDNA repeat once.
The length of the EcoRI fragment is variable among accessions yet
relatively homogeneous within genomes. This is in good agreement with
observations in other eukaryotes, where rDNA repeats vary in length of
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Fig. 4. Hybridization of the RI 830 probe to EcoRI-digested DNAs from nine Oryza
accessions. A major band of hybridization at 830 bp is seen in all accessions. An
additional conserved higher molecular weight band is indicated by arrows.

nontranscribed spacer sequences, athough repeats within a single array
are normaly homogenous (9). In two of the species examined here there
is evidence of heterogeneity: O. perennis (Brazil) and O. perennis (Vene-
zueld) both have two major bands of rDNA in an EcoRI digest.

Figure 6 shows the patterns of rDNA digestion obtained with BamHl;
bands are identified by hybridization with the wheat rDNA clone pTA71
(7). In al DNAs one 3.7kb band— presumably including the coding
region—is conserved. The other band(s) vary in length between accessions;
these fragments include both the variable (hontranscribed) spacers and a
short region of the coding sequence. The heterogeneity seen in EcoRI
digests of some DNAs is correlated with changes in the nonconserved
band in BamHI digests. O. perennis (Brazil), for example, shows two clear
spacer bands;, O. perennis (China) shows three.

The origin of the heterogeneity is not clear from these data. It is
apparent that most species have homogeneous sets of rDNA repeats. In
those that have two or more classes of repeat, the intensity of hybridiza-
tion suggests that the classes are of roughly equal abundance. Where
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Fig. 5. Digestion of DNAs from nine Oryza accessions with EcoRl (left) and BamHI
(right). DNAs were electrophoresed through 0.5% agarose gels and stained with
ethidium bromide. Prominent bands (arrowed) correspond to the major rDNA repeat unit.
a = O. australiensis; b = O. perennis (China); ¢ = O. nivara; d = O. sativa; e = O.
glaberrima; f = O. perennis (Nigeria); g = O. perennis (Surinam); h = O. perennis
(Venezuela); i = O. perennis (Brazil); m1 = bacteriophage lambda DNA digested with
Hindlll and EcoRI; m2 = bacteriophage lambda DNA digested with Hindlll.

there are only two classes, it may be that the two repeat lengths represent
rDNA clusters on homologous chromosomes, each homogeneous for a
different repeat length; alternatively, they may be present in different
nucleoli, each homozygous for one type of repeat.

The restriction patterns of rDNA shown in Figure 6 do not permit any
general conclusions with respect to rice phylogenetics. The rapid rates of
change exhibited by rDNA clusters (5) could easily result in patterns that
are effectively independent of their evolutionary ancestry.

Figure 7 shows the pattern of hybridization of a heterologous (flax) 5S
rRNA gene probe (pBG13; 8) to Rsal digests of nine rice DNAs. Severd
bands of hybridization are seen in most genomes.

All species (except O. australiensis) have a major band between 300 and
450 bp (open arrow), and in many species another band is visible with
double this monomer length. The major repeat length is 310 bp (in O.
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Fig. 8. Hybridization of wheat rDNA to BamHI-digested Oryza DNAs. The BamHI digests
shown in Figure 5 were transferred to nitrocellulose and hybridized with®? P-labelled
pTAT71. The repeating unit contains, in most cases, two sites for BamHI, both lying within
the conserved coding region. Cleavage with this enzyme releases one fragment of
constant length (arrowed), and a second fragment that displays considerable length
variation both within and between accessions, presumably due to heterogeneity in the
nontranscribed spacer.

glaberrima it is 295 bp), except O. perennis (Surinam), O. perennis (Brazil),
and O. australiensis. The two exceptional O. perennis accessions share a
repeat length of 425 bp. This heterogeneity in repeat length presumably
reflects differences in spacer size, similar to that already described for the
much larger repeat of the rDNA. All nine DNAs share a further con-
served band (solid arrow) at around 1150 bp. We suspect that this does
not represent the major 5S repeat in rice species, however, since this band
is removed by washing the filter at higher stringency (for 90 min in IXSSC
(0.15 M NaC1, 0.015 M Na citrate) at 65 °C, compared with our normal
conditions of 4xSSC at 65 °C 40 min). Hybridization to other bands is
retained at higher stringency, however (unpublished data).



STUDY OF EVOLUTION 49

Fig. 7. Hybridization of flax 5S rDNA to Rsal-digested rice DNAs; digests were
electophoresed in 2% agarose gels. Accessions a - i are as listed for Figure 5 (for
description, see text).

DISCUSSION

The results presented here shed considerable light upon the evolutionary
relationships of the Oryza species studied. First, it is clear that O. sativa,
O. glaberrima, and O. perennis are very closaly related. The nuclear subunit
of rubisco is homogeneous throughout al accessions studied, and all but
two of the O. perennis accessions have identical chloroplast-encoded
subunits. In these respects the accessions studied are considerably more
homogeneous than the vast majority of wild rices that have been exam-
ined using these markers (D. Pental, unpublished data).

These relationships are supported by the results of repeated DNA
analysis presented here. The RI 350 satellite DNA is present in all DNASs
except O. australiensis and two O. perennis accessions from South America.
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The RI 830 family of sequences is less discriminating in its patterns of
hybridization; homologous segquences are found in all accessions exam-
ined here, athough some of the minor bands support the relationships
indicated by rubisco and RI 350 analysis. The principal repeat length of
5S rRNA genes is aso in agreement, indicating overall similarity between
all accessions except the same two O. perennis (those from Surinam and
Brazil).

All of the results presented here confirm the close relationship between
O. sativa and O. glaberimma, on the one hand, and O. perennis accessions from
Asia, South America, and Africa, on the other. Some South American O.
perennis, however, are quite distinct from these, implying that the culti-
vated rices are more closely related to some O. perennis species than the
different O. perennis accessions are to one another, even within the same
continent. Thus it is clear that O. sativa and O. glaberrima have evolved
only recently from species of the O. perennis complex. Our results do not
support Chang’s (1) proposal that rice populations separated at the time
of continental drift.

These conclusions are in good agreement with relationships that may
be deduced from morphological and breeding data: O. sativa is virtually
indistinguishable from O. glaberrima (13), with which it can cross
(3,11, 12). Similarly, O. sativa interbreeds with O. nivara in Southeast Asia.

Rubisco and, particularly, repeated DNA sequences serve as extremely
useful markers for tracing the evolutionary history of rice genomes. The
application of these techniques should indicate which wild rices are likely
to be the most useful in wide-cross breeding programs and will in the
future provide useful genetic markers for following genomes in such
programs.
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NEW FINDINGS Q. SHAO, H. ¥I,
CONCERNING THE ORIGIN Insitute of Genetics
OF RICE Beijing, China

Data on recently recorded wild species of rice in China are reviewed. The
geographical distribution, taxonomical and morphological characteristics,
ecological characteristics, genome structure, and potential of wild rice in breeding
of improved cultivars are discussed. Oyza sativa f spontanea, O. officinalis, and O.
meyeriana were found in Guangdon and Guangxi Provinces. O. sativa f spontanea was
found in many places in large, pure populations of sometimes more than 28 ha. O.
sativa f spontanea has a very wide area of distribution and has great polymorphism
within the species concerning morphological, ecological, and physiological features
that gave this species great potential for evolution into modern cultivated rice. O.
sativa f spontanea has the genome AA and is closely related to cultivated rice. The
common wild rice can be a very useful parent for breeding disease resistant
varieties with high quality seeds and male sterile lines.

he problem of the origin and evolution of rice has been studied for a

long time. The immediate wild relatives of the cultigen — O. rufipo-
gon Griff, O. nivara Sharma et Shastry, and the spontanea forms of O. sativa
— have been found in Guangdon, Guangxi, Yunnan, Tawan, and
Kiangsu and on Hainan Idand (1). The Asian species of Oryza would
have spread to adjacent areas following the drift and subsequent union of
the South Asian plate with the Asian mainland. Most rice researchers
now agree that the area of greatest diversity of O. sativa is located in a belt
extending from the Assam-Meghelaya area in India to mountain ranges in
mainland Southeast Asia and Southwest China. After a study of poly-
morphism in rice, Ting (9) divided cultivated rice into two subspecies —
O. sativa ssp. Hsien Ting (usually called indica) and O. sativa ssp. Keng
Ting (usualy called japonica). Hsien is the dominant race in China,
covering most of the production areas of the Yangtze River Basin. The
oldest sample of Hsien rice found in the lower Yangtze Delta is from the
Ho-mu-tu site in Yi-yao-hsien, Chekiang. The rice grains, hulls, and
stems excavated from Ho-mu-tu are dated at 5008 BC (1). Even older
examples have been found (10). The forms and the seed size are polymor-
phic and comprise a large population. So the large variability and com-
plexity of ancient rices gave them great potential for evolution at a later
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time, and they differentiated into the modern Hsien and Keng types. It is
quite clear that the southern and the southwestern parts of China are
very important places in the origin of rice. But the opinions of different
scientists about the origins of rice are different. Ting (9) suggests that the
southern part of China is the place of origin of rice, but others suggest the
plateaus of Yunnan and Kweizhou Provinces (6). So new research and
field expeditions are very important in clarifying these problems.

From this point of view, the recent discovery of wild rice in Guangdon
and Guangxi is verv interesting. Intensive observation showed the geo-
graphic distribution, morphological and taxonomical variations, ecologi-
cal characteristics, genome structure, and potential of wild rice in breeding.

GEOGRAPHIC DISTRIBUTION

In Guangdon Province, wild rice O. sativa f spontanea is usualy distributed
in large populations 30600 m above sea level. The area ranges from
Taiwan in the east (121°15° E) to Jinghungzhen, Jinghungshien, Y unnan
(100°47" E) in the west and from Hainan Island in the south (18°15" N)
north to Taiwan (25°00° N). In this wide area O sativa f spontanea is found
in almost all water-covered places. Sometimes it is found in almost pure
populations in areas up to 100 ha as in Teluntag, Haking County (4).

In Guangxi Province, wild rice is found in 41 counties out of 86, espe-
cidly in the southern part of the province. It is concentrated in large
populations in the counties of Xiangzhou, Laibin, Wuxuan, Kweiping,
Kweishien, Binyang, Shanglin, Hengshien, Yulin, Hepu, and Bobai.
Wild rice was discovered in 758 places and covered 317 ha Pure
populations larger than 2 ha were found in 13 places. The largest one —
28 ha in Mautang, Kweixin County — comprised 90% of the total area
of Malutang. Along the River Dayung the wild rice population spread in a
continuous population up to 17 ha (Table 1, 2).

MORPHOLOGICAL AND TAXONOMICAL VARIATION

The wide polymorphism of rice is another important feature. In the areas
mentioned above usually three species of wild rice were found — com-
mon wild rice O. sativa f spontanea, O. officinalis, and O. meyeriana— which
showed variations as described on the following pages.
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Table 1. Distribution of wild rice (2).

Provinces Counties North latitude East longitude

Oryza sativa f spontanea Rosch.

Guangdon, Guangxi, 111 18°09° 100°40°
Yunnan, Jiangxi, (Aixian, G.D.) to 28°14" (Jinghong, Y.N.) to 117°08"
Fujian, Hunan (Dongxian, J.X.) (Czhangpu, G.D.)

Oryza offcinalis Wall

Guangdon, Guangxi, 36 18°18° 99°05
Yunnan (Aixian, G.D.) to 24°17° (Gengma, Y.N.) to 113°07"
(Yingde, G.D.) (Yingde, G.D.)

Oryza meyeriana Baill.

Guangdon, Yunnan 27 18°15° 97°56
(Aixian, G.D.) to 24°55" (Yingzhiang, Y.N.) to 109°56
(Yingzhiang, Y.N.) (Lingshui, G.D.)

Table 2. Elevation and distribution characteristics of wild rice (2).

Provinces Average Highest and lowest Characteristics of population
elevation (m) elevation (m)

Oryza sativa f spontanea Rosch.

Guangxi, Yunnan 130 215 (Hepu, G.X.) large populations (6.7 ha
553 (Jinghong, Y.N.) in 23 cases; 33.3 hain 3
cases)
Oryza officinalis Wall
Yunnan 800 520 (Genma), 1,000 small populations
(Yongde)
Guangdon, Guangxi 200 25 (Tengxian), 450 small populations

(sometimes up to 0.3 ha)

Oryza meyeriana Baill.
Guangdon 50-400  50-800 (Wuzhi Mountain small populations
area)

Yunnan 600-800 425-1,000 (Yongde, Y.N.) small populations
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O. sativa f spontanea

The culm may be standing, semistanding, or creeping. The leaves may be
wide or narrow, long or short, with small or large angle. The panicle
varies greatly in the length, shape, and angle of the primary branches and
in weight and density. The color of the lemma at anthesis may be green,
pale, yellowish, gold, blackish brown, or purple. The awns may be fully
awned, partly awned, or terminally awned.

O. officinalis

This species is relatively uniform. Plants are usually very high, up to
200-300 cm. The culm is strong. The leaves are long and wide, with
smooth blades. The panicles are long, more than 80 cm. The seeds are
wide, short, and 4-5 mm in length. The color of the lemma is pale brown
or gray. Fertility is relatively low.

O. meyeriana

The height of this highly fertile plant is usually low, about 30-40 cm.
The leaf blades are short and wide, like the leaves of bamboo. The axis of
the panicle is short, and there are usually 10-15 seeds per panicle, al of
which set closely at the axis. The lemma usualy has a yellow-brown
color. The seeds are of two types: elongated with 67 mm length and
short ovaly with 45-55 mm length.

ECOLOGICAL CHARACTERISTICS

O. sativa f spontanea usually has a very complicated distribution in moun-
tainous areas, hills, plains, and submerged places. It is usualy found in
low, waterlogged places. Wild rice loves light and high temperatures and
is usualy very sensitive to photoperiod in tropical and subtropical areas.
The forms of common wild rice are different in photoperiod sensitivity
(7), which has given them a large evolutionary advantage. Wild rices
everywhere showed very high resistance to insects and diseases, espe-
cialy to Pyricularia oryzae Cav., Hypochnus sasakii Shirai, and Pseudomonas
oryzae Uyeda et Ishiyama. But the degree of resistartce varies from one
form to another, so for breeding purposes it is necessary to test them each
time separately. O. officinalis usually grows under shade and in humid
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places and was never found in bright light or in submerged places. The
soil was usualy at pH 5.5-6.5. This wild rice grows along the banks of
small streams.

GENOME STRUCTURE

The genome of O. sativa f spontanea is AA type and in crossing with
cultivated rice gave fertile offspring, showing that it is quite closely
related to cultivated rice. The genome of O. officinalis belongs to the CC
genome, and it is very hard to get seed from crossing with cultivated rice.
Even if seeds are obtained, the offspring are usually sterile. From genetic
analysis we can suggest that O. sativa f spontanea has a closer relationship
to cultivated rice and can be the direct ancestor of cultivated rice.

POTENTIAL OF WILD RICE IN BREEDING

Wild rice can be a very good resource for rice breeding programs for cold
tolerance, for insect and disease resistance, and for high quality seeds.
Many of these forms have high protein content in the seeds (3). As early
as 1932 Ting (8) crossed cultivated rice with O. sativa f spontanea and bred
an excellent variety, Zhongshan #1. IRRI breeders used O. nivara as a
donor of disease resistance and crossed it with cultivated rice to get
several new varieties like 1R28, IR29, IR30, IR32, IR34, IR36, IR38,
IR40, and IR42 (5).

Wild rice can be used as a source of male sterility for breeding male sterile
lines of rice, which is widely done in China. For example, Yuan
Longping's research group (personal communication), using male sterile
forms of wild rices from Aixian on Hainan Isand as the male parent
crossed with cultivated rice, got a series of male sterile lines of rice that
were later widely used for the production of hybrid rice. Chinese farmers
have received great economic benefits from such hybrid rices.
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EVOLUT|ONARY TRENDS (Slel?]trnglélEgA RAeﬂearch Institute
IN GENUS ORYZA Cuttack, India

The primitive and advanced characters of genus Oryza were assigned numerical
values and, on the basis of these characters, its species were assessed for their
phylogenetic advancement. The phylogenetic position of various generic
subdivisions (sections and series) were determined from pooled data of the species
that delimit these groups. The phylogenetic sequence arrived at in this manner
indicates certain evolutionary tendencies not emphasized so far in the phylogeny
of genus Oryza. For example, it is inferred that the primitive species were
characterized by shade-loving plants growing in the humid atmosphere of forests
in well drained soils. The adaptation to open habitat marked a major breakthrough
in the phylogeny of Oryza, and several other characters followed suit. Another
significant trend has been the similar bipolar differentiation that has taken place in
each section. This may be characterized by the differentiation in spikelet size of
the two groups—one having small spikelets and the other large.

he genus Oryza has been classified into three sections, viz., Sect.
Padia, Sect. Angustifolia, and Sect. Oryza (8). Sect. Padia repre-
sents the Southeast Asian elements that are perennial, shade-loving, and
adapted to well drained soils. The plants are small and without awns or
medium-sized with awns. This section is represented by O. schlechteri, O.
meyeriana, O. ridleyi, and a few related species/subspecies. Sect. Angustifo-
lia is an African group of small plants adapted to open habitat. They are
perennials or annua plants growing in perennial or seasonal swamps.
Thissection isrepresented by O. perrieri, O. tisseranti, O. brachyantha, and O.
angustifolia. Sect. Oryza is distributed all over the tropics. The plants of
this group are comparatively large, are adapted to hydrophytic condi-
tions, and prefer an open habitat. O. latifolia, O. australienris, and O. sativa
are a few of its representative species. These three sections have been
further divided into series to represent intrasectional subgroups.
Sharma and Shastry (9) listed the variation available for the various
characters in genus Oryza, especially at the level of supraspecific ranks
(i.e.,, series and sections), and discussed their primitive and advanced
nature. The aim of the present paper is to evaluate the phylogenetic
position of each of these groups and indicate evolutionary trends in them.
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MATERIALS AND METHODS

Collections of all the species of Oryza (except O. schlechteri and O. angusti-
folia) were examined, and data were collected on their specific characters.
Published data on O. schlechteri and O. angustifolia were aso taken into
account. O. perrieri, O. tisseranti, and O. angustifolia are treated here as
species of Oryza.

RESULTS

For the phylogenetic consideration of generic subdivisions, the characters
were limited by three considerations. First, a character should be fairly
consistent within a series but should vary at the level of series or section;
second, data should be available for al the species for that character; and
third, a phylogenetic assessment of the character should be possible. The
cultivated species have been excluded from consideration, since human
selection is not based on phylogenetic considerations.

The present approach and methodology are basically similar to those
of Portkres (3). The author has, however, included a large number of
characters, rated the characters on the basis of criteria established by him
(9), and grouped the data according to his own system (8).

The characters utilized here for phylogenetic considerations are listed
in Table 1. Associated characters are considered as a single group. Based
on considerations discussed in detail by Sharma and Shastry (9), charac-
ters were rated as primitive-1, intermediate—2, or advanced-3.

The species/subspecies of genus Oryza are listed in Table 2. The
primitive, intermediate, or advanced condition for each of the characters
(listed in Table 1) is noted for every species/subspecies of Oryza. The
mean phylogenetic value for each of the series and sections is assessed
from Table 2 and presented in Table 3. A phylogenetic tree was erected
on the basis of these data and is presented in Figure 1.

DISCUSSION

On the basis of the characters taken into consideration and the criteria
employed, Sect. Padia seems to be the most primitive. Of the other two
sections, Sect. Oryza occupies the more advanced position. The phy-
logenetic sequence arrived at in this paper bring out some novel facts.
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Table 1. The primitive and advanced nature of characters in genus Oryza
(after 9).

Character Primitive—1 Intermediate—2 Advanced—3
I. Panicle
Termination in main rachis - in a branch
Ramification profuse - poor
Pulvinus absent - present
II. Fertile lemma and palea —

sculpturing smooth not prominent prominent

lll. Fertile lemma and palea —
hairs ciliolate scabrid spinulose

IV. Fertile lemma and palea
Mucro absent - present
Rachilla straight - comma-shaped
Articulation horizontal - oblique
Awn slender - robust

V. Spikelet
Lateral compression not compressed - compressed
Size large - small

VI. Sterilelemmas
A. Shape lanceolate setaceous absent
B. Size large small absent

VII. Ploidy diploid - tetraploid

VIII. Habit perennial weakly
perennial annual

The primitive groups of species are associated with a shade-loving
character. For example, Sect. Padia, the most primitive section in genus
Oryza, is characterized mostly by shade-loving plants. Within this sec-
tion, Ser. Meyerianae comprises shade-loving species only. The plants of
Ser. Ridleyanae, athough shade-loving, tolerate more light and grow at
the edges of the forest and by the side of forest roads. Similarly, within
Sect. Oryza, Ser. Ldatifoliae is represented by many partialy shade-
loving species, but Ser. Sativae contains plants growing in sunny habi-
tats.

A transition from shady to sunny habitat is also accompanied by
change from mesophytic to hydrophytic habitat and from wide herba-
ceous leaves to linear rigidulous leaves. This can be explained if we
consider the humid atmosphere to which the primitive shade-loving
species would have been adapted. A hydrophytic adaptation would least
disturb the internal physiology of plants when they come out of the
shade. Every species of genus Oryza that does not have a shade-loving
habitat is a hydrophyte.



62

Tale 2.

RICE GENETICS

Primitive and advanced nature of characters and their distribution
in Oryza species.

Species/subspecies

Character?

v
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longistaminata
glumaepetula
rufipogon

nivara
breviligulata
australiensis
officinalis
punctata
eichingeri
minuta
malampuzhaensis
schweinfurthiana
latifolia
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alta
grandiglumis
brachyantha b
angustifolia
perrieri
tisseranti
ridleyi
longiglumis
granulata
meyeriana
abromeitiana 3
schlechteri ?
8Roman and Arabic numbers follow use in Table 1.
Not known.
Table 3. Evolutionary status of the subdivisions of genus Oryza.
Series/section Species? Score
Ser. Sativae (a-e) 2.11
Ser. Latifoliae (f-0) 2.22
Sect. Oryza (a-0) 2.17
Ser. Brachyanthae (p-9) 2.00
Ser. Perrierianae (r-s) 1.78
Sect. Angustifolia (p-s) 1.89
Ser. Ridleyanae (t-u) 1.56
Ser. Meyereanae (v-x) 1.44
Ser. Schlechterianae ) 1.50
Sect. Padia (t-y) 1.50
L etters in parentheses refer to species/subspecies in Table 2.
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Fig. 1. Phylogenetic relationship of species in genus Oryza.
Plant size

The plants of primitive sections are small in size. Sect. Padia and Sect.
Angustifolia are characterized by small plants (except O. ridleyi and O.
longiglumis, which are medium-sized plants). The larger size of the plant
does not manifest itself in the genus prior to Sect. Oryza. Even in Sect.
Oryza, O. collina (the Asian form O. eichingeri) and O. minuta are
small. Furthermore, species of genome AA (Ser. Sativae) are not as tall as
those of genome CC or EE. This deserves special note because, in
intersectional crosses, small size of plant (as in O. brachyantha) signifi-
cantly dominates over large size (as in O. alta or O. australiensis). Even in
intrasectional crosses, the small size of O. collina dominates over the large
size of O. officinalis and O. latifolia. The dominance of smaller size of plant
in O. sativa/O. australiensis also supports this generalization. If so, the
tallness of CC, EE, and to a certain extent AA might be viewed as an
advanced character.
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Awn

Awn is another character that reveals the phylogenetic sequence of the
three sections. In Sect. Padia, Ser. Meyerianae and Ser. Schlechterianae
are represented by awnless spikelets. The third series, Ser. Ridleyanae,
has nonmucronate awned spikelets. In the other two sections, all the
(wild) species have awned spikelets with or without mucro. According to
Hubbard (2) and Stebbins (11), development and elaboration of awn are
advanced characters in Gramineae. Further, Sharma and Shastry (7,9)
discussed the nonmucronate and mucronate conditions and argued that
the former is an advanced character. If so, the absence of the mucronate
condition in the whole of Sect. Padia and the absence of awns in some of
its species reflect the primitive nature of this section.

Sect. Angustifolia has retained a more primitive vascular system in its
awn than Sect. Oryza. According to Roy (4), “the single xylem patch of
sativa and the double patch of brachyantha show that the awn of the former
is more evolved than that of the latter. In the case of sativa, during the
process of evolution, the xylem elements of the centra bundle and those
of papillar bundles have fused to form one group whereas, in the case of
brachyantha, these two groups of xylem elements have not yet fused. Since
reduction in size or volume is an advanced character, sativa awn with
comparatively reduced xylem elements is more advanced than that of
brachyantha.”

Other Characters

Morphological features like elaborate sculpturing on the surface of fertile
lemma and palea, presence of pulvini at the base of panicle branches, and
robust plant habit manifest themselves in Sect. Oryza only. The evolu-
tionary significance of these characters is not well understood. The tough
lemma and palea (husk) may serve as better coats for the seeds, espe-
cialy under hydrophytic conditions, and may protect the seeds during
dormancy. The pulvinus a the base of panicle branches confers laxity in
the panicle. This may be an adaptation for better seed dispersal. The
robust plant habit may be another adaptation for hydrophytic conditions
to ensure against unexpected rise in the depth of water.

The major selection pressure that has operated in the genus in the past
thus seems to be for its adaptation from shade-loving habitat to open,
sunny habitat. The other changes, namely from mesophytic to hydrophy-
tic habit, from wide herbaceous leaves to narrow and rigidulous leaves,
from thin lemma and palea to tough and sculptured ones, from a closed to
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Tale 4. Bipolar differentiation in genus Oryza.

Section Spikelet size
Large Small
Sect. Oryza Ser. Sativae Ser. Latifoliae
Sect. Angustifolia Ser. Brachyanthae Ser. Perrierianae
Sect. Padia Ser. Meyerianae Ser. Schlechterianae

an open panicle, and from herbaceous to robust habit, may all be viewed
as consequential to the above change in ecology.

In each section, morphological and ecological differentiation reveal
two major directions — one characterized by large spikelets and the other
by small ones (Table 4).

Spikelet size is often associated with several other characters: In Sect.
Oryza and Sect. Angustifolia, larger spikelet size is associated with the
presence of long and bold awns, presence of mucro, curved rachilla, and
oblique articulation of the spikelet with the pedicel. On the other hand,
small spikelet size is associated with characters like small and Slender
awns, absence of mucro, straight rachilla, and horizontal articulation of
spikelet with pedicel. The species representing the smaller spikelets are
often perennial and prefer a stable habitat. They grow in shady environ-
ments and have herbaceous and wider leaves, the species representing
larger spikelets have developed an annual habit and prefer seasonal
habitats. They are aways hydrophytic, prefer sunshine, and have linear
rigidulous leaves.

The above bipolar differentiation is not well marked in Sect. Padia. For
example, Ser. Meyerianae has large spikelets but does not show the
associated advanced characters. The absence of these associated (ad-
vanced) characters indicates again that Sect. Padia is probably a primi-
tive section where all the associated advanced characters may not be
expected.

PHYLOGENETIC TRENDS WITHIN SERIES OF SECT. ORYZA

The species of Ser. Latifoliae are well differentiated genomically into BB,
CC, EE, BBCC, and CCDD species. The diploid species having the DD
genome is dtill unidentified. Gopalakrishnan and Sampath (1) and Sec-
ond (5) suspected some of the forms of O. officinalis to be DD. Sharma et al
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(10) and Sharma (6) suggested that the genomic constitution of O.
officinalis needs reinvestigation and might be DD.

Among the diploid species of Ser. Latifoliae, O. eichingeri (CC) is a
comparatively small plant growing on moist but well drained soil in
humid forests of equatorial Africa. On the other hand, O. punctata is
adapted to sunshine and grows in the seasonal swamps of Sudan. In
other words, the trend already manifest at the sectional level in genus
Oryza is also visible among the species of Ser. Latifoliae. A paralle
situation occurs in Asia, where O. collina corresponds with O. eichingeri,
and O. australiensiswith O. punctata. Ecologicaly, O. officinalis occupies an
intermediate position between these two extremes.

Morphologically, the amphidiploid species (BBCC: minuta, malumpuz-
haensis, schweinfurthiana; CCDD: latifolia, alta, grandiglumis) of Ser. Latifo-
liae hardly offer anything that is not available among the diploids. They
have been cytogenetically successful because of sufficient genetic differenti-
ation of their genomes at the diploid level, and ecologically successful
because they fill a niche that diploids have not been able to occupy.

A steady trend of evolution from perennial to annual habit, from
cross-pollination to self-pollination, and from adaptation to stable habi-
tats to adaptation to unstable habitats is discernible in Ser. Sativae.

O. longistaminuta and O. rufipogon are perennial species having long
anthers, profuse pollen, and well exserted stigma—mechanisms that
favor cross-pollination. They occupy permanent habitats indicated by
their preference for sites where water remains deposited throughout the
year. Among the perennial species, O. longistaminata has well branched
suckers and a self-incompatibility system. O. rufipogon has a runner
system in place of suckers and has lax panicles and long anthers with
profuse pollen. O. glumaepetula has progressed more in the direction of an
annual habit. This species has smaller and thinner anthers and less
exserted stigmas, which are tendencies towards a self-pollinating me-
chanism. It has long and prominent awns, which indicate adaptation for
seed dispersal expected in a species having a weak perennial system.

The trend towards an annua habit has received its fullest expression
in the wild species O nivara and O. breviligulata. These species are distri-
buted in areas of less rainfall and occupy seasonal ponds and ditches.
They channelize their potential for maximum seed production to guaran-
tee surviva beyond the dry hot summer.

In the annual species, the awns are prominently developed, robust,
and scabrid. It is noteworthy that O. breviligulata has the most prominent
awn in the genus. O. nivara is next only to O. breviligulata. The barbs on the
awn are supposed to help seed dispersal and burial of the seed in the mud
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until the advent of the next favorable season. The high degree of seed
dormancy found in the annua wild species, especially in O. nivara, is
useful for its survival under these conditions.
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DISCUSSION

SESSION I SYSTEMATICS AND EVOLUTION

Q — Wang, X.M.: Could you indicate the locdlities of origin of the Chinese
wild forms that showed some similarities to japonica types?

A - Morishima: Most of the Chinese accessions examined were obtained
from the Kwangsi and Kwangtung areas. Japonica-like characteristics
were found in materials obtained from both areas.

C — Second: Concerning the possible change of isozymes according to the
environment, a great amount of data has led to the so-caled “neutral
theory of evolution” concerning isozymes in particular. Assuming this
theory, | was able to infer a reasonable evolutionary scenario while
assuming an adaption value for isozymes, but | could not reach any
conclusion. There might be exceptions to the rule of the neutrality of
isozymes in adaptive values, but these must be rare.

C — Chang: | urge workers to re-examine their results in the light of plate
tectonic data gathered in recent years. Many cultivars are aready
adapted to environments outside O. sativa’'s original habitat. Data from
these cultivars may be considerably biased by recent changes in environ-
ment.

Q — Rutger: How many entries of Oryza australiensis, 0. perennis (Brazil),
and O. perennis (Surinam) did you study? Is it now feasible to analyze
more entries?

A — Barnes: A few samples of each species were studied. It would be
feasible to analyze many more entries.

Q — Walbot: Did you show that large sub-unit heterogeneity is maternally
inherited?

A — Barnes: No. We have not been able to do any genetic analysis of the
characters described.

Q — Brar: Your data show a homogenous nature for the small sub-unit but
a heterogenous one for large sub-unit. What could be the reason for this
differential response of two genomes?

A — Barnes: It is possible that a higher rate of evolution might be possible
for the large sub-unit, which is chloroplast encoded, because of the large
number of chloroplast genomes per cell. If the mutation rate (per base
pair) is the same in chloroplasts and nuclei, the large number of chloro-
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plast genes would lead to a greater frequency of new mutations (per cell)
in the chloroplast encoded sub-units.

C - Wu, R.: | agree with Dr. Barnes interpretation that since there are
many chloroplast DNA molecules there may be more chance of variation.

At the DNA sequence level, we have found heterogeneity of the Rubisco
large sub-unit gene.
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DlSTRlBUTlON OF Agrobiologicall Resources
GAMETOPHYTE GENES | ' "¢ %5 v
IN WIDE CROSSES OF

RICE CULTIVARS

When wide crosses were performed in rice cultivars, a large humber of segregation
distortions appeared in the selection of hybrid gametes due to the presence of
gametophyte genes. The existence of these gametic genes reflects the genetic
differences between two cultivars crossed. We observed loci of ga-2, ga-3, ga-4, and
ga-8 in the hybrid populations of the wide crosses including more than 2,700
combinations by the use of genetic tester lines. Loci of ga-2 and ga-3 are located on
Chromosome 5 (linkage group Xl), ga-4 on Chromosome 6 (linkage group 1), and
ga-8 on Chromosome 3 (linkage group Il1). The distribution of the gametophyte
loci suggests that two major varietal groups of rices can be identified,
corresponding to the japonica and indica groups. One of the groups shows simple
variations such as those found in the Keng type rice of China and upland rices of
the Philippines; the other group shows a marked diversity in the genotype for ga
genes such as in Indian rices and the Hsien type of Chinese cultivar. These facts
indicate that Indian and Chinese rices are genetically differentiated.

I n wide crosses of rices, phylogenetic remoteness such as hybrid in-
viability, hybrid sterility, and hybrid breakdown are often suggested.
Distorted segregations are present in many marker genes located on
several kinds of chromosomes. The extent of the segregation distortion
and hybrid semisterility indicates the presence of genetic differences
between the varietal groups to which the parental cultivars belong.

The present study describes kinds of certation loci detected by the wide
crosses and gives the geographic distribution of these reproductive genes
in a wide range of genetic materials from Asia

Japonica genetic tester lines were used to define the gametic loci of
exotic indigenous cultivars. Marker characters used consisted of 40 loci
on various kinds of chromosomes. Exotic cultivars used included 51
indigenous strains that originated in Asian countries. In the F, popula-
tions derived from 2,700 cross combinations, observations were made to
determine whether the single major tester character segregates in a
Mendelian ratio in reciprocal crosses. When the segregation distortion
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was found, the genetic mechanism was analyzed in further generations or
backcrossed populations. Then the distribution of reproductive isolation
loci was determined. Here | use the system of chromosome numbers and
linkage groups reported by Nishimura (7) and Nagao and Takahashi (2).

SEGREGATION DISTORTION AND LOCATION OF ga-4 ON
CHROMOSOME 6

Among the major marker genes on Chromosome 6 (linkage group ), wx
(glutinous endosperm), dp-1 (depressed palea), alk (breskdown in alkali
solution), and ws (white striped leaves) represent the segregation distor-
tion markers. The segregation ratios of the four markers in F, populations
from wide crosses are skewed from the monogenic expectation because of
linkage with the certation genes ga-1 and ga-4 (1,7). An example of
distorted segregation for wx induced by the ga-4 locus is shown in Table
1. Similar segregation ratios were obtained in the other three marker
genes, depending on the extent of the linkage intensities between the
marker loci and the ga-4 locus. The locus of ga-4 is between dp-1 and alk as
shown in Figure 1. Japanese tester strains and japonica cultivars from
other areas harbor ga-4. Indian and Chinese cultivars usualy harbor the
ga-4+ alee

Table 1. An example of the distorted segregation of wx for glutinous
endosperm in the F, of wide crosses.

2

Cultivar crossed Segregation in Fg Frequency c No.

with japonica tester of wx for of
+ WX Total (%) 31 crosses

Qing you 461 100 561 17.8 15.4 3
Kinandang puti 1690 306 1996 15.3 99.5 6
Kasalath 1145 210 1355 15.5 65.2 3
Dular 684 111 795 14.0 51.7 2
Chinsurah Boro 2 977 194 1171 16.6 44.4 7
Pusur 1536 299 1835 16.3 74.2 8

aall segregations showed significant distortions from the Mendelian ratio at the 1% level. The significance is also shown in the
values in Tables 2-3.



GAMETOPHYTE GENES 75

Fig. 1. Relationship between gene sequences and extent of distorted segregation of the four
marker characters on Chromosome 6 in wide crosses of rice.

SKEWED SEGREGATION OF ga-2 AND LOCI ON CHROMOSOME 5

When japonica tester strains are crossed with Chinese or Indian culti-
vars, significant segregation distortions are observed in many marker
characters located on Chromosome 5 (linkage group XI). Some markers
showing distortion are chl-1 (chlorina-1l), v-1 (virescent-1), bc (brittle
culm), v-2 (virescent-2), dl (drooping leaf), and spl-3 (spotted leaf-3). The
frequencies of recessive plants with these characters are significantly
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lower than the Mendelian expectation. Examples of segregation distor-
tions are shown in the character of dl in various cross combinations
(Table 2). These distortions are controlled by ga-2, a reproductive
isolation locus (6). The extent of the skewness is expressed by the
tightness of the linkage between the markers and ga-2 (Fig. 2). Moreover,
two types of distortions are found on the ga-2 locus. One has a strong
certation gap (A) between the aleles compared with the other (B). The
former type is distributed in Chinese Hsien type cultivars, the latter in
Indian and Nepali cultivars.

EXCESSIVE DISTORTION OF ga-3 AND THE LOCUS ON
CHROMOSOME 5

In some of the crosses between japonica tester lines and javanica or
indica cultivars, the frequencies of recessive plants associated with sev-

Table 2. An example of the distorted segregation of dl for drooping leaves in
the F, caused by the gametophyte gene ga-2.

Cultivar crossed Segregation in F, Frequency No.
with japonica tester of dl of
+ dl Total (%) crosses

A. Strong certation gap

Duang guang hua luo 3916 195 4111 4.7 11
Hu Nan Hsien 5190 526 5716 9.2 19
Dao Ren Qiao 2475 164 2639 6.2 10
Hong Xie Nou 7539 345 7884 4.4 34
Chi Hsien Dao 2758 139 2897 4.8 12
Deng Pao Zhai 2392 118 2510 4.7 13

B. Weaker certation gap

Muha 3248 813 4061 20.0 13
Nepal No. 18 3106 569 3675 155 17
Kasalath 6831 1264 8095 15.6 27

Pusur 2511 337 2848 11.8 13
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Fig. 2. Distorted segregation of marker characters and their gene sequences on Chromo-
some 5 in wide crosses of rice.
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eral markers on Chromosome 5 significantly exceeded 1/4 ratio. These
distortions occurred in the characters controlled by v-1, bc, v-2, and dl
(Fig. 2). The causal mechanism is attributed to the linkage between the
genetic markers and a certation gene, ga-3 (3).

The ga-3 character with a lower fertilization capacity is distributed in
some of the Keng rices of southern China and in the upland type cultivars
in the Philippines. In contrast, the dominant alele of ga-3 is found in
japonica tester lines, Indian rices, and Chinese Hsien type cultivars.

LOCUS OF ga-8 ON CHROMOSOME 3 AND RELATED MARKER LOCI

The other reproductive barriers are observed in Chromosome 3 (linkage
group IIl). Three markers — d-10 (tillering type dwarf derived from
Kikeibanshinriki), lax (lax panicle), and eg (extra glume) — are aso
found at segregation distortion loci (5). Segregations of F, populations for
the three markers showed a significant excess in the ratio of the frequency
of recessive plants. Examples of the distortion are shown in the eg
character (Table 3). The relationships between the marker loci and the
extent of the distortions are indicated in Figure 3. Finadly, a strong
gametophyte factor, i.e., a certation gene (ga-8), is located near the eg
locus.

Table 3. An example of the distorted segregation of eg for extra glume in the
F, caused by the gametophyte gene ga-8.

Cultivar crossed Segregation in F, Frequency No.

with japonica tester of eg of
+ €g Total (%) crosses

Liuzhou Baoya Zao 338 160 498 47.3 2

Kinandang puti 763 392 1155 51.4 4

Dakanalo 928 311 1239 335 4

Chinsurah Boro 2 726 394 1120 54.3 3

Jhona 2 624 356 980 57.1 3
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STERILITY GENES OF CHROMOSOME 6

Sterility genes could be the causal factors for the reproductive isolation
giving rise to hybrid breakdown in the progeny of wide crosses. Although
it is not easy to detect sterility genes, several authors have reported that

Fig. 3. Relationship between linkage intensity and distorted segregation in the three markers
identified by various wide crosses. Parental cultivars: O = Liuzhou baoya zao, @ = Sensho-
mai, ® = Kinandang puti. A = Chinsurah Boro 2, A= Jhona 2.
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sterility loci are found in Chromosomes 5 and 6 (4,9). Here, the sterility
locus is given as an example of the distortion occurring in Chromosome 6
(Fig. 4).

GEOGRAPHIC DISTRIBUTION OF GENES FOR REPRODUCTIVE
ISOLATION

The geographic distribution of loci associated with isolation mechanisms
is summarized in Table 4. Japonica tester strains, exotic japonicas such
as those from Northern China and the US, and upland rices belong to the
group of the genotype with ga-2 ga-3+ ga4 ga8+. Some of the Keng
cultivars from China belong to ga-4 ga-2 ga-3 ga-8+, Hsien type rice A to
ga-2+ (A) ga-3+ ga-4+ ga-8+, Hsien type rice B to ga-2+ (A) ga-3+
ga-4+ ga-8, Indian rice A to ga-2+ (B) ga-3+ ga-4+ ga-8+, Indian rice
B to ga-2 ga-3+ ga-4+ ga-8, and Indian rice C to ga-2 ga-3 ga-4+ ga-8.

Table 4. Distribution of gametophyte genes in Asian native cultivars.

Varietal group Gametic genes

ga-2, AorB? ga-3 ga-4 ga-8

Japonica type

Japonica testers ga + ga +
Japonica (Keng from China) ga + ga +
A part of javanica ga ga ga +
Upland rice from Philippines ga + ga +
Indica type
Hsien rice A (China) A + + +
Hsien rice B (China) A + + ga
Indian rice A B + + +
Indian rice B ga + + ga
Indian rice C ga ga + ga

Allele A, designated ga-2+(A), is stronger than alele B, dcsignated ga-2+(B), in fertilizing capacity compared with allele ga-2.
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Fig. 4. Linkage wx locus with sterility genes on Chromosome 6. N = fertile, SS = partially
sterile, S = semisterile, HS = highly semisterile.
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It thus appears that japonica and javanica rices show a few genotypes
in the reproductive barriers, but that Indian rices and Hsien type
cultivars have many forms of genotypes. Accordingly, it is concluded that
the indigenous cultivars of India and southern China can be genetically
divided into several varieta groups as far as the gametophyte genes are
concerned.
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POLYMORPHISM

Electrophoretically detected enzyme variation was surveyed among 1,688 varieties
of Asian cultivated rice (Oryza sativa L.). The diversity was explained by gene
polymorphism at 21 presumed loci. The analysis of the enzymatic variation in a
representative sample of 120 varieties led to the identification of 6 varietal groups.
Groups I, I, IlI, 1V, and V consist of rices usually classified as indica. They are
clearly differentiated from each other. Their correspondence with well known
varietal types is presented. Group VI encompasses the classical japonica and
javanica types, most upland rices from Southeast Asia, and most rices grown at
high elevation in the Himalayas. The varietal diversity is very high on the Indian
subcontinent, especially along the foothills of the Himalayas. Conversely, most
varieties from Southeast Asia and East Asia belong to groups | and VI. The
biological significance of this classification and its applicability for rice breeding
are discussed.

main part of the genetic improvement of a crop resides in the
creation of new genic combinations from the available germplasm.
In this perspective, the first concern of breeders is to know the genetic
structure of the existing germplasm and its main factors. Isozyme studies
can help reach this objective by elucidating the statistical distributions in
the germplasm of various allelic combinations over several loci. A contin-
gent linkage disequilibrium would indicate the existence of factors re-
sponsible for a restricted recombination between distinct components in
the taxon. Determining whether recombining these components may
create valuable novel variation requires further breeding experiments.
This paper presents results of a survey of electrophoretically detectable
enzymatic variation in Asian domestic rice (Oryza sativa L.). Its specific
objective is to describe the genetic structure of the species as it is
perceived through a dsatistical analysis of the electrophoretic data. The
procedure is an analysis of correspondences, which accounts for al the
observed multilocus associations and provides a synthetic picture of the
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organization of the species. Elements arise that permit a re-evaluation of
traditional  classifications.

The description of the electrophoretic technique, the enzymatic poly-
morphism, and its genetic interpretation will be presented elsewhere.

MATERIALS AID METHODS

A sample of 1,688 varieties provided by IRRI’S International Rice
Germplasm Center, Japan's National Ingtitute of Genetics, and Thai-
land’'s Chiangmai University was chosen to cover the arrays of loca
varietal groups and crop environments for 20 Asian countries. It was
analyzed for 15 presumed loci encoding 10 enzymes. The results permit-
ted selecting a sample restricted to 120 varieties to represent the whole
enzymatic variation as well as al the geographic origins. These 120
varieties were analyzed for 14 enzymes. The whole variation was inter-
preted as resulting from 21 polymorphic loci (Table 1).

For a given variety, two plants were individually analyzed. When
heterogeneity was detected within a variety, three more plants were
analyzed, and the most frequent genotype was used to represent the
variety in the statistical analysis.

An analysis of correspondences (AC) (1) was performed on this set of

Table 1. Genetic interpretation of the electrophoretic variation observed for
14 enzymes in a survey of Asian cultivated rice2

Enzyme No. of No. of
polymorphic loci alleles
markers

Phosphoglucose isomerase 2 2,4
Glutamate oxaloacetate transaminase 1 2
Shikimate dehydrogenase 1 4
Alcohol dehydrogenase 1 4
Isocitrate dehydrogenase 1 4
Phosphogluconate dehydrogenase 2 3,2
Malic enzyme 1 2
Leucine aminopeptidase 2 7,5
Alanine aminopeptidase 1 5
Arginine aminopeptidase 1 3
Esterase 4 2,323
Acid phosphatase 2 3,2
Catalase 1 3
Peroxidase 1 2

aFrom 4,6, 8,9, and the author’s unpublished data.
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data (120 varieties, 21 loci, 59 adleles). This method treats qualitative
data. Each variety is taken as a taxonomic unit, and each allele is
considered as a character — of value 1 if the allele is present in the variety,
of O if not. The AC identifies several axes (eigenvectors) that account for
the largest part of the whole variation and are independent from each
other. These axes are linear combinations of the characters. Each variety
can be located on the planes formed by two of these axes, and varietal
clusters may be identified from the distribution of all the varieties.

RESULTS

Analysis of correspondences

Axes 1, 2, and 3 of the AC account for more than 70% of the whole
diversity, their respective parts being 50.8%, 12.3%, and 8.5%. The
distributions of the varieties on planes (1,2) and (3,2) of the AC are
shown in Figure 1. A synthesis of both representations results in the
identification of six clusters, designated as group | to group VI. All
groups appear on plane (1,2), although the distinction between group |
and group Il is not very clear. This distinction appears more clearly on
plane (3,2).

The enzymatic groups

Group | corresponds to the typical indica group. It encompasses, among
others, the three ecotypes traditionally considered as indica ecotypes,
namely Aman (Bangladesh, Northeast India), Tjereh (or Cereh from
Indonesia), and Hsien (or Sen from China).

Group Il consists of varieties originating from the foothills of the
Himalayas from Iran to Assam, India The cycle of al these varieties is
shorter than 120 days as measured in the wet season at Los Bafios,
Philippines. Their cultivation covers a wide range of water regimes, from
irrigated conditions (e.g., in Pakistan) to dryland conditions (e.g., in
Bangladesh). In Bangladesh and the surrounding Indian regions, this
group clearly corresponds to the aus ecotype. Some boro varieties are aso
part of it.

Group Il consists of two varieties from Bangladesh (Bhadoia, As
wina). They are deepwater varieties that present the peculiarity of being
early maturing and nonphotosensitive.
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Fig. 1. Distribution of 120 varieties on planes (1,2) and (3,2) of an analysis of
correspondences of their isozyme polymorphism at 21 loci, definition of 6 groups.
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Group 1V consists of the rayada varieties from the same area. They are
floating rices, seeded with the boro rices, with cycles up to 12 months.

Group V spreads along the Himalayas from Iran to Burma. It consists
of very diverse varieties. Many of them are known as high quality rices,
such as the sadri rices from Iran; the basmati rices from Pakistan, India,
and Nepal; and some specia rices from Burma

Group VI clearly corresponds to the japonica group in the scheme of
Oka (7). Besides the Japanese and Korean varieties, and the keng
varieties of China, it encompasses the bulu rices from Indonesia, most
upland rices from Southeast Asia, and most rices grown at high atitudes
in the Himalayas.

Table 2 draws the general correspondence between the enzymatic
groups and the varieta types mentioned above.

DISCUSSION AND CONCLUSIONS

The ultimate aim of this study is to provide a clear picture of the
organization of O. sativa in Asia. It may have a genetic significance
applicable to plant breeding if it elucidates information on restrictions to
recombination that occur (or have occurred) among the rice varieties, the
tool that we used can be examined in this perspective:
® Hypotheses have been propounded on the genetic control of the
bands of isozymes, but there are cases where they could not be
verified by progeny tests. Alternative interpretations were possible,
such as the involvement of several closely linked loci or the occur-
rence of regulatory events such as those reported by Shahi et a (10).
Should this be the case, however, the value for classification of the

Table 2. General correspondence between well known varietal types and 6
groups based on analysis of isozyme polymorphism at 21 loci in Asian
domestic rice.

Origin Enzymatic group
| I 1] \Y \ VI
Oka’s testers (7) indica japonica
Iran, Pakistan, sadri
Northwest India basmati
Bangladesh Aman aus early rayada
deep water

Southeast Asia lowland upland
Java, Bali Tjereh bulu

China Hsien keng
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characters used in this study would not be much affected. They are
oligogenic characters, expressed at a given developmental stage, in
a given environment, and free from epistatic interrelationships.
Nonrandom associations between such characters do result from
linkage disequilibria among small genome fractions that themselves
result from restriction to recombination. Nevertheless, it would be
interesting to know more about the chromosomal location of the
genes that govern the characters in order to determine which part of
the genome is subjected to recombination restrictions.
Electrophoretically detectable variation is only part of the whole
variation. Thus, it is likely that what we called an alele can actually
be a group of aleles. This restriction affects only dightly, if at all,
the value of the methodology. However, it can have the conse-
guence that only part of the multilocus associations has been
perceived. In other words, the differentiation of the varieties in
several groups remains valid, but these groups can still be heteroge-
NEeous.

The loci we investigated are only a small part of the genome. This
can be similarly taken into account by stating that the distinctions
between the varietal groups we observed do exist but they certainly
do not represent al the elements of the actual genetic structure of
the species.

The results of an AC are determined by the set of the individuals
subjected to the analysis. One hundred twenty varieties constitute a
very small sample, and one may question its representativeness.
However, a computation of the partial data available for the 1,688
origina varieties has provided a similar picture with the same basic
6 groups, supporting the cogency of the classification presented here
(unpublished data).

Keeping these observations in mind, we can summarize the new
information arising from this study as follows:

The varieties usualy classified in the indica type scatter in three
major groups and two minor ones, clearly differentiated from each
other. The largest group, group |, spreads al over Asia, while
groups I, I, IV, and V are found only on the Indian subconti-
nent, especially in the foothills of the Himalayas.

The temperate japonica varieties, the tropical japonica varieties
(or javanica), most tropical upland varieties from Southeast and
East Asia, and most high altitude rices of the Himalayas belong to a
single group, group VI.
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Regarding groups | to V, some elements tend to confirm the distinc-
tions we made, although no particular attention has been given to them
since they were usualy al considered as indica varieties. Information is
available for the aus rices (group I1); they are known to produce partially
fertile hybrids with both indica and japonica varieties, which differentiates
them from typical indica varieties (Aman, Tjereh) (5). According to
plant breeders, the exploitation of crosses between indica and aus
varieties is usually made difficult by frequent partial sterility and little
recombination.

The study of Engle (3) provides information on F, fertility in crosses
between varieties of group | (Peta, Sigadis, Taichung Native 1) and
varieties of group V (Basmati 370, Pankhari 203). Fertility was much
lower than that within the two groups. As a rule, progenies of Basmati
370 with typical indica lines exhibit some sterility and poor recombina-
tion. The same is true for Burmese varieties also belonging to group V
(G.S. Khush, personal communication).

Regarding group VI, there is available evidence to confirm the genetic
similarity of its components. The bulu rices are known to exhibit close
genetic affinity with the Japanese rices (5), and the tropical upland rices
appear closely related to the Japanese and Ponlai (japonica from Tai-
wan) rices in the breeding programs (2).

Thus, athough ill diffuse, there is evidence that tends to prove
biological significance for the groups proposed in the present paper. As
factors responsible for this structure, spatial as well as seasona isolation
must have had important roles. To what extent these isolations are
accompanied by sexual barriers and genetic imbalances in the hybrids
gtill has to be investigated, at least for some of the intergroup combina-
tions. Such knowledge can have practical applications in terms of breed-
ing strategies and can provide a rational basis for the orientation of
hybridization programs.
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Ten traditional African cultivars of Oryza sativa and 6 of O. glaberrima from Guinea
Conakry (West Africa) were used to study the genetic structure of African
traditional rice cultivars based on some morphological characters. The results
obtained by principal components and variance analysis indicated that, while O.
sativa could easily be separated into two distinct groups related to the indica and
japonica subspecies, no such separation was obtained with O. glaberrima, although
the results also showed that O. glaberrima seems to follow the same differentiation
process as O. sativa but has remained at a very primary stage. In genera, the
results appeared to fit quite well with the results obtained through enzymatic
analysis.

Traditional rice cultivars are generally assumed to be very heteroge-
nous for morphological traits. However, quantitative data to illus-
trate such heterogeneity are very scanty. This paper aims at giving the
preliminary results of a study on the genetic structure of traditional
African rice cultivars undertaken in the lvory Coast. The main objectives
of the paper are:
® to determine the sources of variability found in African traditional
rice cultivars,
® to compare the variability found in the two rice species cultivated
in West Africa— Oryza sativa and O. glaberrima; and
® to find out whether the variability based on morphological charac-
ter can be associated with enzymatic variability and the phenol
reaction.
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MATERIALS AND METHODS

Materials

The study involved rice samples collected during various surveys in West
and East Africa, but only results obtained from material from Guinea
Conakry (West Africa) are discussed here. This is one of the very few
countries in West Africa where O. sativa ssp. japonica, O. sativa ssp.
indica, and O. glaberrima are al found in sufficient areas as pure stands
and aso in mixtures to enable a serious and in-depth study of the
evolution of the two cultivated species. Ten cultivars of O. sativa and six of
O. glaberrima were randomly used for this particular study. A detailed
description of the sites where these cultivars were collected can be found
elsewhere (1, 3).

Methods

In order to fit the type of study undertaken, a particular sampling
technique was used besides that traditionally used for germplasm collec-
tion: a variety identified by a farmer by a known name is considered to
be a cultivar. A farmer frequently identifies severa cultivars in a given
field in West Africa. It should be mentioned, however, that in a few cases
there are fields made up of a homogenous mixture of several types of
plants instead of patches of “homogenous’ cultivars. Ten to 100 panicles
are randomly harvested from each cultivar from the field. Each panicle is
later planted in a row to give rise to individuals of the same family. At
flowering, panicles are bagged in order to obtain a second generation of
plants that will enable identification of the following sources of variabil-
ity: cultivars, familieg/cultivars, individuals/families, and residua. The
data presented here, however, were taken from the first generation of
panicles collected from the field in such a way that the sources of
variability were limited to cultivars, families/cultivars, and residual
(including individual s/families) (5).

The following data were collected on individua plants:

[ ]

Days to heading (DH)
® Tiller number a heading (TH)
® Length of flag leaf (FL)
® Width of flag leaf (FW)
® Length of panicle (PL)
[ ]

Number of primary branches (B1)
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® Number of secondary branches (B2)

® Number of spikelets per panicle (SP)

® Length of grain (GL)

® Width of grain (GW)

® 1000-grain weight (G1000)
® Width/length ratio of flag leaf (FS)

® Width/length ratio of grain (G9)

® Secondary branches/primary (B2/1)

branches ratio
Analyses performed were:
* correlation analysis,
analysis of principal components, and
* anaysis of variance of the first three principal components.

RESULTS

Correlation studies

Correlation studies were undertaken at three levels:

® Cloba correlation analyses involving the two species (O. sativa

and O. glaberrima) put together for a correlation analysis

® Correation analysis involving only plants of the O. sativa species

® Correlation analysis for O. glaberrima

The results indicate that the global correlation coefficients reflect fairly
well the relationship among the morphological characters measured for
both O. sativa and O. glaberrima despite some dight differences between
the two species. Indeed, while the tiller number seems to be in general
negatively correlated with other traits in O. sativa this tendency appears
to be significantly lessened in O. glaberrima (Table 1).

The highly positive correlation between SP and B2 is worth noting.

Analysis of principal components

An analysis of principal components was carried out using:
¢ adl the individuals of the two species put together,
® O. sativa alone,
® O. glaberrima aone, and
® O. sativa on the basis of the principal axes determined by O.
glaberrima.
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Table 1. Correlation coefficients for global, O. sativa,
and O. glaberrima® among morphological traits.

8= 0. sativa, G = O. glaberrima.

Global analysis. The first three principal components jointly account
for over 67% of the total variance. The correlations between the
measured traits and the three components are given in Table 2. Almost
al the traits are associated positively with the first component except the
tiller number (TN). This component reveals the overal plant vigor as it
is associated with height, leaf size, panicle structure and size, grain size,
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and weight. This vigor is, however, associated with tiller number in such
a way that vigorous and tall plants appear to have fewer tillers at least at
heading.

The third component is most highly correlated with the grain width/
length ratio (GS), therefore opposing individuals with slender grains to
those with shorter grains.

The distribution of the individuals in the plan determined by the first
two principal axes is presented in Figure 1. It can be seen that O.
glaberrima constitutes a distinct group from O. sativa. O. sativa appears to
be more variable than O. glaberrima. For O. sativa, the superimposition of
the phenol reaction on the distribution of O. sativa plants resulted in two
distinct clusters: one with individuals showing a positive reaction and the
other with individuals having a negative reaction to phenol. The two
groups have been identified as “indica’ for the positive phenol reaction
and “japonica’ for the negative reaction (7).

O. sativa. The first three principal components account for over 68%
of the total variation. The correlation coefficients between the measured
morphological characters and the three components are shown in Table 3.

The first component is negatively correlated with FW, PL, Bl, SP,
G1000, GL, and GW and positively correlated with DH and TN. This
component appears therefore related to duration and general aspect and
opposes late maturing, high tillering, small plants with few and small
grains to early maturing, vigorous plants with very few tillers.

The second component is highly positively correlated with B2 and SP.
This component appears therefore to be related to grain number, oppos-
ing individuals with few grains per panicle to those with more grains.

The third principal component is highly correlated with GS.

The superimposition of the phenol reaction resulted in two distinct
groups in the plan determined by the first two axes. These clusters have
been identified as the japonica (negative reaction) and the indica groups
(Fig. 2). It can dso be observed that the japonica group appears to be
more homogenous than the indica. YS29 appears to be distributed
in both the japonica and indica groups. Indeed, they were found to be the only
cultivars sholving both positive and negative reactions. It is therefore a
mixture of japonica type and indica type. This case is quite rare in the O.
sativa material studied in West Africa

O. glaberrima. As with O. sativa, the first three principal components
account for over 68% of the total variation for O. glaberrima. Table 4
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Table 2. Correlation coefficients between the first three principal
components and the morphological characters. global analysis.

1st component 2nd component 3rd component
(34.57) (19.51) (13.21)
DH +.11 -.79 -.01
TH +.57 -.05 -39
TN -.56 -.22 -39
FL +.65 -.32 +.29
FW +.52 +.59 -.07
PL +.60 +.34 +.07
B1 +.60 +.13 -.44
B2 +.76 —-.45 -.30
SP +.80 -.30 -.37
G1000 +.76 +.34 +.35
GL +.61 +.17 +.68
GW +.70 +.47 -.02
FS =31 +.74 -.37
GS +.14 +.36 —-.65
B2/1 +.59 -.58 -.14

indicates that the first component is highly positively correlated with
DH, FL, PL, G1000, and GL and negatively correlated with FS and GS.

The second component is highly negatively correlated with TH, FW,
B1, B2, and SP.

The third component positively correlated with GIO00 and GW. The
identification of the principal components appears to be more difficult
than with O. sativa. However, it seems that the second principal compo-
nent for O. glaberrima is identical to the first component in the O. sativa
distribution (Tables 2, 3).

No distinct groups could be obtained on the basis of the phenol
reaction as with O. glaberrima, athough YG46, which was the only
negative reaction glaberrima type found in our study, appears to be fairly
well localized (Fig. 3). A larger number of O. glaberrima plants could have
certainly given a better picture.

However, O. sativa individuals represented in the plan determined by
the O. glaberrima first three principal axes showed a tendency to cluster in
two groups that corresponded very well with the japonica and indica
groups identified earlier. This is even more remarkable in the plans
defined by the principal axes 1 and 2, and 2 and 3 (Figs. 4, 5).



Fig. 1. Global analysis of distribution of O. sativa and O. glaberrima (Axes 1 and 2).
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Table 3. Correlation coefficients between the first three principal
components and the morphological characters. O. sativa.

1st component 2nd component 3rd component
(39.06) (19.34) (10.34)
DH +.62 -.30 -.07
TH +.45 +.17 +.37
TN +.72 +.38 +.17
FL —.45 +.41 —.42
FwW -.87 +.00 -.02
PL -81 +.08 =21
Bl —.68 +.13 +.24
B2 —.49 +.80 -.05
SP —-.62 +.71 +.04
G1000 -.82 —.44 -.08
GL -.63 -.50 -.49
GW -.82 —-.26 +.26
FS -.37 -39 +.45
GS -.35 +.16 +.74
B2/1 -.24 +.79 -.18

Analysis of variance

A series of analyses of variance was carried out on the basis of the new
scores defined by the first three components of O. glaberrima. The objec-
tive was essentially to identify the contribution of each source of variation
to the total variance. The results are presented in terms of variance
components expressed here in percentage to enable comparisons (Table
5).
)Table 5 indicates that on the whole the differences among the cultivars
accounted for most of the global diversity. The differences among the
cultivars appear to be mostly due to the whole differences between the
glaberrima and the sativa species (49.4%) and the diversity among the
sativa cultivars (44.4%).

The diversity within the sativa species is due mostly to the variation
among the cultivars (59.6%). The between families and within families
variations contribute only 14.4% and 26.0%. The variation in the O.
sativa populations appears to be essentially due to the differences between
the japonica and indica groups, the former showing greater cultivar
variability.

The variance components obtained from the analysis of variance of the



Fig. 2. Distribution of O. sativa (Axes 1 and 2).
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Table 4. Correlation coefficients between the first three principal
components and the morphological characters: O. glaberrima.

1st component 2nd component 3rd component

(29.95) (24.75) (13.60)
DH +.63 +.23 +.43
TH +.08 -.76 -.10
TN .00 —-.45 -.06
FL +.89 +.22 +.09
FwW +.32 -.62 -.03
PL +.67 -.42 -.02
Bl +.15 -.79 +.34
B2 +.46 -.70 =31
SP +.38 -.76 +.14
G1000 +.63 +.26 +.54
GL +.80 +.38 -.01
GW -.04 =17 +.87
FS -.81 -.40 -.03
GS —-.64 -.38 +.52
B2/1 +.50 -.20 -.53

indica and japonica groups indicate that the within families variation
contributed the most to the total variation of each group (52.4% for
japonica and 41.7% for indica). The japonica cultivars appear to be
very dightly more variable than the indicas. For both groups, the families
accounted littie for the total variation, athough the indica families
seemed to store more diversity than the japonica (26.9% and 10.3%),
respectively.

The cultivars of O. glaberrima appear much less variable than O. sativa,
accounting for only 15.7% of the total variation of the species. Most of its
variation is due to the differences among families, which accounted for
58.2% of the total variation.

DISCUSSION

The results of the different analyses give a general picture of the
structure of the African traditional rice cultivars. O. sativa and O. glaber-
rima are two different and distinct groups, each with its own specificity.
The relationship among the morphological traits appeared to be mostly
different for each species.
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Table 5. Variance components, expe in percentage. Variance components
for global, O. sativa, O. glaberrima, indica, and japonica.

Global Sativa Glaberrima Indica Japonica
Cultivars 60.3% 59.6% 15.7% 31.4% 37.3%
Families 20.6% 14.4% 58.2% 26.9% 10.3%
Within families 19.1% 26.0% 26.1% 41.7% 52.4%

Components of O. sativa cultivar variance (excluding YS29)

Indica vs japonica 46.1%
Indica 12.8%
Japonica 41.1%

Components of global cultivar variance

O. glaberrima vs O. sativa 49.4%
O. glaberrima 6.2%
O. sativa 44.4%

O. sativa appeared to be made up of two very distinct groups that are
identified as the indica and japonica groups on the basis of the phenol
reaction. The difference between the two groups is very important and
contributed very significantly to the total variation of the species. Com-
paring the two groups, it was noted that while japonica populations
appear more variable when the three principal axes are considered
jointly, this tendency varies when the axes are taken individually. Thus
japonica populations are quite uniform on the first axis compared to
indica and 87.3% of the total variation in japonica on this axis is
accounted for by the within families variation compared to 28.9% on the
second axis and 18.5% on the third. On the basis of the morphological
traits associated with the first principal axis, indica appears more vari-
able in general appearance than japonica. The differences among the
indica families are longer than in japonicas.

No such separated clusters could be obtained with O. glaberrima, even
on the basis of the phenol reaction. On the whole, most of the variance in
this species is accounted for by the between families variation. In fact it
was reported that both positive and negative phenol reaction plants are
frequently found in the same cultivar of O. glaberrima (4). However,
plotting O. sativa individuals in the planes defined by the O. glaberrima
principal axis resulted in two clusters: a japonica group and an indica



Fig. 3. Distribution of O. glaberrima (Axes 1 and 2).
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Fig. 4. Distribution of O. sativa (Axes 1 and 3 from O. glaberrima).
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group. This indicated that O. glaberrima follows the same evolutionary
process as O. sativa but has remained at a very primary stage in such a
way that this process cannot be easily identified when O. glaberrima is
considered alone. A more detailed analysis involving larger samples and
a follow-up of the offspring of positive and negative phenol reaction
plants for several generations, associated with enzymatic and morpho-
logical studies, would certainly enable a better understanding of this
process. In the meantime, the use of such an advanced and well differen-
tiated species as O. sativa gives a good idea of the final forms toward
which O. glaberrima is evolving.

Extensive studies of isozyme polymorphism of African wild and culti-
vated rice species using electrophoretic techniques have been carried out
in the Ivory Coast (2, 3, 4, 6, 7). It is found that in Africa the genetic
diversity of traditional cultivars of O. sativa is very similar to that of the
Asian land races. O. sativa tends to cluster in two groups, but intermedi-
ate strains are largely predominant. These two groups can be related to
the japonica and indica subspecies, as seen by the phenol reaction and F;
sterility relationships. It was found that the difference between the indica
and japonica group accounted for most of the genetic diversity of O. sativa.
It must be mentioned, however, that indica and japonica do not constitute
two completely isolated groups. Instead, there is a continuous array of
intermediate forms between two extreme forms that are identified as
parental types, the intermediate forms being the most frequent, particu-
larly on the japonica side. These intermediate forms can be identified
only through electrophoretic analysis and F; sterility relationships. No
attempt has been made yet to identify these forms through morphological
traits. Very interesting information can be expected from such a study,
particularly when the distinction between the indica and japonica subspe-
cies seems to be closely related to geographical areas and the type of rice
cultivation. Indeed, it has been reported that, while the japonica culti-
vars appear to be restricted to rainfed conditions in moist forest areas of
Africa, the indicas are commonly grown in aguatic conditions, athough
they seem to have a wider distribution than japonicas (4).

The study of enzymatic polymorphism of O. glaberrima has indicated
that, unlike O. sativa, O. glaberrima has a very low genetic diversity.
Positive and negative phenol reaction plants were found, but it was not
possible to relate them to a particular isozymic pattern.

Table 6 shows the components of genetic diversity for O. sativa and O.
glaberrima obtained through enzymatic analysis on the basis of both 40
loci and 4 loci. The table indicates that the difference between japonica
and indica explains most of the genetic diversity of O. sativa. As far as the



Fig. 5. Distribution of O. sativa (Axes 1 and 3 from O. glaberrima).
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Table 6. Comparison between the components of enzymatic and
morphological diversity.

Japonca-indica Populations Families
O. sativa
40 loci 54% 34% 12%
4 loci 49% 33% 18%
Morphological traits 57.7% 16.4% 8%

O. sativa ssp. japonica

40 loci 84% 16%
4 loci 85% 15%
Morphological traits 37.3% 10.3%

O. sativa ssp. japonica

40 loci 63% 37%
4 loci 44% 56%
Morphological traits 31.4% 26.9%

O. glaberrirna
40 loci 68% 32%
Morphological traits 15.7% 58.2%

two subspecies are concerned, japonicas present a higher population
variability than indicas which in turn seem to have more interfamily
variability than japonicas.

O. glaberrima is much less polymorphic than O. sativa. The total genetic
diversity of this species determined on the basis of 40 loci appears to be
due mostly to a difference among cultivars (populations) with, however,
a significant contribution of the interfamily variation.

The picture fits quite well with the results obtained through the
analysis of morphological traits shown in Table 6.

Y S29, which is scattered all over the two groups, has been identified to
be a mixture of types, both on the basis of the isozyme pattern and on the
basis of the phenol reaction. This shows once more the convergency of the
two methods in the study of African traditional rice cultivars.
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Y. SANO
STERILITY BARRIERS National Institute of Genetics
BETWEEN ORYZA Mishima, Shizuoka 411, Japan
SATIVA AND O.
GLABERRIMA

The interspecific F; hybrid between the two cultivated rice species, Oryza sativa
and O. glaberrima, is male sterile but female fertile. To look into the genetic
mechanisms of sterility barriers, backcross experiments were carried out. Two
gamete eliminators (S; and S,) and a pollen killer (S3), which induce sterility
through allelic interaction, were detected. S; was tightly linked with wx and S;
with la. Genetic backgrounds had an effect on the genic expression of S;, viz., the
elimination of megaspores was incomplete in the japonica background of O. sativa.
In addition, a one-locus sporophytic sterility gene (S4) emerged from a
near-isogenic line carrying S; Further, male sterility was induced when the O.
sativa cytoplasm was combined with the O. glaberrima nucleus. Indica cytoplasm of
O. sativa appeared to be the same asjaponica cytoplasm in terms of a fertility
restoring system. A dominant gene from the O. sativa parent seemed to cause
anther indehiscence. Thus, infertility arises from various nuclear gene interactions
as well as the nucleus-cytoplasm interactions. Their genetic consequences were
aso examined in the experimentally introgressed population.

solation promotes genetic differentiation and permits different popula

tions to coexist without losing their identity. If species are recognized
as groups of potentially interbreeding populations, domesticated races
generaly belong to the same bhiological species as their wild progenitors,
since domesticated ones are compatible with their progenitors when
hybridized (3). The appropriate degree of isolation might result from a
balance between advantages of gene flow and isolation. Usually, isolating
barriers are much developed between distantly related taxa. It has been
repeatedly suggested in maize, wheat, and sugarcane that not only their
wild progenitors but also more distantly related taxa have contributed to
crop evolution to some extent through gene flow across isolating barriers
(2). A basic problem that needs to be solved is whether incorporation of
genes from a secondary gene pool has played a role in the adaptation of
crop species. To understand the genetic nature of gene transfer between
species, we first need to know what sorts of genetic mechanisms are
involved in reproductive barriers between species.

109
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Oryza glaberrima is endemic in West Africa, while O. sativa is of tropical
Asian origin. At present, the two cultivated rice species are often grown
in mixture in farmers fields. They are isolated by an F, sterility barrier,
although their chromosomes normally pair in the hybrid (1). Hybrid
sterility between distantly related taxa is caused by a complex of dishar-
monious gene interactions. This paper will describe various genetic
mechanisms of F, sterility barriers found between the two species.

INTERACTIONS BETWEEN NUCLEAR GENES

Genetic basis of F, sterility

Assuming one or two loci, four possible models of genic systems control-
ling F, sterility have been proposed by Oka (5):
® duplicate gametic lethal (gametes with SS, deteriorate);
® onelocus sporo-gametophytic interaction (gametes with S° dete-
riorate only in §S%);

® onelocus sporophytic sterility (heterozygotes for S and S* have an

adverse sporophytic effect on gametic development); and

* complementary sporophytic sterility (plants with two dominant

genes, S and S, show sterility).
In each case, sterility factors may affect the development of male or
female gametes, or both.

Various genic substitutions may be involved in processes of speciation.
Successive backcrossings are relatively easy if the hybrid is male sterile
but female fertile. To extract alien elements that disturb the normal
development of gametes, the use of near-isogenic lines provided signifi-
cant information for understanding the genic nature involved (5, 7, 8).
The four models proposed can be distinguished from segregation patterns
only in appropriate backcrosses and testcrosses (7).

Gamete eliminator and pollen Kkiller

Although the F, hybrids between two cultivated rice species are highly
pollen sterile, backcrosses are possible as some embryo sacs remain
functional. Near-isogenic F, dterile lines having the genetic background
of O. sativa (Accl08, indica type) and O. glaberrima (W025) parents were
isolated from BC,F, (7). They were self-fertile and showed semisterile in
the F,’s when crossed with the parents. However, al the selfed F, plants
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were fully fertile. This F, sterility was explained by the one-locus sporo-
gametophytic interaction model of sterility genes. Accl08 parents are
assumed to have gaslagsz and WO025 parents S"SlS?%a . If the S gene is
present in the maternal tissue, gametes with S? deteriorate. Interestingly,
similar sterility genes S, and S, were detected in the two species. The S;
gene appeared to be tightly linked with C in the first linkage group. The
heterozygotes Sle and %S? showed 50% sterile and produced S, or S,
gametes only, so, S, and S, act as gamete eliminators. If there were
no other sterility elements between AcclO8 and WO025, the F, of
WO025S,/Acc108S, would be fertile. Actualy, the F; was highly sterile,
suggesting that there are various other factors responsible for sterility
barriers between them. A true breeding, partly sterile line with O. sativa
background was obtained from BC;F, The plant seemed to be homozyg-
ous for duplicate recessive genes causing sporophytic sterility associated
with F, breakdown.

A follow-up experiment was carried out using T65 (japonica type of O.
sativa) and WO025 (O. glaberrima) (7). Another type of sterility gene was
extracted from BCgF, T65 was considered to be sg‘sg and WO025 to be SS;
The S; locus had no deleterious effect on the development of microspores
in the homozygote but induced abortion of pollen not carrying it in the
heterozygote %%a. There appears to be no adverse effect of S; on mega
spores, which differs in genic action from S, and S, Thus, S; acts as a
pollen killer. Sj was tightly linked with gene la in linkage group VIII. In
addition, plants homozygous for S; were photoperiod sensitive. The
pleiotropic effect of S; or its tight linkage with photoperiod sensitivity is
an example of coadapted gene complexes between species. The homozy-
gotes for S, tend to be effectively isolated from plants carrying %a by a
difference in time of blooming. Therefore, gametcphytic selection is able
to influence the quality of the sporophytic generation. It seems likely that
the phenomenon of gamete abortion through allelic interaction may be
of wide occurrence between the two rice species (7).

Effects of genetic backgrounds

With regard to the one-locus sporo-gametophytic interaction model for
F, sterility genes, further evidence was obtained from a sterility gene that
was extracted from WO025 into T65 (BCgBC,). The segregation pat-
terns showed that the sterility gene was similar to a gamete eliminator
such as §. The waxy vs. nonwaxy character of pollen grains is testable by
iodine reaction, and the heterozygote (+wx) produces two sorts of pollen
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Table 1. Pollen analysis for detection of a linkage relation between S and
a
WX.

Genotype Genotype Fertility Frequency Observationb
of Fq of pollen

Noncrossover type

+S a fertile (1-p)2 +:wx = 7313:179
+ S wx S sterile (1-p)2 RV = 2.4%
 — Crossover type
a a N
wx S +S sterile p/2
wx S fertile p/2
Noncrossover type
+S a fertile (1-P)/2 +:wx = 114:3283
wx S wx S sterile @a-P)/2 RV = 3.4%
—— Crossover type
a a N
+ S wx S sterile p/2

+S fertile p/2

aIf a sterility gene (S)aof the gametophygc type is located near wx, the linkage relation can be detected from pollen analysis of the
heterozygotes, Sa+lS wx and Swx/S +. In this case, microspores carrying S deteriorate through alelic interaction in the
heterozygote (SS). A near-isogenic line of T65 (japonica type of O. sativa) carrying S from O. glaberrima was used.

RV = recombination value.

grains in 1:1 ratio. When the near-isogenic line with the sterility gene was
crossed with T65wx, the F; showed semisterile, and reddish brown
(waxy) pollen grains were found to be eliminated through gametic
selection (Table 1). Out of 7,492 observed, only 179 were waxy. This
implies that S* and wx are closely linked and that wx was eliminated
together with S% Moreover, the recombinants with S wx and S*+ were
obtained from the hybrid derivatives. As expected, the plants showed
semisterile and had only 114 blue (nonwaxy) pollen grains out of 3,397
observed. The recombination value between S and wx was calculated as
24 to 3.4% from pollen analysis.

The sterility gene (S) was located in the first linkage group, and then it
was suspected to be identical to S, which was first examined in the
genetic background of Accl08. However, the elimination of female ga-
metes with S* was incomplete in this case, viz.,, some 40% of femae
gametes with S® remained functional in BCy—BCoF;, suggesting that the
sterility stems from neither the pollen killer nor the gamete eliminators
and is instead intermediate between them. For the identification of the
sterility gene, S; in the first linkage group was introduced from Accl08S
into T65wx by successive backcrosses (BC,). Until the BCg generation,
no wx and fertile segregant (vvxwalan) was found when semisterile plants
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Table 2. Linkage relations between a sterility gene and wx?

Cross Genotype Fertility (%) % waxy grains

of Fy Pollen Seed F, pollen  F,seed
T65wWx/T65S BC,,; S?wx/S + 49.4 49.2 2.7 2.8
T65wWx/Accl08S, Sjaawx/Sa + 40.3 16.2 24 0.0
T65wx/Acc108 Sjawx/Sl + 48.7 215 50.5 14.9
T65WX/T65SBC, S wx/S; + 48.3 50.7 2.6 14

aT65 is Taichung 65 (japonica type) and Accl0B is Peiku (indica rype) from Taiwan. T65Sis a near-irogenic line of T65 with an
unknown sterility gene from W025. T65wx and Accl08S, are near-isogenic lines carrying wx and % respectively. S gene was
extracted from A(;(:lOBS1 into the genetic background of T65 (T65§) by successive backcrossings. The F, of T65wx/Accl08
showed semisterile even though the Flis ﬁsf,indicalingthal there are other sterility genes as is often found in the hybrids of
japonica and indica types. % waxy pollen grains represents recombination value between the sterility gene and wx. An unknown
sterility gene S was proved to be identical to Slsince the F of TGSSl/TGSS was fertile.

were backcrossed with the pollen of T65wx, suggesting that elimination of
megaspores with S? was complete and S acted as a gamete eliminator.
The F; of T65wx/Accl08 showed semisterile, but its pollen analysis
revealed that there is no sterility gene with gametic selection that is
tightly linked with wx. Therefore, the sterility gene extracted from
Accl08S), which is located near wx, is § from W025. In BC; — BCF,
out of 27 plants 5 were fertile and homozygous for wx (Table 2),
suggesting incomplete elimination of megaspores with S®. The genetic
background apparently has an effect on the genic expression of S.

One-locus sporophytic sterility gene

A near-isogenic line of T65 with S was established from BCF,. No other
gene responsible for infertility was detected in BC,F, and BGSF,. To
purify the S gene, backcrosses were continued up to BC,, During the
procedure, a dterility gene different from S was obtained from BGCyF,
plants. A strange phenomenon was first detected in a semisterile plant
with +wx. If the dterility gene is S, pollen analysis should show a
distorted segregation for waxy and nonwaxy pollen grains. However, its
pollen analysis gave a normal ratio of 1:1. When the semisterile plants
were backcrossed as the pollen parent, fertile and semisterile plants
segregated into a ratio of 1:1. In the cases of the gamete eliminators and
pollen killer, such crosses gave fertile plants only. Segregation patterns
(Table 3) showed that the sterility is not gametophytic but of sporo-
phytic origin. Selfing of semisterile plants always gave a ratio of 1. fertile
to semisterile. The result is well explained by the one-locus sporophytic
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model and not by others. This is the first case where this model was
adopted for sterility in plants. The gene was designated ;. If this is true,
selfing of semisterile plants (slsf) gives 1:2:1 §S, (fertile) to 8482 (semi-
sterile) to stf (fertile). Test crosses revealed that out of 30 fertile F,
plants 14 had S, and 16 Sfo , supporting the above assumption.

Of particular interest is the origin of S,. The sterility gene was detected
after the establishment of a near-isogenic line of T65S. A possible
assumption might be that S; mutated to S, during the course of experi-
ments and a mutation altered the genic expression of §. If so, S, should
be tightly linked with wx. Since the sterility gene is of the sporophytic
type, pollen analysis is not applied for its linkage relation. Linkage
analysis from F, segregation showed that S, is independent of wx (X2 =
0.962, df = 2). Possibly, a mutation took place at a locus independent of
wx together with the elimination of S. A similar ateration of linkage
relation in fertility elements was reported in the cms-S strains of maize in
addition to cytoplasmic reversion (4). It was proposed in maize that
fertility elements can be located at different sites on different chromo-
somes and linkage alterations can be caused by an assumed transposable
element. Further investigations are under way in order to examine if a
similar mechanism is involved in the sterility genes of rice.

NUCLEUS-CYTOPLASM INTERACTION

Yabuno (12) reported that the combination of the cytoplasm of a japo-
nica type (O. sativa) and the nucleus of O. glaberrima produces male
sterility and that a dominant gene Rf; is responsible for the full restora-
tion of pollen fertility in the male-sterile lines. In order to verify differen-
tial nucleus-cytoplasm interactions between the two species, cytoplasmic
substitution lines were made by using O. glaberrima (W025S, and an
indica type of O. sativa (Accl08S)). The O. glaberrima cytoplasm had no
adverse effect on pollen development when combined with the nucleus of
Accl08S;. On the other hand, when the Accl08 cytoplasm was combined
with the WO025S, nucleus the substitution line showed no seed set due to
male sterility, athough the pollen grains were normally stained with
I,-KI solution. Plants having dehiscent or indehiscent anthers were
backcrossed to WO025S,. All the progeny tended to have dehiscent an-
thers, whereas when the plants with indehiscent anthers were back-
crossed, both plants with dehiscent and indehiscent anthers segregated
into a 1:1 ratio (Table 4). This indicates that a dominant gene from
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Table 3. Segregation for fertility in the backcross generations between Oryza
sativa (T65) and O. glaberrima (W025).2

Generation Segregation Ratio x

Fertile Semisterile Total

BC,9-BC1oF,

Semisterile/T65 31 34 65 1:1 0.138 ns
T65/semisterile 25 22 47 1:1 0.191 ns
BC1-BC15F, 120 137 257 1:1 1.125ns
BCoFs 134 114 248 1:1 1.613 ns

asemisterile plants showed infertiliry in both pollen and seed. F,and F3seeds were obtained from selfings of semisterile plants
under bag pollimation. ns = nonsignificance.

Table 4. Number of plants with dehiscent and indehiscent anthersin the
substitution line with O. sativa cytoplasm (BC5-BCgF,)

Cross Segregation Expected x
Dehiscent  Indehiscent ratio
Indehiscent type/W025S, 63 58 11 0.207 ns
Dehiscent type/W025S, 87 0 1:0 -

8The initial cross was AcclOSSl(Q)/WOZSSz(d).. The two near-isogenic lines Accl08S; and W025S,; were employed as the
parents in this experiment since the effects of sterility genes S; and S, disappear in the hybrid. All plants of the substitution he
showed no seed set under bag pollination due to male sterility. ns = nonsignificance.

Accl08S;, which is responsible for anther indehiscence, is maintained in
heterozygous conditions in plants having indehiscent anthers. No re-
storer gene was extracted from AcclO8S; in this experiment. Then the
male-sterile substitution line with Accl08 cytoplasm was crossed with an
O. glaberrima strain carrying Rf; from Akebono (japonica type) to exam-
ine the cytoplasmic difference between indica and japonica types of O.
sativa. If Rfj was not effective on pollen restoration in the substitution line
with Accl08 cytoplasm, Accl08 cytoplasm would be considered to be
different from the japonica cytoplasm. The F; was fertile, and fertile and
sterile plants segregated into a 3| ratio in the F, suggesting that Rf; is
effective on pollen restoration in the AcclO8 cytoplasm. The expression of
the restorer was dominant and was the sporophytic type as found in
the substitution lines with japonica cytoplasm (12). The detection of
cytoplasmic differences depends highly upon whether the recurrent par-
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ent employed possesses the fertility restoring gene(s). The AcclO8
cytoplasm appears to be the same as those of japonica type in terms of a
fertility restoring system.

The results suggest a wide occurrence of cytoplasmic differences be-
tween the two species. To ascertain this point, backcrossing experiments
are now under way. Although their generation is BC, at present, all three
O. sativa cytoplasms appeared to produce male sterility when combined
with the nucleus of O. glaberrima, whereas six O. glaberrima and its wild
progenitor (O. breviligulata) strains seemed to have normal cytoplasm. A
wide distribution of the cytoplasmic difference and the restorer in O.
sativa suggests that if rf; carried by O. glaberrima were successfully intro-
duced into O. sativa background, O. sativa itself would provide an addi-
tional and useful source of mae-sterile cytoplasm.

GENETIC CONSEQUENCES AFTER HYBRIDIZATION

The two cultivated rice species were domesticated independently and
became sympatric after speciation. They are often mixed in West African
plantings at present and are forced into contact with each other (10). As a
result, natural F; hybrids occasionally occur in farmers’ fields (6). Succes-
sive backcrosses and introgression between them have been assumed but
have never been conclusively demonstrated. Experimentally, gene trans-
fer from either of the species is possible by backcrossing. The two species
can be distinguished by a few distinct characteristics like short and tough
ligules and few secondary panicle branches of O. glaberrima, which
contrast with the long ligules and many secondary panicle branches of O.
sativa. Parental characteristics in the hybrid progeny of the two species
(AcclO8 and WO025) were observed in BC;Fgand BC,F; lines that had
different coefficients of relationship to the O. glaberrima parent ranging
from 1/8 to 7/8 (9). A tendency for recombination restriction was
detected in the hybrid derivatives, which might result from infertility in
recombinants or so called M-V linkages. Among eight characters investi-
gated, ligule length and secondary branch number per primary branch,
which are useful as key characters (11), were practically nontransgressive
and were subjected to M-V linkage more obviously than other charac-
ters. They are possibly able to coexist without losing their identity even
after hybridization. Thus, the morphological recovery of the parental
types occurred rapidly in the hybrid derivatives.

Infertility arises from nuclear gene interactions as well as nucleus-
cytoplasm interactions between the two species, suggesting that differen-
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Table 5. Fertilities of hybrid derivatives (BC,F; and BC,F;) between Oryza
sativa (Accl08) and O. glaberrima (W025) and their pollen fertility when
crossed with the four strains Accl08, Accl08S;, WO025, and W02552.a

Line Cross Cyto- Relationshipto Fertility (%) Pollen fertility (%)
plasm O. glaberrima in crosses with

Pollen Seed Accl08 Accl08S; WO025 WO025S,

1 GSSS w025 1/8 851 733 221 73.1 0.0 0.0
3 GSGS w025 3/8 94.0 811 241 55.2 0.0 0.0
4 SGSG Accl08 5/8 91.8 327 346 44.8 0.0 0.0
7 SGSG AcclO8 5/8 942 794 0.2 4.0 28.9 44.8
11 GSSG WO025 5/8 80.1 76.9 0.0 0.0 39.1 76.4
12 GSG w025 6/8 89.9 0951 0.0 0.0 26.8 90.7
19 GSGG WO025 7/8 941 957 0.0 0.1 511 93.3

8Crosses were made in different directions to obtain plants with different relationships to O. glaberrima (9). G = W025 (O.
glaberrima) and S = Acc108 (indica type of O. sativa). W025S, and Accl08S are near-isogenic lines carrying S, and S;.

tiation in both nucleus and cytoplasm has an important role for limita-
tion or acceleration of gene transfer between them. If natural
hybridization takes place between them, the sterility genes such as
gamete eliminators may promote the process of interspecific gene ex-
change in spite of morphological recovery to the parental types observed
in the hybrid derivatives, since pollen grains carrying such genes have a
high selective advantage. Loci that are on the same chromosome should
be incorporated in the introgressed population.

To look into sterility genes in the hybrid derivatives, each F; line was
crossed with four strains — Accl08, Accl08S;, W025, and W025S, —
and their F; pollen sterility was examined. Part of the data are shown in
Table 5. All lines were clearly divisible into two parental types according
to the occurrence of pollen sterility. In addition, the higher the relation-
ship to O. glaberrima, the higher pollen fertility the line showed in crosses
with O. glaberrima. Pollen fertility of the hybrids indicated that all the
lines examined appear to have gamete eliminators S; and S, since near-
isogenic lines ACC 108S; and WO025S, aways showed a higher fertility in
the hybrids than did the parental strains Acc 108 and WO025. This
implies that Sf and Sza were eliminated in the introgressed population and
S, and S, rapidly increased as expected. Each line has the cytoplasm of
Accl08 or WO025. Line 7 has AcclO8 cytoplasm but showed a high
fertility when crossed with WO025 and WO025S,, suggesting that the
nucleus of the line is similar to that of O. glaberrima in terms of hybrid
sterility. Thus, the line possesses O. sativa cytoplasm and a nucleus
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similar to O. glaberrima. This combination is expected to induce mae
sterility, but the line gave a good seed set under bag pollination. The line
seems to carry a restorer(s) from Accl08 such as Rfj. On the other hand,
line 1 has W025 cytoplasm, but the nucleus is similar to O. sativa. The
result predicts that if introgression occurs between the two species,
gamete eliminators such as S; and S, tend to be incorporated into the
other species and cytoplasmic gene flow might occur between the two
Species.
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The F, hybrids of distant crosses show semisterility, while some wide compatibility
varieties (WCVs) produce fertile F; plants when crossed to indica as well as to
japonica varieties. To analyze the genes for sterility, some WCVs carrying marker
genes were used in a pair of three-variety crosses: indica WCV//japonica and
japonical WCV//indica. In both of the crosses, spikelet fertility was found to be
closely linked with a marker gene C (chromogen for pigmentation). With the use
of the marker, female gametes carrying an alele from the japonica parent were
found to be aborted in the F; hybrids of indica/japonica crosses. Pollen sterility
was independent of spikelet sterility and linked with none of the marker genes
tested. A set of multiple aleles was located between the C and wx (waxy
endosperm) loci: §" for WCVs, S\3 for indica varieties, and g for japonica
varieties. The genotypes of 7S and S/ were fertile, but S/S) was semi-
sterile due to partial abortion of gametes carrying S5J In addition, two sub-

groups of javanica varieties were shown to possess different alleles in the Sy

locus. Spontaneous mutation at the locus was considered to develop the F; ste-

rility barrier between distantly related varieties.

Rice improvement through distant crosses is not aways easy because
of various reproductive barriers. The partial F; sterility due to
gamete abortion was once interpreted as the result of hypothetical
structural differences between the chromosomes of indica and japonica
types. In the past three decades, sterility in distant crosses has been
attributed to genic differences, although there are two contrasting genetic
explanations.

Oka (5, 6) proposed a model of duplicate gametophytic lethals, as-
suming that the genotypes of gametic lethals for two distantly related
varieties;, A and B, are Xy/Xy and XY/XY, respectively, and gametes
carrying xy in the F; hybrid of Xy/xY become aborted due to some
deficiency in gamete development. Varieties producing fertile hybrids,
when crossed to A as well as to B, are assumed to be of XY/XY genotype.
In this paper such a variety is called a wide compatibility variety
(WCV). Okas hypothesis was based on data obtained from a three-
variety cross of WCV/A//B. A cross of WCV/A/IB, the genotype of
which can be written as XY/Xy//xY, segregated fertile (XY/xY) and semi-
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sterile (Xy/xY) progeny in a ratio of 1:1. The result was interpreted as
evidence of duplicate gametophytic lethas (Model 2 in Table 1).

Kitamura (3) reported contrasting results that female and male ga-
metes were independently aborted by respective allelic interaction. It was
assumed that indica and japonica varieties possess S/S and SIS aleles,
respectively, at a locus, and the gametes carrying S were aborted in the
maternal genotype of sis! in this system, the genotype for WCVs can be
given as s)s” assuming that S1s' and SIS are fertile (Model 1 in Table
1). This system can be caled one-locus sporo-gametophytic interaction
(7). A similar case was described in tomato by Rick (8). Sano et al (11)
reported a case of gamete abortion by allelic interaction in the crosses of
isogenic lines from an indica variety and a strain of Oryza glaberrima.

In the present paper, the hypothesis of duplicate lethals is referred to
as the two-locus model and that of one-locus sporo-gametophytic interac-
tion as the one-locus model. The experimental result that Oka (5)
initially cited as evidence for the two-locus model can also be interpreted
by the one-locus model as shown in Table 1. Nevertheless, the two-locus
model had been widely accepted before Oka's additional work in 1974
(7), which reported a sophisticated study on the two-locus model with
isogenic lines. However, Kitamura's induction of the one-locus model
was straightforwardly based on extensive tests of isogenic lines (3).

The two models predict contrasting outcomes from a distant cross.
According to the two-locus model, a distant cross may eliminate the
greater part of recessive lethal genes from its progeny and ultimately
produce many lines that would behave like WCVs. The one-locus model
envisages that only one of the parent aleles can be predominant in the
progeny, and the WCV type would not be expected. Thus, the under-
standing of the nature of F, sterility is not only related to varietal
differentiation of rice but also to basic strategies of rice breeding. Six
varieties out of 74 were previously screened out as WCVs (I), most of
which were from Indonesia or Bengal. As the second step, the genetic
nature of the WCVs was investigated along with a critical test of the two
models.

MATERIALS AND METHODS

Four groups of varieties were used as shown in Table 2: three of the six
WCVs identified in our screening, indica testers IR36 and IR50, four
japonica varieties, and three javanica varieties named after Morinaga
(4). All of the WCVs tested possess o (chromogen for pigmentation) and
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Table 1. Design to test two theoretical models for hybrid sterility by means
of marker genes.

Common premise for both models:
Wide compatibility variety (WCV) produces fertile F; when crossed to variety A or to
B. F, from A/B is semisterile.

Model 1: Sterility is caused by allelic interaction.

Assumed genotypes:
SS™ for WCV with S" linked to marker genes;

S#S2tor variety A and SP/SPfor variety B.

Expression of F;genotypes:
S"saand S"SPare fertile; S#SPis semisterile.

Linkage between marker and fertility in three-variety cross

Linkage between

Test cross Genotypes produced marker and fertility
WCV/A/IB ssb(fert) + S#SP(semisterile) detectable
WCV/BJIA Ssa(fert) + SYS3(semisterile) detectable

Model 2. Sterility is caused by duplicate recessive lethals.

Assumed genotypes:
XWX Wy for weV with X Wiinked to marker genes;
Xy/Xy for variety A and xY/xY for variety B.

Expression of F; genotypes:
F, genotype of Xy/xY shows semisterility due to abortion of gamete carrying duplicate
recessive lethal genes xy.

Linkage between marker and fertility in three-variety cross

Test cross Genotypes produced Linkage between
marker and fertility

WCV/A/B XWyixy (fertile) not detectable
XWixY (semisterile)
XYIXY (fertile)
Xy/XY (semisterile)

WCV/B//A XWy/Xy (fertile) detectable
xWy/Xxy (fertile)
xY/Xy (semisterile)
xXY/Xy (semisterile)
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Table 2. Marker genes of tested varieties.

Varietal group Variety Linkage group
| 1l I}
Wide Ketan Nangka alk, C*, wx Ph™ A*
compatibility Calotoc + C*, + Ph™ At
variety CPSLO + C*, + Ph™ A"
Indica testers IR36 } +, C*, + Ph* A*
IR50
Japonica Akihikari - _ -
variety Nihonmasari } alk, .+ Ph A
Taichung 65 alk, C*,+ Ph™ A”
Hata-koganemochi alk, C™,wx Ph™ A"
Javanica Banten } + CH o+ Ph™ A”
variety Gamah
PenuhBaru + C7, + Ph™ A

A" (anthocyanin activator). In the present experiment, C* and A" deter-
mined apiculus pigmentation, because P* (distribution gene) existed in
al the varieties.

Three-variety crosses were designed to detect linkage between the
marker genes and pollen or spikelet fertility. For testing the validity of the
models, a paired cross scheme was concelved as shown in Table 1.
According to the two-locus model, the assumed genotype for WCVs is
XY/IXY, and those for distantly related varieties A and B are Xy/Xy, and
XY/XY, respectively. Then, the roles of X and Y from a WCV can be
differentiated from each other in the pared crosses, WCV/A//B and
WCV/B//A, as indicated in Model 2 of Table 1. If XWof a WCV is
effective for fertility in WCV/B//A, the effect of X" cannot be detected in
WCV/A//IB, and vice versa. Therefore, if one of the dominant genes of a
WCV is linked with some marker genes, the linkage between the marker
and the fertility level can be detected only in one of the paired crosses,
whereas, if fertility is controlled by a one-locus system, the effect of the
WCV’s S" gene should be detected in both of the paired crosses (Model 1
in Table 1). Therefore, the linkage between fertility and the marker of the
S" can be detected in both of the paired three-variety crosses.

After preliminary tests, C* gene was found to be a key marker. The
paired three-variety crosses were made primarily with a WCV, Ketan
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Nangka, that possesses three markers, viz.,, alk (alkali digestion), C*
and wx (waxy endosperm) in the linkage group |. The indica testers and
WCVs have A*, and only WCVs have C*, while the japonica varieties
except Taichung 65 have none of these. Accordingly, any progeny
possessing C* from the WCVs is able to be detected by apiculus pigment
in the three-variety crosses.

As the first experiment suggested the validity of the one-locus model, it
was expected that those gametes carrying S' or Sl should be aborted in the
F, genotype of S'/Sl, thereby showing distorted segregation of the
markers. To test such gamete abortion, F; hybrids of japonica vari-
ety/IR36 were backcrossed with [R36.

Javanica varieties were added to the experiments. Previously (1), 24
javanica varieties had been crossed with indica and japonica varieties to
test their compatibility in terms of F; fertility. The results are summa-
rized in Figure 1. The majority of javanica varieties were identified as
Banten type, and four of them as Penuh Baru type, which showed
semisterility when crossed with indica as well as with japonica testers.
Both types produced fertile F;s when crossed with Ketan Nangka. Penuh
Bau was tested in a three-variety cross of Ketan Nangka/Penuh
Baru//IR50. Banten and Gamah from the “Banten group” of javanica
varieties were added to the gamete abortion tests.

For each of the three-variety crosses, 5060 F; plants were grown in an
irrigated field in Okinawa. The pollen and spikelet fertilities were re-
corded on each plant by standard procedures (1).

EXPERIMENTAL RESULTS

As no linkage between the marker and pollen fertility was found, the
results on spikelet fertility are described in this section.

Linkage between marker genes and spikelet fertility

The distribution of spikelet fertility in the paired three-variety crosses,
viz., Akihikari/Ketan Nangka//IR36 and IR36/Ketan Nangkal//Akihikari,
are given in Table 3. It had earlier been confirmed that Ketan Nangka is
a WCV, and the F; hybrid between IR36 and Akihikari showed semister-
ility. In the cross of Akihikari/Ketan Nangka//IR36, the genotypes of
wx/+ and CYC~clearly showed significantly higher fertility than the
contrasted genotypes, +/+ and C7/C~. In the cross of IR36/Ketan
Nangka//Akihikari, a relationship between fertility and the marker ge-
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Fig. 1. F,fertility and pertinent alleles in the crosses between indica, javanica, and japonica
varieties. —— = varietal combination producing fertile Fq. ---------------—- = varietal
combination producing semisterile F;. The Compatibility in terms of spikelet sterility indi-
cated here agrees with the compatibility in terms of pollen fertility except that the F; of
Banten group/IR varieties revealed normal pollen fertility.

notypes was also found, athough it was not as clear as in the former
Cross.

Two reasons for the somewhat weak linkage between the marker and
fertility in IR36/Ketan Nangka//Akihikari can be indicated. First, a
genic interference was found to be associated with Ph™. In that cross, the
difference in fertility between wx/+ and +/+ and that between C*/C~
and C7/C~ was clear in the presence of Ph* gene (Table 3). The
ph*—related effect affected al the genotypes in  Akihikari/Ketan
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Nangka//IR36, since the donor of Ph* gene was IR36. Second, differen-
tial frequencies of genic recombination were observed between the paired
crosses. The recombination value between C* and wx was higher in
IR36/Ketan Nangka than in Akihikari/Ketan Nangka (Fig. 2). This fact
implies that recombinations between the marker genes and the gene for
fertility were more frequent in IR36/Ketan Nangka than in Akihikari/
Ketan Nangka. The higher recombination frequency could lead to the
weak linkage between the markers and fertility in IR36/Ketan Nangkal//
Akihikari.

Although there were such modifying factors, the linkage between the
markers and fertility was clearly shown in the paired crosses. Therefore,
fertility must be controlled by the S" gene from Ketan Nangka, the locus
of which was linked closely with C*.

The results of additional three-variety crosses are shown in Table 3.
And the results with other WCVs are given in Table 4, where
IR36/Calotoc//Akihikari and Nihonmasari/Calotoc//IR36 similarly
showed close linkage between the C* gene and spikelet fertility. As the

Fig. 2. Intensity of linkage among some markers in linkage group | and assumed locus of
S- alleles, allelic interaction of which causes spikelet semisterility.
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two japonica varieties are known to behave identically in distant crosses,
these crosses with Calotoc give additional evidence that segregation of
fertility is basically controlled by one locus (Model 1 in Table 1).

Tests of gamete abortion by the frequency of marker genes

The results of the test crosses are shown in Table 5. In the cross of
Hatakoganemochi/IR36//IR36 and Taichung 65/IR36//IR36, the fre-
quency of the B;F; plants carrying wx, alk, or C* was significantly lower,
and many of the B;F; carrying these markers showed lower fertility.
These facts indicate that part of the gametes carrying the allele Sifrom
the japonica parent were aborted in the F; genotype of S'S!

Genetic analysis of the compatibility of javanica varieties

In the gamete abortion test, the cross of IR50/Banten or Gamah showed
a decrease in gametes carrying C* as in the indicaljaponica cross (Table
5). These two varieties seem to possess an alele similar to japonica
varieties, athough these two were differentiated from japonicas in their
compatibility with Penuh Baru. Therefore, these two are assumed to
have a different alele, S°, at the S locus.

The three-variety cross Ketan Nangka/Penuh Baru//IR50 showed
close linkage between spikelet fertility and wx or C* from Ketan Nangka
(Table 3). Penuh Baru seemed to have a different alele, SP, at the same
locus.

Mapping of the S locus

Since the distribution of spikelet fertility was continuous and subject to
environmental fluctuation, the recombinants between the S locus and the
markers were not easily determined. However, in one cross with Penuh
Baru (Table 3), the distribution of spikelet fertility was clearly separated
into low and high groups. Hence, the recombination values were calcu-
lated as shown in Figure 2. In another cross of Akihikari/Ketan
Nangka//IR36, clear linkage between fertility and two markers was
shown, so that the bold numbers in Table 3 were tentatively assumed to
be recombinants. The calculated recombination values show good fitness
with the value between wx and C* (Fig. 2).
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Table 3. Distribution of spikelet fertility in three-variety crosses with wide
compatibility variety Ketan Nangka.

. . b
Marker No. of plants in each fertilitv class (%) Total Mean %  t-test
genotype

-20 -30 -40 -50 -60 -70 -80 -90 -100

Akihikari/Ketan Nangka//IR36 (1983)

wx/+ 1 1 10 12 9 33 731 ok
++ 1 4 7 5 1 2 20 579
ct/c™ 8 12 9 29 75.8 b
cc™ 2 4 8 7 1 2 24 572
IR36/Ketan Nangka//Akihikari (1983)
wx/+ 1 5 4 2 6 5 2 126 59.2
++ 2 4 3 2 4 3 2 3 23 499
ct/c™ 1 4 4 2 2 5 4 123 609
cc- 2 4 4 2 4 T 2 1 26 494 *
alk/alk 1 3 3 2 3 2 5 120 62.1
alk/+ 2 4 5 3 4 6 5 29 4938 *
Ph+/Ph~ 2 3 5 3 3 6 6 3 132 55.6
Ph=/Ph~ 2 3 3 3 3 1 2 17 534
Ph*/Ph~, wx/+ 1 2 2 1 4 4 2 117 628
Ph*/Ph~, ++ 2 2 3 1 2 2 2 1 15 474
Ph=/Ph~, wx/+ 3 2 1 2 1 9 524
Ph=/Ph~, +/+ 2 1 2 1 2 8 546
Ph*/Ph~, C*/C~ 2 2 1 1 4 3 114 664
Ph*/Ph—, CTIC™ 2 3 3 1 2 5 2 18 472 ok
Ph~/Ph~, C*/C~ 1 2 2 1 1 1 1 9 524
Ph~/Ph—, CT/C™ 1 1 1 2 2 1 8 546
Ph*Ph~, alk/alk 2 1 1 2 1 3 111 616
Ph*/Ph~, alk/+ 2 3 3 2 2 4 5 21 50.1
Ph~/Ph~, alk/alk 1 1 2 1 1 1 2 9 575
Ph=/Ph~, alk/+ 1 2 1 2 2 8 488
IR36/Ketan Nangka//Taichung 65 (1984)
wx/+ 1 1 2 4 3 4 7 10 133 66.0
++ 3 2 3 3 3 3 219 588
alk/alk 1 1 1 1 1 1 5 9 121 706
alk/+ 3 3 6 2 6 5 4 231 585 *
Ph*/Ph~ 2 4 3 3 3 7 22 631
Ph=/Ph~ 1 2 4 3 4 7 6 330 636
Ketan Nangka/Penuh Baru//IR50 (1984)
wx/+ 2 3 6 13 125 76.5 -
H+ 1 2 6 11 1 4 227 585
C*IC 1 7 16 327 821 -
cTic” 1 2 7 14 1 25 509

a
bBoId figures indicate assumed recombinants.
*Significant at 5% level, **significant at 1% level.
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Table 4. Distribution of spikelet fertility in three-variety crosses with
Calotoc and CPSLO.

Marker No. of plants in each fertility class (%) Total Mean % t-test®
genotype

-20 -30 -40 -50 -60 -70 -80 -90 -100

IR36/Calotoc//Akihikari (1983)

C+/C- 1 3 2 5 10 5 3 29 70.7 **
C-/C- 1 1 5 11 7 3 28 45.6

Akihikari//IR36/Calotoc (1983)

c*/Ic 1 1 5 10 13 1 31 76.7 *
c’/ic” 2 3 12 5 8 2 32 511

Nihonmasari/Calotoc//IR36 (1981)

cYc- 1 2 2 2 8 3 3 2 1 24 56.4 *x

cic- 7 7 9 8 4 3 1 39 36.3
IR36//NIhonmasari/Calotoc (1982)

cic- 2 3 8 10 4 27 79.5 *x

cic” 1 5 5 7 6 2 1 27 53.5
CPSLO/IR36//Nihonmasari (1983)

c*/IC 2 1 5 4 6 1 19 70.7 *x

cic- 3 5 9 8 2 2 29 57.4

**gignificant at 1% level.

DISCUSSION

From the experimental results, the one-locus model seemed to be valid,
and a set of multiple alleles was identified: S"for WCVs, S' for indica
varieties, and S/ for japonica varieties. The aldlic interaction of S'/S! was
shown to cause partial abortion of gametes carrying S/. As the identifi-
cation of the S locus with those reported earlier by Sano (9, 10, 11) in
interspecific hybrids was not undertaken, the present locus is tentatively
designated as Ss.

From the viewpoint of the one-locus model, an antagonism between
the heterozygous maternal tissue and the gametes carrying one of the
aleles is the basis for F; sterility. The mutations a the S locus seem to
produce new alleles antagonistic to each other and to develop reproduc-
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Table 5. Femalegamete elimination and its effect on spikelet fertility
detected in japonica/indica/indica or javanica, indica/indica crosses.

Marker No. of plants in each fertility class (%) Total Mean % t-test®
genotype

-40 -50 -60 -70 -75 -80 -85 -90 -95 -100

Hata-kogane-mochi/IR36//IR36 (1983)

wx/+ 5 6 2 2 2 1 18 67.9 **
++ 4 5 5 8 3 3 28 791
alk/+ 3 4 1 8 614 **
++ 2 6 6 7 10 4 3 38 775

Taichung 65/IR36//IR36 (1984)

cYC~ 3 3 7 3 8 3 27 69.6 **

c*ic- 3 3 12 20 14 15 67 83.9

alk/+ 3 2 7 6 9 5 1 33 72.0 *x
++ 1 3 3 9 19 12 14 61 83.6

Banten/IR50//IR50 (1983)

c'ic” 1 2 5 1 2 11 638
clic 2 2 6 4 10 7 5 6 42 765

Gamah/IR50//IR50 (1983)
cYic- 5 4 2 1 12 65.2
cic” 7 8 5 4 6 2 2 34 722

axSignificant at 5% level, **significant at 1% level.

tive barriers. The diversity of the S locus in indica, japonica, and javanica
varieties was demonstrated by the identification of some alleles. Of them,
the role of S' is of interest, because it eliminates the opposite alele with
adjacent genes and forms an exclusive set of traits. In practice, the
exclusion of the alk-wx segment of japonica or javanica varieties in the
hybrids with indicas should be taken into account, as these genes deter-
mine the cooking quality of rice.

Citing the parentage of American WCVs like Century Patna 231 and
CPSLO, Jennings (2) once discussed that progeny from indica/japonica
crosses would produce wide compatibility. Theoretically, the two-locus
model predicts such outcomes. However, the present results contradict
this prediction. It is likely that the donor of S" to CPSLO was some
javanica WCV in the Philippines. The use of S" may be desirable to
facilitate distant crosses.
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Through extensive tests of indica/japonica crosses in Japan, it has been
realized that the fertility level in indica/japonical/japonica backcrosses is
apparently lower than in indica/japonica//indica backcrosses. This can
be explained by the eimination of S! in the first cross and is not reason-
ably predicted by the two-locus model, which assumes a symmetrical
genotype for each component of the indica/japonica crosses.

Throughout the present study, pollen fertility was recorded, but no
link was found between fertility and the markers. It was also found that
the javanica WCVs produce highly sterile Fs with aus varieties from
Benga. There may be some other loci for the F; sterility.
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DISCUSSION

SESSION 2: VARIETAL DIVERSITY AND REPRODUCTIVE BARRIERS

Q - Wu, H.K.: Which system of chromosome numbering did you use?

A — Nakagahra: The name of the chromosome used follows the system
proposed by Nishimura (1961).

Q - Oka: What is the association between enzymic variation and other
traits?

A — Glazsmann: | have not personally investigated this aspect; however, it
could be easily done. Since the enzymatic classification fits very well with
the indicajaponica (temperate + tropical) classification based on char-
acter association, we should find a strong association between some
isozymes and these characters.

Q — Oka: A senior Chinese scientist, K. S. Cheng, and his colleagues are
most interested in your “intermediate groups’ and have examined them
with regard to six different traits. They need your detailed data for
comparison.

A - Glaszmann: Groups II, IIl, 1V, and V look intermediate between
indica and japonica when we consider the loci involved in the indica—
japonica discrimination. However, these groups are characterized by
specific aleles for some loci and thus cannot be considered as true
intermediates. | will communicate my origina data to K. S. Cheng and
his colleagues.

A — Oka: | question the use of the name javanica because its definition is
ambiguous.

A — Glaszmann: | do agree that the term javanica is ambiguous. It is,
however, widely used by many rice researchers to describe a morphologi-
ca type that is often referred to as an intermediate type between indica
and japonica. | used this term to point out that this type should rather be
considered as a component of a “japonica in a wide sense” group.

Q — Kumar: In the light of your results, what breeding methodology do you
suggest for improvement of high quality but poor plant type Basmati
rice?

A — Glaszmann: Prior to the elaboration of a breeding strategy on the basis
of the isozyme classification, we need further genetic and breeding experi-
ments to investigate the relationships between the groups for characters
such as hybrid sterility, vegetative heterosis, and recombination in the
progenies. As far as the genetic distances calculated from isozyme data
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are concerned, the group that appears closer to group V is group VI or
japonica in a wide sense.

Q — Oka: | assume that the genetic diversity in African rice fields plays a
role in the stability of production in relation to pest and disease resis-
tance. What do you think about it?

A — Miezan: | agree, but one has to be careful in drawing conclusions
because of the ordinarily small size of rice fields. Cultural practices can
also play a role.

Q - Abifarin: How many Oryza glaberrima populations were used in your
analysis compared with those of O. sativa? If the sample populations are
similar, one might expect similar variability.

A — Miezan: We used six O. glaberrima and ten O. sativa populations.
Isozyme studies indicate that O. glaberrima is less variable than O. sativa.
Sample sizes do not necessarily play a role here since even after splitting
O. sativa into indica and japonica, indica appears to be more variable
than O. glaberrima.

Q - Kinoshita: What is the molecular basis of cytoplasmic gene flow?

A — Sano: Cytoplasmic gene flow results from successive backcrosses. In
addition, there might be a possibility that cytoplasmic instability is due
to movable elements as found in maize.

Q - Second: Do you think that the mutational event you mentioned in
your substitution line might have been prompted by the combination of
two distantly related genomes?

A — Sano: | do not know at present. My recent work suggests that
mutational events can occur in both the cytoplasm and nucleus of rice.
Q - Chaudhary: In your models, how do you explain high to complete
sterility in indical/indica crosses?

A — Ikehashi: | do not try to explain al phases of F; sterility. We need
more experimental work to explain various aspects of the sterility.

C - Oka: The F; serility of sativa intervarietal crosses is complex.
Different models can be applied to different cases.
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In a survey of rice karyotype analysis, it was found that marked progress has been
made in chromosome preparation in the past 25 years. Various techniques were
evaluated, and some were judged more applicable and more reliable than others.
Ways to eliminate discrepancies among workers and issues that need to be
standardized during karyotyping are suggested.

aryotype anaysis is the basis of cytogenetics. Unfortunately, rice

chromosomes are small and difficult to prepare. Karyotype analysis
of rice was amost impossible before the advent of successful chromosome
preparation techniques, which is why, athough rice trisomics and trans-
location stocks have been available for more than 15 years, cytogenetic
studies of them have been carried out only recently. This paper enumer-
ates and discusses recent progress in rice karyotyping.

BRIEF REVIEW OF KARYOTYPING

Yao et a (30) attempted to examine cryptic structure differences in
intervarietal hybrids a the pachytene stage. Shastry et a (26, 27)
investigated the karyotype of Norin 6 and meiosis in an intersectional
hybrid by pachytene analysis, while Hu (7) chose root tips of sponta-
neous haploid plants to measure the lengths of the 12 chromosomes and
their arm ratios.

Since then, improved techniques of chromosome preparation have
been emerging (11, 14, 15, 24, 25, 29). These techniques have been
applied to karyotypic variation in Oryza sativa (19), to paring at the
pachytene stage in autotetraploids (22), and to analysis of interspecific
hybrids (4, 9, 10, 21). Recently, the use of these techniques has been
extended to identify reciprocal trandocations (2, 23) and trisomics (12,
13, 18). The identified translocations and trisomics have been used to
locate genes on rice chromosomes that were, in turn, corresponded to the
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linkage groups (2, 12, 18, 23) established by genetic crosses. It should
aso be mentioned that Chen et a (3) applied root tip chromosome
techniques to compare karyotypes of six species.

EVALUATION OF TECHNIQUES

When pachytene chromosome analysis was introduced to rice by Shastry
et a (27), the smalness of rice chromosomes was no longer a serious
problem. Smallness was later circumvented by the enzyme flame tech-
nigue of Kurata (14) in preparing root tip chromosomes. From the
beginning, to examine the centromere and to stain differentially in rice
pachytene chromosomes were difficult tasks. These difficulties, however,
have been partially resolved (29).

Technically speaking, a cell that is suitable for karyotype analysis
should have its chromosomes well spread and differentially stained. As
many workers have experienced, differential staining can be accom-
plished by overstaining and washing. That is why in the case of pachy-
tene chromosome preparation a trace of FeCly is added to 3: fixative (4,
11, 19, 21, 22, 23, 27, 29) and a trace of Fe(OH);is added to 1%
aceto-carmine (29). Gently heating after covering the mixture of pollen
mother cells (PMCs) and carmine with a coverdip also helps overstain-
ing. Washing with drops of 45% acetic acid is necessary. If the over-
stained cells are sguashed without washing, both cytoplasm and
chromosomes will be deeply stained, and cells will be resistant to swell.
Then, a good spread of pachytene chromosomes can usualy be obtained
by gently and evenly heating the dlide that carries the overstained,
washed cells to a point near boiling (29). Pachytene chromosomes can
also be spread by KCl and differentiated by Giemsa stain and tap water
washing, as Kurata has done (15). In preparing root tip chromosomes,
cells are swelled simply by KCI, and staining differentiation is performed
by rinsing the Giemsa overstained dlides with tap water (14).

Although rice chromosome techniques have been substantially im-
proved, their application has been limited to a small number of laborato-
ries, especialy for root tips. The reason for this is probably the lack of a
medium such as the Rice genetics newsletter. Nevertheless, the following
achievements in rice karyotype analysis have become evident:

® The length, relative length, and arm ratio of rice chromosomes can

now be determined more accurately than before (2, 3, 13, 15).
® The short arm of chromosome 4 in O. sativa, as well as in many
other species is totally heteromatic (2, 3, 12).
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® In al species so far observed, there is only one major nucleolus in
each cell, even though its shape varies (2, 3, 12, 13, 15).

® The chromosomes attached to the nucleolus are specific (3). In O.
sativa and three other species only the tenth chromosome attaches to
the nucleolus; in O. australiensis only the eighth. In O. perennis there
are two chromosomes, the eighth and the tenth. The attachment is
confined to the short arm of the nucleolar chromosomes via a
micro-satellite toward the waist of the nucleolus (2, 3).

®* The possibility of identifying trandocation (2, 23) as well as tri-
somic stocks has been elucidated (12, 13, 18).

* Karyotypes among rice species have been proved to be different (3,
16).

The reliability and applicability of the techniques have thus been
reflected. At the moment, it may be concluded that rice karyotyping has
progressed through more or less sequential steps coincident with im-
provements in chromosome techniques.

ELIMINATING DISCREPANCIES

Parameters involved in karyotype analysis may include total chromo-
some length, relative length, arm ratio, and chromomere, knob, or band
distribution patterns. However, the chromomere and knob patterns have
not become popular in rice karyotype anaysis.

A recent careful survey found that there are discrepancies among
workers dealing with karyotypes of O. sativa. For example, the arm ratio
of pachytene chromosome 9 of four cultivars had quite different values
(3.2, 3.9, 20, and 2.2); the nucleolar chromosome of cultivars Taichung
65, Norin 6, and T1242 was assigned to five chromosomes (Table 1);
and the correspondences of chromosome to linkage group have not yet
been established (Table 2). These discrepancies could have come from
the following sources:

® Cdls with partialy clumped and unproperly differentiated chromo-

somes have been used.

®* As the length of the chromosomes varies in the process of cell

division, drawing of a random sample from various pachytene
stages would give a variation in length. Pachytene chromosome
length varies from 440 to 310 um as the cell proceeds from early to
late pachytene (2).

® In root tip cells, beyond the chromosome length, the number of

heterochromatic regions varies. It decreases from prometaphase to



Table 1. Lengths of O. sativa chromosomes compiled from seven authors.

Phase/cultivar Reference Measurement?® Chromosome

1 2 3 4 5 6 7 8 9 10 11 12
Somatic metaphase/ L+S 43 37 33 29 29 26 20~ 28 28 23 23 18
Taichung 65 7 L/s 22 15 13 11 17 21 21 30 25 16 13 21
RL 130 111 98 87 86 78 7.8 6.0 83 67 67 54
Pachytene/Norin 6 27 L+S 79.0 475 470 385 305 275 265 23.0 21.0 21.0 20.5* 18.0
L/S 1.8 21 12 21 21 40 1.0 17 32 60 16 3.0
RL 19.8 119 11.08 96 76 69 66 58 53 53 51 45
Pachytene/T 1242 24 L+S 73.5 50.4 57.0~ 48.4* 454 39.1 359 359 303 269 26.7 19.2
L/S 14 14 11 14 19 21 10 31 39 13 22 16
RL 15.0 103 11.7 9.9 93 80 73 73 62 55 55 39

Somatic/prometaphase/ L+S#
Sekitori 14 L/S 20 17 14 35 22 13 12 14 16 26* 13 20
RL 152 12.2 112 9.6 76 76 7.0 65 62 6.2 55 51

Pachytene/Nipponbare 15 L+S#
L/S 1.8 17 12 47 18 12 19 12 20 35 13 29
RL 129 120 120 9.6 84 83 70 63 68 58 58 52
Pachytene/Chianung 242 2 L+S 542 483 418 34.0 319 30.1 282 264 244 24.4* 227 19.9
L/S 14 12 19 21 12 12 14 38 12 18 18 26
RL 14.0 125 11.0 9.0 83 79 74 69 63 61 57 52
Somatic prometaphase/ L+S 69 59 52 44 42 38 34 32 3.0 27 27 24
Taichung 65 L/S 19 15 19 46 15 17 16 14 22 37 12 26
3 RL 143 123 109 93 87 78 7.2 68 63 58 56 51

aL+s = length oflong arm plus length of short arm, L/S = length of arm over length of short arm, RL = relative length, # = data not available,* = nucleolar chromosome.
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Table 2. Relationships among chromosomes, trisomics, and linkage groups (8).

Chromosome Trisomics Linkage group
K (14) Triplo (12)

10 9 VI,V
9 5 VI, IX, & Xl
1 1 1]
5 6 -
3 4 Xl
6 3 I

12 10 -
2 2 X
8 11 Vil

11 7 I\
4 12 Il
7 8 -

early metaphase, then to metaphase (13, 18). The distribution
pattern of heterochromatin varies in a random cell sample involving
different dividing stages.

® The size of the cell sample is often too small. Measurements of 10

cells, which appear in many reports, would give larger variations
than those made of 30 or more cells.

® |Length measuring is not a serious problem in root tip chromosomes

but is in the case of pachytene chromosomes. Clever cytologists
have performed the latter by coinciding fine, soft wires or threads
with crooked pachytene chromosomes (2, 24), a tedious process
with much chance for error.

® Different chromosome numbering systems have been adopted (8,

12, 14).

Knowing the sources of discrepancies, rice karyotype analysis can then
be refined by adopting one of the chromosome techniques that are
applicable and reliable, by choosing cells confined to a certain dividing
stage, say midpachytene or prometaphase, by increasing the number of
analyzable cells up to 30 or more, by using a digitizer attached to a
computer instead of wires or threads to measure lengths, and by stan-
dardizing the chromosome numbering system.

STANDARDIZATION

In karyotyping, chromosomes should be numbered. Numbering was
done in rice via an empirically assigned sequence of translocations before
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the chromosomes could be morphologically distinguished. Currently, a
system of descending chromosome magnitude has been adopted by many
workers (Table 1). Although a minor discrepancy is obvious—the pachy-
tene chromosome 9 of Kurata et a (13) is relatively longer than chromo-
some 8—this could be eliminated by rearranging. The prefix K was
assigned to chromosomes by Kurata et al (13). This would be unneces-
sary if rice chromosomes, whether from PMCs or root tips, could be
morphologically distinguished and the genome of a species, O. sativa, had
its own characteristics. The use of arabic numerals should be encour-
aged.

The expression of arm ratio should also be standardized. Most workers
except Sen (24) present arm ratio as length of long arm over that of short
am (Table 1).

Furthermore, whether the absolute lengths of chromosomes should be
presented or not needs to be discussed. Shastry (25) emphasized the use
of relative lengths. Although the absolute length of a chromosome does
not revea its DNA quantity, it directly indicates chromosome magni-
tude. For example, in O. sativa the longest pachytene chromosome is
about 60 pum while that of prometaphase chromosomes is 7 pm.

PROSPECTS

Chromosome banding has been done in rye (5), wheat (20), and barley
(17). In humans, the G-band has been helpful to distinguish chromo-
somes of similar magnitude (1). Developing techniques for G-, C-, and
NOR-banding in rice will improve karyotype analysis and present a new
challenge to rice cytogeneticists.

Karyotype anaysis can be applied not only to cytogenetic studies of
rice trandocation, trisomics, and inversion, but also to the study of rice
evolution. In the latter case, comparison of karyotypes among rice
diploid species, among tetraploid species, and between diploid and
tetraploid species would explain their evolutionary relationships as Yosida
did in rat species (31).

Recently, the genes coding for zein, the major storage protein of Zea
mays endosperm, have been located on the long arm of chromosomes 4
and 5, the short arm of chromosome 7, and the distal segment of the long
arm of chromosome 10 by in situ hybridization (28). The improved
technique of in situ hybridization can even localize the single copy
insulin gene in the human genome at the distal end of the short arm of
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chromosome 11 (6). In rice, several genes such as histone |1l have been
cloned by Ray Wu (personal communication), a pioneer in rice genetic
engineering. Based on rice karyotype analysis, it might be possible to
localize the cloned genes in rice chromosomes by in situ hybridization.
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ANALYSIS OF MITOSIS | Fuita Sakuen, Toyodke
AND MEIOSIS IN RICE |

Morphological characteristics of rice chromosomes in mitosis and meiosis are
presented. Centromere position, relative length, and differentially staining patterns
seen in mitotic metaphase are correlated with those seen in the pachytene stage in
every chromosome, proving that our analytical system in rice chromosomes is
reliable. In addition, morphological similarities among A, B, and C or F genomes
were detected both in mitosis and meiosis. The analytical system was applied to
the identification of extra chromosomes in mitotic metaphase in japonica rice.

Chromosomes identified to be trisomic made it possible to correlate individual
chromosomes with genetic linkage groups.

lear morphological analysis of rice chromosomes, especially in mitotic
metaphase, was lacking for a long time. We recently developed a
new method different from the conventiona squashing method. Our
method uses enzyme treatment, flame drying, and Giemsa staining (3) to
produce well characterized chromosomal features both in mitosis (6) and
meiosis (7). Detailed morphological anaysis has thus become possible.

CHROMOSOMES IN MITOSIS

Flame drying preparation of meristematic root tip cells and Giemsa
staining brought on clearly characterized chromosome features not only
in metaphase but in late prophase nuclei as shown in Figure 1. Relative
chromosome length, centromere position, the nucleolar organizing re-
gion, and darkly stained chromosome segments were easily recognizable.
Compared to pachytene chromosome features, as shown later, late pro-
phase and prometaphase chromosomes in mitotic nuclei were endowed
with equal characteristics. Twelve pairs of chromosomes of Oryza sativa
(A genome), a japonica rice, appeared to be identifiable with these
characteristics and so were designated K1 to K12 according to their length
(Fig. 2A). Karyotype anaysis showed that the 12 pairs are composed of 5
metacentric, 5 submetacentric, and 2 subtelocentric chromosomes and that
K10 is the only nucleolar organizing chromosome.
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Fig. 1. Prometaphase (A) and late prophase (B) nuclei of rice root tip cells prepared by
enzymatical maceration and flame drying method and stained with Giemsa. The longest
chromosome in the late prophase nucleus is 16 pm.

Relative length and arm ratio of the 12 chromosomes are presented in
Table 1.

Karyotype analysis was then carried out with other varieties, species,
and genomes. Two O. sativa japonica strains, one indica rice, and one O.
perennis were utilized as the A genome. O. punctata of the B genome and O.
officinalis of the C genome were also analyzed. As shown in Figure 2 and
Table 1, there was no difference in mitotic karyotypes even among
genomes of A, B, and C (4).

Severa trials to increase the precision of morphological characteriza-
tion were done, and deoxyadenosine plus uridine pretreatment appeared
to produce G-bands of differentially staining pattern. However, it was
difficult to obtain complete G-banding patterns in one nucleus. Perhaps
the air drying method using completely cell wall-digested protoplast is
needed for the full detection of the G-bands. An example of G-banded
chromosomes is shown in Figure 3. The reducing patterns of the bands
with the advance of the cell cycle are shown in Figure 4.



CHROMOSOME ANALYS'S 145

Fig. 2. Karyotypes of Oryza sativa (A genome) early metaphase (A), O. punctata (B
genome) prometaphase (B), and O. officinalis early metaphase (C). Chromosomes are
designated and arranged from K1 to K12.
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Table 1. Means of relative length (RL) and arm ratio (AR) in Oryza sativa, O.
perennis, O. punctata, and O. officinalis prometaphase chromosomes.?

O. sativa O. perennis O. punctata O. officinalis
(japonica:20 cells) (W 1288:10 cells) (W 1514:10 cells) (W 1274:5 cells)
RL AR RL AR RL AR RL AR

K1 140 1.82 (sm) 13.1 1.90 (sm) 134 1.92 (sm) 13.2 1.76 (sm)
K2 111 1.80 (sm) 10.7 1.90 (sm) 11.0 1.91 (sm) 105 1.85 (sm)
K3 117 132 (m) 115 128 (m) 123 135 (m) 117 123 (m)
KA 93 408 (st) 88 364 (st) 93 354 (st) 92 348 (si)
K5 80 218 (sm) 83 1.93 (sm) 80 226 (sm) 7.8 1.91 (sm)
K6 81 1.17 (m) 88 122 (m) 80 1.17 (m) 88 1.22 (m)
K7 69 130 (m) 7.0 148 (m) 67 157 (m) 7.7 122 (m)
K8 66 131 (m) 67 133 (m) 64 117 (m) 68 121 (m)
K9 69 1.83 (sm) 7. 180 (sm) 7.0 1.95 (sm) 7.2 1.89 (sm)
K10° 65 485 (st) 6.9 457 (st) 7.3 538 (st)y 65 435 (s
K11 55 1.35 (m) 56 136 (m) 54 139 (m) 53 1.24 (m)
K12 53 240 (sm) 56 1.93 (sm) 53 219 (sm) 54 175 (sm)

qgm = submetacentrics, m = metacentrics, st = subtelocentrics.

PNucleolar chromosomes were calculated without the length of satellites and secondary constrictions.

CHROMOSOMES IN MEIOSIS

Several workers had presented analytical configurations of 12 pachytene
bivalents in meiosis. However, the consensus pattern of bivalent features,
especialy in centromere positions, was difficult to obtain because the
conclusive evidence on centromere position was lacking and because long
chromosomes were difficult to resolve into constant marking features.

To pachytene analysis we also introduced enzymatic and/or uridine
treatment following flame drying and Giemsa staining (7). Conspicuous
centromeres were successfully obtained in late pachytene bivalents and
distinct chromomere patterns in almost al pachytene nuclei. Centro-
meres and chromomere patterns are shown in Figure 5, with the 12
bivalents arranged from K1 to K12. Chromosome numbering of the
pachytene bivalents is according to the analysis of mitotic karyotype. The
arm ratio and relative chromosome length of 12 bivalents are shown in
Table 2. Relative length, centromere position, and proportion of the
darkly stained segment have good correspondence between mitotic chro-
mosomes and meiotic bivalents. Well corresponded chromosome features
throughout all stages, even between mitosis and meiosis, demonstrated
that the chromosome characteristics detected by our procedures are fully
reproducible and reliable.
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Fig. 3. Prometaphase (A) and mid-metaphase (B) nuclei with G-band structure of chromo-
somes. The cells were pretreated with deoxyadenosine and uridine. Most chromosomes are

characterized by G-bands.

Fig. 4. Reduction patterns in the number of G-bands in accordance with cell cycle
development. Late prophase, prometaphase, and early metaphase chromosomes of K2
and K4 are arranged from left to right. G-bands shown by arrows are different in number

among the same chromosomes at different stages.
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Fig. 5. Late prophase bivalents with their well characterized centromeres. These were
prepared by uridine pretreatment, enzyme maceration. flame drying, and Giemsa staining.

Applying this method to pachytene analysis of B and F genome
species, detailed chromomere comparison with the A genome became
possible. Figure 6 shows the 12 pachytene chromosomes of O. sativa (A
genome), O. punctata (B genome), and O. brachyantha (F genome). Chro-
mosomes of the three species have remarkable morphological resem-
blance except that minor differences were detected in the K1 and K9
segments. Thus the morphological differentiation of rice chromosomes
occurs by small degrees during genomic differentiation with regard to the
A, B, F, and probably C genomes. In all species analyzed here, only one
nucleolar organizing chromosome was detected in both meiosis and
mitosis; K10 always attached to the nucleolus in al nuclei. On the other
hand, the meiotic prophase nucleus carrying severa micronucleoli be-
sides a large nucleolus was seen in every species, the number of micronu-
cleoli per cell differed from species to species (7). However, the sites of
attachment of these micronucleoli varied.

CHROMOSOMES IN TRISOMIC PLANTS

Chromosome analysis of trisomics began with a search for mitotic tri-
somics and meiotic trivalents. Trivalents had complicated morphology in
most nuclei and were difficult to identify without the simultaneous
detection of al other 11 bivalent chromosomes. In mitosis, chromosomes
in the trisomic condition were easily detected in the case of K4, K6, K10,
and K12, but K5, K7, K8, K9, and K11 trisomics were somewhat
difficult to identify in only one nucleus. Though the latter resembled one
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Table 2. Relativelength (RT), and arm ratio (AR) of pachytene chromosomes
in Oryza sativa (A genome), O. punctata (B genome), and O. brachyantha (F
genome).

Chromosome O. sativa (A) O. punctata (B) O. brachyantha (F)

RL AR RL AR RL AR
K1 13.2 1.74 13.9 1.47 13.4 1.47
K2 11.8 1.68 11.6 1.79 12.1 1.76
K3 11.8 1.20 11.0 1.15 11.4 1.14
K4 9.4 4.46 9.0 4.26 8.6 4.62
K5 8.7 1.80 7.8 1.86 7.9 1.90
K6 8.2 1.18 8.3 1.13 7.9 1.17
K7 6.5 1.48 6.9 1.67 7.1 1.47
K8 6.2 1.16 6.5 1.09 7.1 1.15
K9 7.3 2.10 7.3 2.06 7.2 2.32
K10 5.7 3.67 5.9 4.19 5.9 4.44
K11 5.8 1.29 6.0 1.30 6.1 1.43
K12 5.3 2.87 55 241 5.5 2.29

another, well characterized nuclei told us which was the extra chromo-
some. The subtelocentric and relatively longer feature of K4, small size
and small short arm of K12, metacentric and medium size of K6, and the
attachment to the nucleolus of K10 alowed positive identification of
these trisomics. K5, K7, K8, K9, and K11 needed careful attention for
the identification of extra chromosomes, which could best be seen when
all 25 chromosomes were arranged. Examples of K4, K5, K8, and K10
trisomics are shown in Figure 7. Trisomic plants having K1, K2, and K3
as extra chromosomes were analyzed by Iwata et al (2), and the relation-
ships between chromosomes and genetic linkage groups were investi-
gated (1).

A RELIABLE ANALYTICAL METHOD

Recent progress in genetic engineering has presented us with a powerful
technique for gene identification on a chromosome. It is possible to locate
certain cloned DNA fragments on the authentic chromosomal position of
the DNA by in situ hybridization methods. The cloned DNA fragment
does not need to be a known gene or sequence but needs to be a single
copy sequence in the genome. Twelve DNA fragments located on 12
chromosomes will work on DNA markers of individual chromosomes.
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Fig. 6. Twelve late pachytene bivalents of O. sativa (A genome) (A), O. punctata (B genome)
(B), and O. brachyantha (F genome) (C) arranged from K1 to K12. K1 showed about 40 um
length in all three genomes. Centromeres are shown by arrows and chromomere blocks are
numbered to correspond with each other among homologous chromosomes. The positions
of centromeres and chromomere patterns are very simllar in each homologous chromo-
some. Two minor differences in K1 and K9 are observed. Chromomeres numbered 4, 5, 6,
and 7 in K1 seem different in length, and the number of chromomeres is different in the short
arms of K9 as shown by white arrowheads.
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Fig. 7. Trisomic identification in K4, K5, K8, and K10. In a part of the nucleus of a K4 trisomic
(A) and a K10 trisomic (B), the trisomics are shown by arrows. Karyotypes of a K5 trisomic
(C) and a K8 trisomic (D) are shown.
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These DNA fragments would also be good indexes of a rice gene library.
The application of in situ hybridization methods to chromosome analysis
would be a most reliable and powerful system to discriminate among the
12 chromosomes and to correlate cytological units with functional units.
It is now time to start such a system in rice, because up to half
the chromosomes of rice are ill somewhat difficult to identify, though
highly resolvable morphology has been obtained.
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AUTOTETRAPLOIDS | Beiing, china

Low and unstable fertility is the main problem encountered in the breeding of
autotetraploid rice. The observed frequency distribution of pollen mother cells
with different number of quadrivalents in autotetraploids fits excellently with the
expansion of the binomial (p + g)!2, where p is the chance of forming bivalents
and q the chance of forming a quadrivalent. The occurrence of quadrivalents has
a negligible effect on the partial sterility of the rice autotetraploid. Fertility could
be improved a great deal by conventiona cross breeding. Elite plants with normal
fertility and good agronomic characteristics have appeared frequently, but stable
strains have not yet been isolated. Some improvement of fertility by monohybrid
heterosis may occur, and in addition the quadruple state of each locus results in
very low probability of occurrence of homozygotes in segregating generations.
Diploidization by artificial induction of structural changes in chromosomes would
be the best solution for the efficient breeding of tetraploid rice. Clone populations
were raised successfuly from elite plants by means of tissue culture, and the
uniformity of the stands was better than the diploid cultivar. Cloning of elite
plants may be a good short cut to the success of autotetraploid rice breeding.

he ultimate objective of the program of rice autotetraploid research

initiated in 1951 is to develop promising varieties of tetraploid (4x)
rice with comparable or better yield and quality than the -cultivated
diploid (2x) cultivars. In comparison with the original diploid rice
cultivar, the newly converted autotetraploid form is inferior in tillering
ability, number of spikelets per panicle, fertility, and grain yield per
plant, although it has bigger kernels and higher protein content. About
200 cultivars, including both japonica and indica types with various
agronomic characteristics, have been converted to the autotetraploid
form by colchicine or Fumiren (3) treatment, thousands of cross com-
binations have been made among them, and their hybrid progeny have
been examined for good agronomic characters and normal fertility. After
34 years of breeding work, we have obtained many elite plants with good
tillering ability, large panicles, large grains, high protein content, normal
fertility, and good yield per plant. Some of the clones derived from these
elite plants by means of tissue culture have been tested by yield perform-
ance trials with replications, and the resulting yields are on same level as
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the best newly released diploid rice varieties such as Zhong-Hwa 8 in the
Beijing area (2). The normal fertility of the elite plant, however, cannot
be maintained by seed propagation in later generations. The stability of
fertility thus becomes the critical problem in developing tetraploid rice
varieties for practical use. So it is time to have a working hypothesis
about the cause of partial sterility in autotetraploid rice.

CYTOLOGY

The obvious cytogenetic property of autotetraploid rice is the quadruple
state of both chromosomes and genes instead of the duplicate state in the
diploid form. There are 12 homologous groups, and the maximum
number of quadrivalents in a pollen mother cell (PMC) of an autotetra-
ploid will be 12. However, the average number of quadrivalents per PMC
at diakinesis is only 7.3 and the average number of quadrivalents per
PMC a metaphase | is only 5.3, as shown in Table 1. There is thus a
probability of 0.60 (7.3/12) for the four chromosomes of each homologous
group to form a quadrivalent at diakinesis and a probability of
0.44 (5.3/12) a metaphase |. The frequency distribution of PMCs with
different numbers of quadrivalents could be calculated by the expansion
of the binomia (p+q)*% where p is the chance of forming two bivalents
and q is the chance of forming a quadrivalent, and p+q = 1. The
agreement between the observed and expected values is excellent both at
diakinesis and metaphase | as tested by goodness of fit. The twelve
homologous groups have uniform behavior in quadrivalent formation.
The difference of g's at two meiotic stages is 0.16, meaning that 16% of
guadrivalents at diakinesis are converted to bivalents at metaphase | due
to terminalization of chiasmata. No significant differences have been
found among the various 4x materia. Although their fertility varies
greatly, it is obvious that the occurrence of quadrivalents in meiotic
division has little or practically no effect on the partial sterility of
autotetraploid rice. For this reason we paid little attention to cytological
analysis of 4x material after the 1950s.

GENETICS

In the 1950s we collected data on the fertility of various 4x material and
attempted to find some intrinsic mechanism of fertility fluctuation.
Japonica and indica varieties are apparently different in response to the
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Table 1. Frequency distribution of pollen mother cells (PMCs) with various
numbers of quadrivalents (4).

4x varieties or PMCs with given quadrivalent number Total Mean
crosses 1 2 3 4 5 6 7 8 9 10 11 12 IviPMC
Diakinesis
Shui Yuan 52
(japonica) 1 1 4 2 4 6 3 21 6.8
Chuan Nong
422 (indica) 2 4 5 3 4 4 2 24 8.0
ShuiYuan/Chuan
Nong (376-4, Fg) 1 2 7 5 12 12 3 3 0 1 46 7.1
ShuYuan/Chuan
Nong (7143-12, Fg) 3 4 5 5 3 20 7.1
B-IlIA/Chuan
Nong (Fl) 1 3 5 5 1 15 8.1
2x (Ning Fang/Nan
Te Hao (F; colchicine doubled) 3 2 9 6 6 4 3 33 7.0
Total 0 0 2 6 18 25 35 37 22 11 2 1 159 7.3

Expected (p+q)*?,
q =060 (7.3/12) 0 0.4 2.0 6.7 16.028.0 36.133.8 22.0 10.2 2.8 0.4 159 x2=2.58

p = 0.99
Metaphase |
Shui Yuan 52 3 3 5 2 6 1 1 21 4.6
Chuan Nong 422 1 4 3 1 3 2 1 15 5.7
ShuiYuan/Chuan
Nong (376-4, F) 1 1 1 3 6.7
ShuiYuan/Chuan
Nong (714312, F) 1 1 2 2 2 5 3 1 17 5.1
B-11IA/Chuan
Nong (F,) 8 11 12 5 4 1 41 5.7
Total 1 4 7 19 18 24 12 9 3 97 5.3

Expected (p+q)%,
q = 0.44(5.3/12) 0.9 3.89.917.4 219 20.1 135 6.6 2.3 0.5 0.1 97 x* = 4.22

p = 0.95

primary effect of chromosome doubling. As shown in Table 2, japonica
varieties seem to have a very serious primary effect, resulting in very low
fertility, usually below 20%, and after two or three generations they
recover to some extent to around 50%. On the other hand, the newly
formed autotetraploids of indica varieties usually have a fertility around
50% and remain at that level in later generations.
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Table 2. Fertility (%) variation in primary autotetraploids of japonica and
indica varities (4).

Cheng Tu Beijing

Variety Year of

1954 1956 1957 1958 1959  doubling
Ning Fang 13.1 421 454 462 517 1951
Japonica Shui Yuan 52 194 335 350 26.6 409 1951
B-IIIA - - - 111 113 1957
Chuan Nong 57.8 49.0 36.1 73.0 69.6 1951
Indica Nan Te Hao - - 51.1 400 472 1956
Zhe Chang 3 - - - 716 629 1957

In diploids, the F; hybrid of a cross between typica japonica and
indica varieties is very low in fertility, usualy only a few percent.
Unexpectedly, in tetraploids the F; is much more fertile, but fertility
varies widely among individual plants, from 18.0% to 63.5% as shown in
Table 3. The large tillers detached from the mother plant could be
propagated freely. The fertility of the tiller plant fluctuates from 23.3% to
74.6%, a range more wide than that of the mother plant. An apparent
difference can also be found in hybrid plant 49-1, whose mother plant had
a fertility of 29.4% while the tiller plant had a fertility of 74.6%. These
fluctuations in fertility could not be attributed to genetic variation. Most
probably the reason was environmental. So in the 1950s we got the strong
impression that the newly formed rice autotetraploids, either primary
varieties or their hybrids, are very sensitive to fluctuations in external
conditions. If this were true, then the selection of plants with high fertility
in hybrid progeny should be low in efficiency. Since then, this kind of
reasoning has been used to explan why the progress of tetraploid
breeding work has been so dow, and why the selected elite plants with
normal fertility cannot be maintained in later generations.

CLONING

Since 1981, autotetraploid rice clones have been raised successfully by
tissue culture from elite plants selected from hybrid progeny of various
crosses. A clone population not only will retain the high fertility of the
elite mother plant but aso can express excellent uniformity, even better
than the widely used diploid cultivar, as shown in Table 4. The corres-
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Table 3. Fertility variation among the individual plants of 4X japonica/indica
hybrid F;, 1954 (1).

Cross Plant code Mother plant Tiller plant
number Fertility Spikelets Fertility Spikelets
(%) per panicle (%) per panicle
49— 294 119.0 74.6 149.5
Ning Fang/Chuan Nong 442 4911 26.5 147.0 23.3 133.0
4911 45.1 144.0 46.4 132.5
50 33.2 183.5 46.6 206.0
Average 32.4 148.4 47.7 155.3
52— 63.5 100.5 48.3 159.5
Shui Yuan/Chuan Nong 422 521l 62.3 92.3 38.1 214.0
5211l 18.0 97.5 - -
Average 47.9 96.8 43.2 186.8

Table 4. Comparison of fertility between clones of elite 4X plants and their
sexual progeny (2).

Code number of Clone Sexual progeny
elite plant Number  Fertility SD Number  Fertility SD
of plants (%) of plants (%)
V 049 F3 150 85.2 10.53 154 83.3 11.15
V 072 Fq 134 84.3 7.34 142 77.7 13.70
V 1032 F4 109 85.0 7.80 131 79.9 11.80
Jing Yue 1 (2X cultivar) - - - 152 87.4 10.84

ponding sexua lines, without exception, cannot maintain the fertility
level of their mother plants. The standard deviation (SD) of the mean
fertility could be used as a measure of uniformity of the plant sample.
Without exception, the sexual lines always have a higher SD than the
clones. Autotetraploid rice clones are even more uniform in fertility
within the population than the diploid pure line varieties. This fact
reveals that autotetraploid rice cannot be more sensitive to environmen-
tal fluctuation than diploid rice. So the great variation of fertility in
autoteraploid rice is mainly genetic rather than environmental.
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HYPOTHESIS

When a diploid variety of rice with normal fertility is converted to an
autotetraploid with low fertility, some quantitative balance among the
genes might be disturbed. For example, we may suppose that the gene
combination a*a*b*b" is favorable for fertility in diploids, but its quadru-
ple state a*a*a*a’d*b'b'b” may have unfavorable effects on fertility due
to the different dosage effect of different genes. When some of the genes
with stronger dosage effects are substituted by their mutant allelic genes,
as a‘a*a’a’b*b’bb, the favorable effect on fertility may be recovered or
partially recovered. Then both b*b*b*'* and bbbb are low in fertility,
while b*b*bb is better. The partia recovery of fertility in this way in
autotetraploids may be considered as monohybrid heterosis and thus
cannot be isolated in the homozygous condition. This may be a part of
the reason why stable strains are so difficult to develop from elite plants
with normal fertility. They are just melted away in later generations, or
they may be maintained at a certain level of fertility by careful selection
but always fluctuate to a certain extent.

But another situation is also possible — the quadriplex mutant gene b
may be favorable for fertility restoration. In this case, the improvement of
fertility could be maintained by the homozygous state of the genes
concerned. This partial restoration of fertility was manifested in some
crosses having better average fertility level in the progeny. However, as
the number of such genes increases, the population size required for the
occurrence of the homozygous individual would increase tremendously.
In diploids, the F, population of a monohybrid consists of 50% hetero-
zygous and 50% homozygous individuals. In the case of n genes, the
chance of homozygous individuals for all n genes in the F, population is
(1/2)". The corresponding value in autotetraploids is (1/18)" It would be
very difficult to isolate homozygous individuals in autotetraploid rice
hybrids when the n value reaches 5 or more, as frequently happens in
Quantitative  traits.

Theoretically, it is possible to diploidize the autotetraploid by artificial
induction of structural changes in chromosomes, and the four homolo-
gous chromosomes would be thus separated into two pairs and form
bivalents instead of a quadrivalent. Consequently, the mode of inheri-
tance would change radically. For instance, b*b"bb could be bred true if
the chromosome with the b locus has been changed structurally and

would not pair with the original chromosome carrying the b* gene.
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The segregation ratio would be different, too. For duplicate genes, the
dihybrid F, would segregate in a ratio of 9:3:3:1, four of which or 25%
are homozygous instead of 1/18 in the quadruple condition. So the
selection would be more efficient when an autotetraploid is diploidized.

CONCLUSION

In conclusion, we now have three trends in the research work on
autotetraploid rice, namely: conventional cross breeding, diploidization
by structural changes in chromosomes, and cloning of elite plants from
cross breeding by tissue culture.
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RT 2-3b-T 65

To learn why many abnormal or trisomic-like plants segregate in F, plants
involving the interchange homozygote, genetic and cytological studies were made
using Taichung 65, its isogenic interchange homozygote RT2-3b-T65, and linkage
testers. The appearance of trisomic-like plants was about one quarter of the Fs.
Further breeding behavior of the trisomic-like plants was the same as that of the
trisomics. However, it was evident from cytological observations that the plants
were not trisomics; associations of 4 chromosomes were formed at diakinesis, and
cells at M-11 had 12 chromosomes. It was estimated that the unbalanced gamete
23-3 produced by the adjacent-1 disjunction developed normally in both
gametogeneses, and that trisomic-like plants resulted from the unbalanced femae
gamete fertilized with one of two balanced gametes — norma (2-3) and
interchanged (23-3%) — since most of trisomic-like plants had the nl,* alele on the nly
(neck leaf) locus located on the second chromosome derived from RT2-3b- T65 and
the A gene (anthocyanin activator) located on the third chromosome from the linkage
tester T65-A Pn.

I nterchange homozygotes are one of the important materials for look-
ing into relations between genes and chromosomes. In linkage stu-
dies by the use of interchanges, abnormal or trisomic plants are rarely
observed. Nishimura (4) suggested that trisomics in rice are produced by
nondigunction of chromosomes involving associations of four chromo-
somes. There was, however, an exceptional interchange homozygote
RT2-3b-T65; many abnormal or trisomic-like plants were segregated in a
selfed progeny of the interchange heterozygote. To learn why trisomic-

like plants frequently segregated, the author studied these plants geneti-
caly and cytologically.
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MATERIALS AND METHODS

Four linkage testers, Taichung 65 (a japonica cultivar from Taiwan), and
the interchange homozygote RT2-3b-T65 were used in this study. The
linkage testers had the same genetic background as that of Taichung 65
except for their respective marker genes, nl, (neck leaf), gl; (glabrous leaf),
A (anthocyanin activator) and Pn (purple node), and Hg (hairy glume).
They were obtained by recurrent backcrossing with Taichung 65 (Table
1). The interchange homozygote was cytologically examined by using a
series of reciprocal translocation homozygotes that were established by
Nishimura (4) and Iwata (1) in order to determine which chromosomes
are involved (6, 9). Nomenclature of the chromosomes followed Nishi-
mura’'s (4) formula. The interchange homozygote was selected from
Taichung 65 after x-ray treatment and was backcrossed ten times with
Taichung 65 (the first three backcrosses by H. |I. Oka and Y. Sano at the
National Institute of Genetics, Misima, and the subsequent seven by the
present author). The linkage testers and the interchange homozygote
could then be considered as isogenic lines of Taichung 65. Out of the
isogenic linkage testers, T65-nl; was bred by Oka and Sano, while the
others were bred by the present author.

Table 1. Linkage testers used and their marker genes.

Linkage Marker Character expression Backcross
tester gene? generation
T65°nl; nl, Neck leaf BC,
T65-gl, al; Glabrous leaf and hull BC,,
T65°APN A Anthocyanin activator BC,,
Pn Purple node BG,;
T65° Hg Hg Hairy glume BCq4

2 Obtained from linkage testers by Nagao and Takahashi (3).

Segregation of trisomic-like plants was studied in F, plants between the
interchange homozygote and five normal lines, four linkage testers, and
Taichung 65, and in BC,F; plants (RT2-3b-T65/Taichung 65//Taichung
65). Segregations in selfed progeny of trisomic-like plants selected from
the BC;F; plants, and those in reciprocal crosses between trisomic-like
plants and Taichung 65, were also examined. Five trisomic-like plants
carrying the nl; gene in the heterozygous state were selected from the F,
plants between RT2-3b-T65 and T65-nl;, and their selfed progeny were
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grown to learn the combined segregation of the gene and the plant type.
Ten selfed progeny of trisomic-like plants having the A gene were also
cultivated.

Segregating populations were grown in the experimental field of the
College of Agriculture, University of the Ryukyus, from 1980 to 1984 at a
spacing of 15x 20 cm with a single plant/hill. Fertilizers (150 kg/ha each
of N, P, and K) were supplied in a ratio of 5:3:2 basal to topdress 1 to
topdress 2.

Several agronomic characters of normal chromosome homozygotes,
interchange heterozygotes, and trisomic-like plants were examined using
40 plants each selected randomly from BC,F, plants.

Young panicles were fixed for cytological observation in 1:3 acetic-
acohol fluid containing a trace of FeCl; The cytological preparations for
meiosis were made by the usual acetic-carmine smear method.

RESULTS

Trisomic-like plants were distinguished morphologically from normals or
interchange heterozygotes by the presence of a lopped flag leaf. When the
plants were recessve homozygotes for the nl; gene, the second leaf from
the top was lopped. Several other agronomic characters of trisomic-like
plants were also significantly different from those of normals: trisomic-
like plants showed poor tillering, short ear and culm lengths, and long and
narrow grain, whereas their leaf blade and leaf sheath lengths were
similar to those of normals (Table 2). Shortening the culm of trisomic-
like plants seemed to be caused by shortening all of the internodes. Their
pollen and spikelet fertilities were quite high. The interchange heterozy-
gotes showed remarkably high fertilities compared with those of other
interchanges of rice, which are generally lower than 50%. It was aso
observed that the uppermost internode length of interchange heterozy-
gotes (IN 1) was significantly reduced.

Many trisomic-like plants were observed in the F, and in BC,F, when the
interchange heterozygote was used as the maternal plant (Table 3). The
appearance of trisomic-like plants was about 25.2%, and segregation of
plant types fit well in the ratio of 3:1 normal to trisomic-like plants. Two
sorts of plants segregated nearly evenly in selfed progeny of trisomic-like
plants selected from BCF, plants (Table 4). The same segregation data
were obtained in a cross between trisomic-like plants and Taichung 65.
However, none of the abnormal plants were observed in the reciproca
cross between Tachung 65 and trisomic-like plants (Table 5).
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Table 2. Comparison of several agronomic characters between normals (Nor), interchange heterozygotes
(IH), and trisomic-like plants (TLP) in BC,F; of RT2-3b.T65/T65//T652

Character

Internode length (cm)

Leaf blade length (cm)

Group No. of Ear Culm

ears  length (cm) length (cm) .y N2 In3 In4 lbl1  Lb2 Lb3
Nor 7.6 20.2 101.7 41.6 25.2 18.9 11.8 26.3 335 47.8
IH 7.6 19.8 99.9 39.0%** 24.5* 19.1 12.8* 24.9* 331 46.7
TLP 3.5%* 16.7%+* 83.4%** 34. 9% 21 .2%*  13.6%**  10.5%** 24.9* 33.2 45.4%*

Character
Group Leaf sheath length (cm) Unhulled grain (mm) Fertility (%)
Ls1 Ls2 Ls3 Length Width Spikelet Pollen

Nor 31.1 24.7 245 6.68 3.49 87.1 98.0
IH 30.7 245 24.0 6.63** 3.49 61.7%+* 70.7%*
TLP 28.8* 24.3 24.8 7.11%*= 3.22%* 76.2%** 86.1%**

B = significant at the 5% level, ** = significant at the 1% level, *** = significant at the0.1% level.

SOULANTD HOIY
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Table 3. Segregation of normals (Nor) and trisomic-like plants (TLP) in BC;F;

and F,.

Cross Segregation mode Plants TLPs c?value

combination Nor TLP (no.) (%) (3:1)

BC,F;; (RT2-3b-T65/Taichung 652) 186 62 248  25.0 0.000
F,; (RT2-3b-T65/Taichung 65) 188 72 260 277 1.005
Fy;  (RT2-3b-T65/T65-Hg) 752 248 1000  24.8 0.021
Fo; (RT2-3b-T65/T65-gly) 771 244 1015 24.0 0.500
Fy; (RT2-3b-T65/T65-nl;) 1240 427 1667  25.6 0.336
Fo; (RT2-3b-T65/T65-A Pn) 431 148 579  25.6 0.097
Grand total 3568 1201 4769 252 0.086

Table 4. Segregation of normal fertiles (Nor F), normal semi-steriles (Nor S),
and trisomic-like plants (TLP) in selfed progenies of TLPs selected from

BC,F; plants.
Generation Segregation mode Plants c? value
Nor F NorS  TLP (no.) (1)
F, 212 0 178 390 2.964
Fa 158 0 139 297 1.216
Grand total 370 0 317 687 4.089*2

8 = ggnificant at the 5% level.

Table 5. Segregation of normal fertiles (Nor F), normal semi-steriles (Nor S),
and trisomic-like plants (TLP) in reciprocal crosses between TLP and Tai-

chung 65.
Cross combination Segregation mode Plants c2 value
Nor F NorS  TLP (no.) (1)
TLP/Taichung 65 184 0 150 334 3.461
Taichung 65/TLP 310 0 0 310
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Trisomic-like plants were transmitted by the female gamete, as in true
trisomics.

Cytological observations showed that trisomic-like plants form associa-
tions of four chromosomes at diakinesis and produce pairs of cells having
12 chromosomes (Table 6). This means that the plants are not trisomic,
and that one or two interchange chromosomes are taking part in the
expression of abnormality.

Linkage relations between the breakpoint 2-3b and marker genes were
studied by the use of normal-type plants segregated in the F, between
RT2-3b-T65 and four linkage testers (Table 7).

Table 6. Cytological observations of pollen mother cells of trisomic-like
plants?

Chromosome association at diakinesis Cells
1211 woni+@Rr  1w0+@c (no.)
25 2 88 115

No. of chromosomes in MII cell Cells
12+ 12 Others (no.)
28 0 28

a¢C = chain, R = ring.

Sato et a (7) reported that the two genes nl; and gl, are located on the
second chromosome, and that the nl; gene is closely linked with the
breakpoint 2—3b, whereas the gl; gene is independent of it. These linkage
relations were confirmed in this study. Two genes, A and Pn on the third
chromosome (5), are closely linked with the breakpoint, having recombi-
nation values of 0.0 and 12.2%, respectively. The Hg gene is independent
of the breakpoint (Table 7). The linkage intensity between the two genes
A and Pn is 11.7% (Table 8).

Segregations of genes linked with the breakpoint 2-3b were all signifi-
cantly different from a ratio of 3:1 in trisomic-like F, plants, while those of
genes independent of the breakpoint fit the ratio well (Table 9). In the
first trial of F, plants between RT2-3b- T65 and T65- nl;, only six plants
showed the neck leaf character. In the second, no such plants were
observed, and dominant homozygotes and heterozygotes for the gene nl,



Table 7. Combined segregations of spikelet fertility and marker genes in normal F, plants between
RT2-3b-T65 and linkage testers.

Marker Segregation mode? Plants c?value for Goodness of fit
gene (no.) indep. (df = 1)P
AF AS aF as R.C.V. (%) c?value
Hg 308 285 90 69 752 0.496
gly 306 289 86 90 771 0.364
nly 1 151 253 142 8 554
2 155 343 184 4 686
Total 306 596 326 12 1240 408.017** 1.8+05 3.507
(321.0) (609.0) (299.0) (11.0) (df = 3)
A 123 203 105 0 431 120.669*** 0.0 2.954
(107.8) (215.5) (107.8) (df = 2)
Pn° 120 182 3 21 326 17.734%+* 122 + 2.9 2.347
(107.0) (194.1) (24.9) (df = 2)
8AF = dominant fertile, AS = dominant semisterile, aF = recessive fertile, aS = recessive semisterile. Numbers in parentheses indicate expected numbers based on their

recombination values.

b*** — ggnificant at the 0.1% level.
CCharacter expression is caused by the A gene.

SINVId ANIT-DINOSIYL
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Table 8. Combined segregation of two genes A and Pn in normal F, plants between RT2-3b- T65 and T65-A Pn.

Phase Segregation mode® Plants cZvalue” Goodness of fit
(no.) (9:3:4) 2 b
A_Pn_ A_Pn+Pn+ A+A+,_ R.C.V. (%) c value
Couple 302 24 105 431 54.671*** 11.7 £ 25 0.095

(299.5) (23.8) (107.8)

a
Numbers in parentheses show expected numbers based on the recombination value.
Degrees of freedom = 2, *** = significant at the 0.1% level.

891
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were segregated evenly (Table 9). Normals segregated in selfed progeny
of trisomic-like plants carrying the nl; gene in the heterozygous condition
were all recessive homozygotes, whereas trisomic-like plants were mostly
heterozygotes (Table 10). Trisomic-like plants obtained from the cross
RT2-3bT65/T65-A Pn al had the A gene, and normals appeared in
their progeny showing the recessive character for the A gene, while
trisomic-like plants in these progeny and al plants in other progeny
carried the A gene (Tables 9, 11).

Table 9. Segregations of marker genes in trisomic-like F, plants between
RT2-3b-T65 and linkage testers.

Marker Segregation mode Plants c? value
no.

gene AA A+ - (no.) 312 1:1:0
Hg 189 59 248 0.194
al, 190 54 244 1.071
nl, 1 190 6 196 50.313***

2 110 221 0 231 77.000%**  0.524
A 148 0 148 49.333%*
Pn 139 9 148 28.252%*

&xx = ggnificant at the 0.1% level.

DISCUSSION

The fact that trisomic-like plants segregated constantly at a high fre-
quency, about 25.2% in F, and BCF; (Table 3), shows that the plants
did not appear spontaneously. Although further genetic behavior of the
plants was the same as that of trisomics (Tables 4, 5), it is obvious that
they were not trisomic, for they produced pairs of cells having 12
chromosomes at the M11 stage, which corresponds to the chromosome
number of a haploid plant of rice (Table 6). Since the plants formed
associations of four chromosomes at diakinesis, some structural aberra-
tions involving one or two interchange chromosomes were estimated to
be responsible for the development of trisomic-like plants. As the inter-
change heterozygote produced many trisomic-like plants, some unbal-
anced gametes by adjacent digunctions are estimated to be functional.
The present author (5) reported from the tetrad anaysis of interchange
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Table 10. Combined segregation of plant type and the nl; gene in selfed
progenies of trisomic-like Fplants carrying the nl; gene in heterozygotes.

Family Normal plant Trisomic-like plant
+ + +nl nlynl + + +nl nlnl

1 0 0 35 0 30 0

2 0 0 32 1 21 0

3 0 0 28 0 22 0

4 0 0 25 0 26 0

5 0 0 38 0 26 0

heterozygotes involving the first or nucleolus chromosome that the
adjacent-1l disjunction occurred in 55% to 11.0% of cases, and that the
adjacent-l and the aternative digunctions appeared nearly as often. It
was then considered that one of two unbalanced gametes, 223 and 2-32
derived from the adjacent-1 disjunction, was developed normally in both
gametogeneses, and that the male gamete was not fertilized by certation
with other balanced gametes, 2-3 and 2232 for trisomic-like plants
showed the same feature. Segregation of plant types in the F, and BC,F,
was, however, significantly biased from the ratio of 2:1 expected from the
frequency of two digunctions, the alternative and the adjacent-I, and it
fit well the ratio of 3:1 (Table 3). These results suggest that the survival
value of unbalanced female gametes is low, which is supported by the
observation that segregation in selfed progeny of trisomic-like plants was
also biased from the ratio of 1:1 (Table 4). The pollen fertility of the
interchange heterozygote fell in the expected fertility range of 66.8% to
70.9% based on the appearance of three digunctional types (5) as shown
in Table 2. All trisomic-like F, plants carried the gene A on the third
chromosome derived from T65-A Pn, and most of the plants had the nl;*
gene on the second chromosome, which originated in RT2-3b-T65; this
shows that the unbalanced gamete 223 was functional (Table 9), which
was confirmed in pedigree tests of trisomic-like plants carrying the nl;
gene in the heterozygous state or the A gene (Tables 10, 11). Normals
observed in offspring of heterozygously trisomic-like plants for the nl;
locus are expected to be recessive homozygotes, while trisomic-like plants
are heterozygous, as observed in al five families (Table 10), since mother
plants might be developed from eggs with 22.3/2-3 and the gene was
closely linked with the breakpoint 2-3b (Table 7). The gene A was
aways carried by the norma third chromosome (Table 7). Conse-
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quently, when trisomic-like plants were 2°-3/2°-3%, normals in their off-
spring might show the recessive character for the A gene, as observed in
three families, and if the plants were 23-3/2-3, al of their offspring
carried the gene, as actually seen in seven (Table 11).

Table 11. Combined segregation of plant type and the A gene in selfed
progenies of trisomic-like F, plants carrying the A gene.

Family Normal plant Trisomic-like plant
A- A A* A* A A" AT
1 0 18 16 0
2 0 26 26 0
3 0 27 24 0
4 28 0 25 0
5 18 0 19 0
6 28 0 19 0
7 23 0 21 0
8 24 0 21 0
9 20 0 22 0
10 24 0 19 0

The trisomic-like plant is estimated to be partially monosomic for the
second chromosome and trisomic for the third. Then the plant may be
useful for linkage studies.

The phenomenon that an unbalanced gamete produced by an inter-
change heterozygote was functional was detected for the first time in a
plant, having been previoudy observed in humans and Drosophila;
Down's syndrome involving a “15/21" interchange is estimated to result
from the same causes noted in this study, whereas the appearance of
fertile unbalanced gametes and their breeding behavior in Drosophila is
considerably different. Four sorts of unbalanced gametes from the adja-
cent-l and -Il digunctions were fertile; viable zygotes, however, come
from the union of unbalanced gametes, providing the two gametes
concerned carry complementary segregation products (8).

The linkage intensity of 1.8% obtained between the breskpoint 2-3b
and the nl; gene (Table 7) was significantly different from that reported by
Sato et a (7). The discrepancy seems to come from the fact that they
examined all F, plants, without discarding trisomic-like plants; their
segregation for the gene was significantly different from the ratio of 3:1.
The arrangement of A—2-3b—Pn was estimated from a linkage study
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among them (Tables 7, 8). The recombination value for A—Pn of 11.7%
obtained in this study was significantly lower than the value of 29.9%
obtained in an experiment using normal chromosome lines (3). The
reduction of the recombination value was estimated to result from the
presence of the breakpoint 2—3b between two genes, as Sato (5) observed.
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IN INDICA RICE Cuttack, India

Twelve primary trisomics corresponding to the haploid chromosomes of rice were
isolated from the progeny of a spontaneous autotriploid of the cultivar Sona.
These trisomics are morphologically different from each other as well as from their
disomic parent. Conspicuous morphological differences were observed with regard
to growth habit, panicle length, leaf shape and size, ligule length, spikelet size,
presence of awn, and size of anther and pistil. The trisomics showed pollen and
spikelet sterility ranging from O to 100%. Except Tripio-12 and -11, al trisomics
showed reduced vigor. The reduced vigor and fertility of trisomics were
interpreted to be due to disturbed genic balance caused by the addition of an
extra chromosome. The female transmission rate of the extra chromosome of each
trisomic ranged from 16% in triplo-1 to 50% in triplo-12, the shortest
chromosome. The extra chromosomes were numbered in descending order of
length, and accordingly primary trisomics were designated as triplo-1 to triplo-12.

Ithough the utility of trisomics in assigning genes and respective

linkage groups to specific chromosomes has long been redlized
following the classical discovery of different trisomics types in Datura
(2,3,4), such an elegant technique could not profitably be employed in
rice, as the earlier investigators could not isolate a complete set of 12
trisomics (8,9,16,17,21). Only recently, however, a beginning was made
in this direction after the identification of a complete set of primary
trisomics in Taiwanese and Japanese rices (6,7,26). Since the two subspe-
cies of rice, japonica and indica, are known to have nonidentical linkage
groups (14,15), it is desirable to develop a complete set of primary
trisomics in indica rice to use them in genetic studies.

IRRI in the Philippines and the Central Rice Research Ingtitute
(CRRI) in India have independently established al the 12 primary
trisomics in the background of two different indica varieties, IR36 and
Sona (11). In this paper, the morphological and cytological identification
and breeding behavior of the primary trisomics of Sona are reported.
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MATERIALS AND METHODS

A spontaneous triploid was identified in the rice variety Sona. Of the 241
seeds obtained from the triploid, only 104 plants grew to maturity, 21 of
which were found on chromosome analysis to be primary trisomics.
These were grown in earthen pots each containing 5 kg of soil mixed with
500g of well decomposed farmyard manure.

These 21 plants were divided into 12 different groups based on mor-
phological features. Diploid Sona was grown under similar conditions for
comparison. One representative trisomic from each group was pollinated
with diploid Sona. The seed progeny of each trisomic was grown in a
smal plot and morphological observations were taken of those plants
that resembled the parent trisomic maintained in pots. Chromosome
counts were done on these plants for further confirmation.

Identification of extra chromosomes was done at the pachytene stage of
meiosis following the chromosome numbering system described by Shas-
try et a (22). Each extra chromosome was identified on the basis of
length, arm ratio, and chromomeric pattern. The trisomics were desig-
nated triplo-1 to triplo-12, triplo-1 being the trisomic for chromosome 1
and so on.

All 12 trisomics were grown at CRRI during the 1982 wet season along
with the 12 trisomics developed at IRRI for comparison.

RESULTS
Morphology of primary trisomics

The primary trisomics were identified on the basis of distinct morpho-
logical characters and were grouped into 12 classes. Characters like plant
height, leaf type and disposition, panicle size, and presence of awns were
most reliable for identification of trisomics. Based on the presence of an
extra chromosome present in them, they were designated as triplo-1 to
triplo-12. The identification of each trisomic in the background of the two
varieties agreed with each other. Thus triplo-1 in Sona was identical to
triplo-1 in IR36 and so on. A representative picture of all trisomics with
adisomic is shown in Figure 1. Salient morphological features of these
primary trisomics are given below.

Panicle length of the trisomics is one of the most distinguishing
features. Except triplo-9, triplo-11, and triplo-12, trisomics have shorter
panicles in comparison to the disomic. The longest ligule is the salient
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Fig. 1. Typical plant morphology of 12 primary trisomics with disomic Sona. A = disomic,
B-M = triplo-1 to triplo-12, respectively.
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feature of triplo-11. The comparative morphological features of trisomics
and the disomic are given in Table 1. Morphological observations are
given for the reproductive parts of trisomics and the disomic (Table 2).
The shortest anther occurs in triplo-4 followed by triplo-5, whereas
triplo-6 and triplo-12 have the longest anthers. Small ovary and short
style are features of triplo-4 and triplo-8.

Table 1. Morphological features of primary trisomics of rice.

Trisomic  Plant Flag leaf  Ligule Culm No. of Panicle No. of Spikelet
height Length Width length diameter panicles length spikelets/ Length Width
(cm) (cm) (cm) (cm) (cm) (cm)  panicle (cm) (cm)
Triplo-1 740 340 08 15 3.9 19 229 157 059 0.20
Triplo-2 450 16.0 038 1.2 4.0 18 14.0 62 0.75 0.32
Triplo-3 650 230 1.2 2.0 4.4 19 17.0 49 0.80 0.25
Triplo-4 470 140 0.9 0.3 4.5 21 15.0 110 0.60 0.15
Triplo-5 51.0 270 1.0 1.0 3.2 17 17.0 98 0.80 0.20
Triplo-6 63.0 19.0 0.9 1.2 4.5 38 26.0 105 1.00 0.20
Triplo-7 67.0 240 038 0.8 4.6 15 28.0 102 090 0.20
Triplo-8 540 16.0 0.8 13 4.5 15 17.0 101 1.00 0.30
Triplo-9 65.0 36.0 1.0 13 5.1 14 28.0 90 120 0.20
Triplo-10  101.0 18.0 0.9 1.3 4.1 19 25.0 120 0.58 0.20
Triplo-11 65.0 250 1.0 2.9 4.2 13 26.0 126 1.00 0.25
Triplo-12 1100 38.0 15 14 4.8 20 30.0 150 0.85 0.35
Disomic 760 350 1.0 2.6 4.5 14 27.0 125 1.10 0.30

Triplo-1 (grassy). Plants are dlightly shorter in height than the control
and show dlender culm, profuse tillering, and pale, narrow, drooping
leaves. The presence of thin and droopy leaves gives the characteristic
grassy appearance. Spikelets are short and dlender. It flowers very
late—almost 20 days later than the disomic. Spikelet fertility is very low.

Triplo-2 (dwarf). This is the shortest among the trisomics and has a
semispreading appearance due to nodal bending after flowering. Leaves
are short and dightly twisted at the base. The panicle is small, with poor
exsertion; spikelets are short and broad with a dlight tip awn. Sterility is
high.

Triplo-3 (awned). Due to the presence of long awns in the spikelets, this
can be easly distinguished from other trisomics as well as from the
disomic. It has short height with short, erect, dark green leaves. Panicles
are short and spikelet fertility is moderate.
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Table 2. Reproductive features of primary trisomics of rice.

Trisomic Pollen  Spikelet Anther Pistil Style/ovary
fertility  fertility

Length  Width Ovary Style

(%) (%) (W ) length  length
() ()
Triplo-1 3.9 1.0 1191.6 308.0 620.0  340.0 0.54
Triplo-2  52.9 1.0 1470.0 390.0 1133.3 883.3 0.77
Triplo-3  81.3 17.0 1475.0 3350 11250 495.0 0.44
Triplo-4 0.0 0.2 655.0 315.0 490.0  260.0 0.53
Triplo-5  62.0 15.0 8150 270.0 10550 520.0 0.49
Triplo-6  86.5 50.5 1670.0 310.0 905.0  450.0 0.49
Triplo-7  48.0 14.0 1410.0 380.0 830.0  460.0 0.55
Triplo-8 45 1.0 1285.0 350.0 535.0 375.0 0.70
Triplo-9  86.3 58.0 1435.0 365.0 1100.0  500.0 0.45
Triplo-10  77.0 34.0 1370.0 5200 14625  981.2 0.67
Triplo-11  86.7 72.0 1410.0 305.0 855.0  490.0 0.57
Triplo-12  68.2 13.0 1910.0 3950 10350  385.0 0.37
Disomic  96.1 95.0 16525 316.2 880.0 570.0 0.64

Triplo-4 (sterile). This plant is sterile and low tillering and has short,
thick, dark green leaves and short, compact panicles. The spikelets are
shorter, hairy, and the palea is smaller than the lemma. The stamens are
small, rudimentary, and vary from 5 to 6. The stigma is mostly tri- to
quadrifid. The ovary is comparatively the shortest, the ratio of style to
ovary being 0.53. It is completely pollen sterile, and only 0.2% of the
seeds set on open pollination.

Triplo-5 (twisted leaf). This is characterized by the presence of pae
green, narrow, twisted, hairy leaves. Plants are short with compact, short
panicles with poor exsertion. Spikelets are partially fertile. The lemma
and palea often remain open after fertilization.

Triplo-6 (bushy). Short height, light green leaves, long flag leaves, and a
profuse tillering habit are characteristic features of this trisomic. Panicles
are long with moderate spikelet fertility. Spikelets have short tip awns.
Degenerated spikelets at the tips of the panicles are a characteristic
feature of this trisomic.

Triplo-7 (narrow leaf). Plants are short and have low tillering with
characteristic long, narrow leaves that sometimes appear dightly rolled.
Spikelets are dlender with low fertility.
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Triplo-8 (rolled leaf). Short height; low tillering; rolled erect, acci-
cular leaves with short bold spikelets; and poor panicle exsertion are the

distinguishing features of this trisomic. Pollen and spikelet fertility are
low.

Triplo-9 (stout). This has a stout habit with thick, dark green leaves and
large spikelets. The stout culm due to a larger culm diameter panicle is
long with high pollen and spikelet fertility.

Triplo-10 (short grain). This is dlightly taller than the disomic with an
erect habit. Its long leaves have the margin curved somewhat inwards.
The panicles are long and the rachis wavy with small, round spikelets. It
has the longest ovary among the trisomics.

Triplo-11 (pseudonormal). Morphologically, this trisomic is not distin-
guishable from the disomic except by the presence of a lax type panicle
and the longest ligule. It has high fertility, with a style to ovary ratio of
0.57.

Triplo-12 (tall). This is the tallest among the trisomics and the disomic.
It has a robust habit in all morphological traits; long, broad leaves; long
panicle with bold spikelets, long anthers; and a style to ovary ratio of
0.37. It has moderate fertility.

Identificationofextrachromosomes

For the identification of extra chromosomes from the pachytene chromo-
some pairing of al the trisomics, the pachytene chromosome morphology
of disomic Sona was studied. The salient landmarks of each chromosome
helped in the identification of the extra chromosome of each trisomic. A
disturbing feature of the pachytene chromosome configuration in the
trisomics is the formation of a triradial configuration. The extra chromo-
some, when it remained as a univalent, was difficult to identify because of
the lack of chromomeric expression. A full pachytene chromosome com-
plement of disomic Sona as well as the karyotype of each chromosome is
shown in Figure 2. A typical trivalent configuration of al trisomics is
shown in Figure 2. All the three homologous chromosomes were found to
be paired for a considerable part of their length. In the case of nonhomo-
logous pairing of the chromosomes, the extra chromosomes are identified
following the chromomeric pattern and centromeric position. In the case
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Fig. 2. Pachytene chromosomes of disomic and trivalent configurations of trisomics. Al,
A2 = pachytene chromosomes of disomic with idiogram of the chromosome complements
(X1250). B = mitotic chromosome complements with three chromosomes of triplo-1 indi-
cated by arrows. C-M = trivalent pairing of triplo-2 to triplo-12, respectively.
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of triplo-1, the longest extra chromosome is identified from the mitotic
chromosome complement.

Transmission of trisomics

The female transmission rates of the extra chromosomes of all trisomics
except triplo-4 were studied, and the transmission frequency of the extra
chromosome varied from 4.5% in triplo-2 to 50% in triplo-12. Non-
parental trisomics appeared only in the progeny of triplo-11 at the rate of
0.7%. Among the trisomics with longer extra chromosomes, transmission
rates through the female are comparatively lower than those of trisomics
with shorter chromosomes (Table 3).

Table 3. Female transmission rate of extra chromosome in primary trisomics
of rice.

Trisomic Total no. of Progeny (no.)
plants
2n 2n+1 2n+1
(%)
Triplo-1 150 126 24 16.0
Triplo-2 200 191 9 4.5
Triplo-3 173 106 67 38.7
Triplo-4 0 0 0 0.0
Triplo-5 201 158 43 21.4
Triplo-6 169 139 30 17.7
Triplo-7 200 122 78 39.0
Triplo-8 63 42 21 33.3
Triplo-9 200 158 42 21.0
Triplo-10 141 116 25 17.7
Triplo-11 146 105 41 28.3°
Triplo-12 198 99 99 50.0

80nly one (0.7%) nonparental trisomic appeared.

DISCUSSION

The 12 primary trisomics obtained here exhibited conspicuous variation
with regard to a number of morphological traits and fertility. Only
triplo-11, designated “pseudo normal,” largely resembled the disomic,
but it could be morphologically distinguished from the latter by the
presence of a long ligule (2.9 cm compared to 2.6 cm in the disomic). A
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similar type of trisomic was reported in japonica rice by lwata et a (7)
and Watanabe et al (26). Since these trisomics are developed from one
triploid of a single variety, the observed morphologica variations are due
largely to the addition of an extra chromosome in their complements.
Heterogeneity of genetic background has apparently caused considerable
differences in the morphological expression of trisomics (7). To test this,
the primary trisomics obtained a IRRI (12) were compared with our
trisomics, and the comparison revealed that the trisomics for the same
chromosome in both genetic backgrounds are similar except in some
guantitative characters. Hence, it is apparent that the morphological
differences among the different trisomics are due mainly to the addition of
different extra chromosomes.

In barley (23), Datura (1), tomato (19), and sorghum (20), it is easy to
distinguish the trisomics morphologically from each other and from the
disomic. At CRRI we have developed the 12 primary trisomics in 3
different backgrounds and have observed that, irrespective of genetic
background, the trisomics for a specific chromosome are largely similar
(RIN.  Misra, unpublished data).

All trisomics except triplo-9 and triplo-12 exhibited reduced pollen and
spikelet fertility. Such morphological and physiological retardation has
been attributed to the genetic imbalance caused by the addition of the
genes from the extra chromosome (5). In tomato, the differences in
trisomics are more likely to be due to imbalance of the genomes, espe-
ciadly with regard to gene-determined quantitative characters brought
about by the addition of extra chromosomes (19). The morphological and
physiological differences among rice trisomics are therefore more likely to
be due to the effect of the extra chromosomes, each of which imparts
a certain definite effect on the cellular and development rhythm of the
individual  trisomics.

It is very often fruitful to employ pachytene chromosome analysis for
correct identification of extra chromosomes in trisomics as has been done
in maize (18), tomato (19), sorghum (24), and solanum (25). In rice, we
are able to identify the extra chromosomes of trisomics at the pachytene
stage. The trivalent configuration is clearly analyzable by confining the
analysis to three to five good pollen mother cells (PMCs), and for perfect
identification of the extra chromosome emphasis was placed on PMCs
where 11 bivalents and 1 trivalent are clearly discernible. This identifica
tion method is similar to that followed by Khush et a (12). In the present
study close pairing was observed for a considerable part of their length,
which complicates the identification (13). The pairing path of trivalent
formation is traced for homologous and nonhomologous association, from
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which some were clearly identifiable and some were not.

The triradia configuration at pachytene, which normaly would be
mistaken as due to the isochromosome of a secondary trisomic, has been
observed in solanum (25). But by carefully tracing the constituent
chromosomes, the peculiar pairing of the nonhomologous regions of two
homologous chromosomes due to stretching and adjustment of chromo-
some ams was revealed. These configurations resemble the T-
configuration recorded by McClintock (13) in maize.

The complete pollen sterility of triplo-4 and the small number of
progeny did not permit the correct estimation of male transmission. The
low rate of male transmission of the extra chromosome revedled that the
extra chromosome in rice trisomics does not transmit through male.
Transmission of the extra chromosome through the female is quite good
except in triplo-4 because of high sterility. Khush (10) provided many
other examples where transmission of the extra chromosome in trisomics
occurred with far greater frequency through the femae than through the
male.

REFERENCES CITED

1. Blakeslee, A.F. 1922. Variation in Daturas due to changes in chromosome
number. Amer. Natur. 56:16-31.

2. Blakedee, A. F. 1924. Digtinction between primary and secondary chromosomal
mutants in Daturas. Proc. Nat. Acad. Sci. U.S. 10:109-115.

3. Blakedee, A. F. 1930. Extra chromosomes, a source of variations in Jimson
weed. Smithsonian Rep. 3096, pp. 431-450.

4. Blakedee, A. F., and J. Belling. 1924. Chromosoma mutation in the Jimson
weed, Datura stramonium. J. Hered. 15:195-206.

5. Bridges, C. B. 1922. The origin and variations in sexual and sex limited
characters. Amer. Natur. 56:51-63.

6. Hu, C. H. 1968. Studies on the development of twelve types of trisomics in rice
with reference to genetic study and breeding program. J. Agri. Ass. China. 63
(N.S):53-71.

7. lwata, N., T. Omura, and M. Nakagahra. 1970. Studies on the trisomics in rice
plants (O. sativa L.). 1. Morphological classification of trisomics. Jpn. J. Breed.
20:230-236.

8. Jachuck, P. J. 1963. Isolation of chromosome variants in cultivated rice. Oryza
1(2):131-132.

9. Katayama, T. 1963. Study on progenies of autotriploid and asynaptic rice
plants. Japn. J. Breed. 13:83-87.

10. Khush, G. S. 1973. Cytogenetics of aneuploids. Academic Press, New York and
London. 301.

11. Khush, G. S, and R. N. Misra. 1983. Identification of primary trisomics of rice.



CYTOGENETICS OF TRISOMICS 183

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

XV. International Congress of Genetics, New Delhi, Abstracts of contributed
papers. Part Il. 668.

Khush, G. S., R.J. Singh, S. C. Sur, and A. L. Librojo. 1984. Primary trisomics
of rice: origin, morphology, cytology and use in linkage mapping. Genetics
107:141-163.

McClintock, B. 1933. The association of nonhomologous parts of chromosomes
in the mid prophase of meiosis in Zea mays. Z. Zelforsch. Mikrosk. Anat.
19:192-237.

Misro, B., R. H. Richharia, and R. Thakur. 1966. Linkage studiesin rice (Oryza
sativa L.). VII. Identification of linkage groups in indica rice. Oryza 3(1):96.
Nagao, S., and M. Takahashi. 1963. Trial construction of twelve linkage groups
in Japanese rice. Genetical studies of rice plants. XXVIII. J Fac. Agri.
Hokkaido Univ. 53:72-130.

Nishimura, Y. 1961. Studies on reciprocal translocation in rice and barley. Bull.
Natl. Inst. Agric. Sci. Jpn. Ser. D. 9:171-235.

Ramanujam, S. 1937. Cytogenetical studies in the Oryzeae. 1l. Cytogenetical
behavior of an autotriploid in rice, Oryza sativa L. J. Genet. 35:183-221.
Rhoades, M. M., and B. McClintock. 1935. The cytogenetics of maize. Bot.
Rev. 1:292-325.

Rick, C. M., and D. W. Barton. 1954. Cytological identification of the primary
trisomics of tomato. Genetics 39:640-666.

Schertz, K. F. 1966. Morphological and cytological characteristics of five
trisomics of Sorghum vulgare. Pers. Crop Sci. 6:519-523.

Sen, S. K. 1965. Cytogenetics of trisomics in rice. Cytologia 30:229-238.
Shastry, S. V. S, D. R. Ranga Rao, and R. N. Misra. 1960. Pachytene analysis
in Oryza. 1. Chromosome morphology in Oryza sativa L. Ind. J. Genet. Hl.
Breed. 20:15-21.

Tsuchiya, T. 1960. Cytogenetic studies of trisomics in barley. Jap. J. Bot.
17:177-213.

Venkateswarlu, J., and V. R. Reddi. 1968. Cytological studies of sorghum
trisomics. J. Hered. 59:179-182.

Wagenvoort, M., and M. S. Ramanna. 1979. Identification of trisomic series in
diploid Solanum tuberosum L. group tuberosum. 2. Trivalent configuration at
pachytene stage. Euphytica 28(3):633-642.

Watanabe, Y., and Y. Koga. 1975. Cytogenetic studies on rice and its wild
relatives. 1l. Genetics and cytogenetic studies, on the trisomic plants of rice, O.
sativa L. Bull. Natl. Inst. Agr. Sci. 26:91-138.






USE OF PRIMARY E. A. SIDDIQ,

Rice Research and Training

TRISOMICS OF RICE Project

Sakha Agricultural Research

IN GENETIC ANALYSIS Station |

Sakha, Kafr EI-Sheikh, Egypt

A. R. SADANANDA,

and F. U. ZAMAN

Genetics Division

Indian Agricultural Research
Ingtitute

New Delhi, India

Nine primary trisomics of the indica subspecies of Oryza sativa were used to study
character-chromosome relationships. Based on deviated F, segregation ratios in
crosses of different trisomics with appropriate donor parents, critica chromosomes
for characters of Mendelian inheritance were identified. Trisomic F, families
showing significantly different mean values from the disomic F, mean were taken
as chromosomes of major influence for quantitative traits. With respect to simply
inherited characters, more chromosomes than expected on the basis of the disomic
F, ratio appeared critical with, however, two or three showing profound influence.
The number of critical chromosomes influencing tri- to tetragenically inherited
anthocyanin pigmentation on different plant parts varied from two to seven.
Chromosomes 12 and/or 11 appeared to carry basic genes like A and P. Localizing
genes and batteries of regulators for different plant parts seemed to be largely
located on chromosome 5. Genes for resistance to bacterial blight were found to be
located on triplo-3 and -9, whereas those for aroma were on triplo-5 and -9.
Several genes of varied strengths distributed over different chromosomes were
governing quantitatively behaving traits. Of six to eight chromosomes influencing
qualitative traits, triplo-3, -5, -6, -7, and -9 appeared to show a pronounced effect.

ccessful development and study of the trisomic series in the indica

d japonica varietal groups of Oryza sativa have helped immensely in
recent years to further our understanding of character-chromosome rela-
tionships, the independence of linkage groups, the genomic constitution
of cultivated rice, and linkage similarities of the subspecies (6). By testing
several marker genes against each of the trisomics, Khush et a (6)
located as many as 20 on different chromosomes. They also provided an
updated linkage map by relating cytologically identifiable chromosomes
with established linkage groups (8). In light of the foregoing and of other
reports by Japanese workers, our findings on character-chromosome
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relationships made from trisomic analysis using nine primary trisomics of
the indica varietal group are reported here.

MATERIALS AND METHODS

Only nine primary trisomics of the indica group, developed and made
available to us by G. S. Khush of IRRI, could be used, as the rest either
faled to survive or remained sterile. The parental background and
method of their development have been detailed by Khush et a (6),
whose triplo numbers were retained. The triplos and diplo were crossed
with appropriate donors, viz.,, BJ 1 and Type 3, using the triplos as
females. After cytological confirmation, F;s with extra chromosomes
were harvested and, depending on the character, seed harvested from
trisomic F;{s was used either to raise the F, population or as F, seed for
quality analysis. Some 250-500 F, plants or seeds were studied in each of
the trisomic families.

Critical trisomics were identified for each of the simply inherited
characters based on the extent of deviation of the observed frequencies in
the F, populations of crosses of each of the trisomics with the donor
parent from the observed frequencies in the F,s of diploid/donor crosses.
Trisomic families showing significant deviation at the 5% and 1 % levels
in heterogeneity tests were marked as critical. The segregation pattern for
each of the characters was determined by c? analysis. When more than
one Mendelian ratio showed goodness of fit, the ratio that was genetically
explainable with the least ¢ value was taken to reflect more nearly the
inheritance of the character. Independence of segregation of any two
traits and presence of common genes were determined by c? tests based
on expected joint segregation ratios calculated by taking into account the
nature of common genes and the type of gene interactions.

In the case of quantitatively behaving traits, the critical chromosomes
were identified on the basis of deviation of the mean of the trisomic F,
population from that of the disomic F,. For testing the significance of
deviation of the mean the Z test was employed (17).

Observations on morphological traits and yield components were
made at appropriate stages of growth, using standard methods. Screen-
ing for resistance to bacterial leaf blight was done by the clipping method
using a virulent isolate XO,;. Basmati aroma was determined by the
alkali method (16). F, seeds were analyzed on a single grain basis for
estimation of seven indices of consumer quality. Water absorption,
volume expansion, and kernel elongation values were computed on the
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basis of differences in the values of uncooked and cooked rice. For
estimation of amylose content the modified method of Williams et a (18)
was followed, whereas gelatinization temperature was measured using a
9-point scale (5). The procedure of Cagampang et a (1) was adopted for
estimating gel consistency.

GENETIC SEGREGATION FOR QUALITATIVE TRAITS
Anthocyanin pigmentation on plant parts

Genetic study of anthocyanin pigmentation has shown it to be a complex
trait governed by three basic complementary genes — A, C, and P —
each one remaining in multiple alleles (2,9,14) in association with one or
more of about 20 localizing genes. Besides, numerous inhibitory, anti-
inhibitory, intensifying, and diluting genes have been reported (11).
Keeping the foregoing in view as well as conflicting reports on the
inheritance of pigmentation on different plant parts (2,3,4), the segrega-
tion pattern of pigmentation on nine plant parts was studied in the F,;s of
crosses of the disomic and nine trisomic lines with BJ 1. The data
summarized in Table 1 reveal that the trait follows a multigenic mode of
inheritance involving three to four varioudly interacting genes. Pigmenta-
tion of the leaf axil is determined by the interaction of basic, inhibitory,
and anti-inhibitory genes, while internodal pigmentation follows tet-
ragenic inheritance involving one inhibitory, one anti-inhibitory, and two
complementary genes. In the case of junctura three interacting genes —
one basic and two complementary-inhibitory—govern as against the
combination of basic, inhibitory, and anti-inhibitory genes controlling
septum color. A basic gene with two complementary genes determines the
inheritance of nodal pigmentation, while the pigment on the stigma
shows a trigenic ratio involving one complementary and two duplicate
genes. Pigmentation on the sterile lemma was found to be controlled by
three complementary genes and pigmentation on the apiculus by one
basic gene plus three complementary-duplicate genes. As with the sep-
tum, pigmentation of the awn is governed by a basic gene interacting
with inhibitory and anti-inhibitory genes.

Critical chromosomes influencing expression of pigment on different
plant parts as inferred from the deviated ratios in the trisomic F,s varied
from two to seven. The deviation was due to skewed segregation of either
pigmented or nonpigmented phenotypic class. Five triplos (triplo-10, -7,
-12, -6, -5) were found to be critical for the expression of pigment on leaf
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Table 1. Segregation pattern of anthocyanin pigment on some plant parts in the F,'s of crosses of donor parent (BJ 1) with
diploid (2n) and primary trisomics (2n + 1).

Anthocvanin Disomic F, Trisomic F,, (2n+1 and 2n progeny)
igmentation F
P9 on ! Xz values for disomic ratio ©
Direction of skew
Validratio®  Triplo-2 Triplo-3 Triplo-5 Triplo-6 Triplo-7 Triplo-9 Triplo-10 Triplo-11 Triplo-12 Diplo  of critical triplos?
Leaf axil purple 39(P): 25(Gr) 0.66 0.30 6.55**  8.75* 23.45* 272  42.82** 5.26* 18.14* 3.41 5— P; others— Gr

Internode purple 117(P):139(Gr) 2.05 0.19 5.37* 0.77 0.53 0.39 6.03* 1.88 0.72 0.00 5,10—~ Gr
Junctura purple 21(P): 43(Cl) 9.18** 5.03* 090 6.33** 44.98** 39.93** 14.45* 3.42 17.76** 0.03 12— P; others — Gr

Septum purple 39(P): 25(Cl) 0.24 283 10.38* 308 62.85* 16.26** 1.69 15.80* 10.37* 3.15 6,7,9, — P; 11,12—ClI

Node colorless 21(P): 43(Cl) 0.02 9.63** 294 243 1.90 182 19.39** 4.15* 16.31** 3.67 all - Gr

Stigma purple 45(P): 19(Cl) 637.94** 35.59** 36.36** 0.77 6.57* 13.52** 0.12 56.33** 30.83** 0.54 2,3.5,11,— CI,
7912 —P

Sterile

lemma colorless  27(P): 37(Cl) 254 11.29** 1.42 15.71**  3.07 33.81** 3.65 0.39 243 0.80 39— P; 6—CI
Apiculus colorless 189(P): 67(Cl) 43.34* 8.21** 9.82* 11.29** 14.54* 3.36 1.01 62.20** 105.82** 3.61 7 — P;others — ClI
Awn purple 39(P): 25(Cl) 0.27 1.46 28.19** 10.79** 4.74* 0.04 5.60* 12.30* 21.34** 0.04 all —ClI

ap = purple; Gr = green: Cl = colorless-—— = towards
"
= significant at the 5% level, ** = significant at the 1% level.

SOILANFO JD1Y
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axil, two (triplo-10, -5) on internode, five (triplo-7, -9, -12, -10, -2) on
junctura, five (triplo-7, -9, -11, -12, -5) on septum, three (triplo-10, -12,
-3) on node, seven (al except triplo-6, -10) on stigma, three (triplo-9, -6,
-3) on sterile lemma, seven (all except triplo-9, -10) on apiculus, and five
(triplo-5, -12, -11, -6, -10) on awn. Among the nine trisomics studied
triplo-12 was found to influence predominantly the expression of pigment
on seven of the nine plant parts, followed by triplo-11 and -5.

The findings of genetic analysis were broadly in agreement with our
understanding of the complex genetics of pigmentation. Results of tri-
somic analysis showed that the number of critical chromosomes in the
majority of cases was more than expected on the basis of disomic ratio,
which appears to be in direct conflict with genetic and linkage findings.
Assigning a character to a specific chromosome, as is customarily done in
the study of independence of linkage groups using marker genes, is
understandable when it follows monogenic inheritance. When a charac-
ter is controlled by more than one gene and still a single chromosome is
found critical, one has to assume that all influential genes including
structural and regulator-modifier components are located on the same
chromosome. With more and more understanding at the molecular level
of the gene and its complex mode of functioning, the observed character-
chromosome relationship warrants satisfactory explanation.

Of several possibilities, the dosage effect of genes brought about in the
aneuploid state is one. Phenotype being the result of a series of genetically
guided biochemical reactions, genetic alterations at any step in the
pathway amount to either nonexpression or altered phenotype of a
character. Dosage increase of genes in the trisomic state might act either
in complementary or additive fashion for making or altering the phe-
notype. Similarly, involvement of common genes might be yet another
reason for the manifestation of skewed segregation of several triplos.
Instances of the same gene controlling pigmentation on more than one
plant part were found in the present study (Fig. 1). For instance, leaf axil
has two genes, an inhibitory and an anti-inhibitory, in common with
internode, and only an anti-inhibitory gene in common with septum.
Stigma and apiculus have two duplicate genes in common, while junc-
tura and internode, internode and sterile lemma, sterile lemma and
apiculus, and sterile lemma and awn have only one basic gene each in
common. The location of structural and regulator genes on different
chromosomes as demonstrated in maize (12), wherein anthocyanin
pigment genes controlling the same pathway have been reported to occur
on different chromosomes, could be another reason. The existence of
certain genes or sequences of genes on more than one chromosome —
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Fig. 1. Number of common genes for anthocyanin pigmentation in indica (1)/BJ I. _
2 genescommon, =1 genecommon.
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possibly due to selective polyploidization of a few chromosomes of the
genome and distribution of the same in small segments over chromosomes
in the course of karyotypic evolution of rice — could be yet another
factor, though there is no direct evidence in its support. While mapping
the same character on different linkage groups or chromosome by differ-
ent workers lends indirect evidence to such possibilities, studies of
Sadananda (13) indicated that the linkage group mp is located on two
different chomosomes and the group Era-Lxai on a few chromosomes.

Although the data made it difficult to assign a character to a specific
chromosome, linkage groups could be assigned with reasonable certainty
as more characters were taken into consideration at a time. For instance,
the linkage group Pa,-Ps = Ai-Pm = Ai-Px = Ai-Pin = Pn (S group)
could be assigned to triplo(l)-5, as this trisomic has been found critical
for most of the characters mapped in this group. Similarly, linkage
belonging to the mp group appeared to be on triplo(l)-12 and/or
triplo(1)-11. It is quite probable that chromosomes 12 and/or 11 carry
basic genes like A and P, while chromosome 5 carries the localizing
genes, with batteries of regulators and modifiers remaining on other
critical chromosomes.

Bacterial blight resistance and basmati aroma

Disomic segregation in the cross involving BJ | indicated that resistance
to the isolate XO,4 was conferred by any two of three recessive genes
(54:10 susceptible to resistant). Resistance being isolate-specific, this
observation is at variance with that of Petpisit et a (10). Assuming that
Xab confers resistance to this isolate as well, the genotype of BJ 1 was
congtituted as xag xas' Xag" and that of 1R3265-193-3 as Xas; Xag' Xa5™.
Trisomic anaysis revealed triplo(1)-3 and triplo(1)-9 to be critical, thus
agreeing to a great extent with the ratios obtained from genetic analysis
(Table 2).

While agreeing with the recessive nature of aroma reported earlier
(16), the present study is at variance with regard to the mode of
inheritance in that it is controlled by three recessive genes, two of which
are essential for the expression of the trait. Trisomic analysis revealed the
aroma genes to be located on triplo(l)-5 and triplo(l)-9.

BEHAVIOR OF QUANTITATIVE TRAITS

The location of polygenes determining quantitative traits on amost all
the chromosomes of a genome has been amply demonstrated by aneu-
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Table 2. Segregation pattern of aroma and resistance to bacterial blight (XO,;) inthe F,'s of crosses of donor parentsa with
diploid (2n) and primary trisomics (2n +1).

Character F, Disomic F, Trisomic F, (2n + 1 and 2n progeny)
. . b 2 . . . C
Valid ratio c” values for disomic ratio
) . . . ) . ) . ) . Direction of skew
Triplo-2 Triplo-3 Triplo-5 Triplo-6 Triplo-7 Triplo-9 Triplo-10 Triplo-11 Triplo-12 Diplo of critical triplos
Bacterial blight susceptible 54(S):10(R) 0.21 11.53* 0.68 0.36 0.03  4.31* 0.08 1.01 0.83 1.42 both-— R
Aroma nonscented 54(NSc):10(Sc) 0.19 0.17 32.07* 154 0.66 7.50%* 1.21 - 091 0.689 —— Sc
5— NSc
SBJ | for blight resistance, Type 3 for aroma.
¢S = susceptible, R = resistant, NSc = nonscented, Sc = scented.

%

= significant at the 5% level, ** = significant at the 1% level.
———— = towards.

d
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ploid analysis in crops like wheat (7). Using trisomics, chromosomes
having a major influence on a set of agronomic and quality characters
were identified in the present study (Tables 3, 4).

Agronomic traits

Mean values of practically al trisomic F, populations were significantly
less than diploid populations for plant height and more for flowering
duration. On the basis of maximum effect, however, triplo(l)-9 and
triplo(1)-10 were found to influence maximaly the height and triplo(l)-5
and triplo(1)-3 the duration. With respect to panicle length, at least five
chromosomes showed pronounced effects; for tiller number, four; and for
spikelets/panicle, two. Triplo(I)-5 had the shortest and triplo(l)-2 the
longest panicles, whereas triplo(l)-7 had the lowest and triplo(1)-9 the
highest tiller number; triplo(1)-10 had the highest number of spikelets/
panicle (Table 3). These observations suggest that (a) many genes
governing quantitative traits of this kind are distributed over different
chromosomes, (b) the number of genes and the relative effects of each
might vary from chromosome to chromosome as inferred from differential
standard mean values, and (c) the critical chromosome for a given trait
might carry either genes of positive effect or negative effect or both.
Intensive study of these aspects might throw more light on the genetic
architecture of quantitative traits.

Indices of consumer quality

Consumer quality is a complex trait determined by a syndrome of
physicochemical indices. Keeping in view the conflicting reports on the
mode of inheritance of these indices (15), nine major indices were studied
through trisomic analysis. The results summarized in Table 4 suggest
that six to eight chromosomes influence the expression of al the indices
and that the few chromosomes that play the major role vary with the
character. Triplo(l)-3 exhibited maximum positive and triplo(1)-7 maxi-
mum negative deviations with respect to water absorption and volume
expansion. Besides, four more chromosomes were common, showing
close relationships between them. Triplo(1)-3 and triplo(1)-9 appeared to
exert maximum influence on kernel elongation. The trait, however,
seemed to be independent of volume expansion, as they differed on
certain critical chromosomes. In the case of gelatinization temperature,
although the magnitude of deviation was significant in al, triplo(l)-2
appeared to show maximum effect. Triplo(l)-3 and triplo(I)-7 showing
highly significant negative deviation and triplo(l)-2, triplo(1)-6, and



Table 3. Mean performance of various agronomic characteristics in trisomic and disomic F, populations?

P61

Cross of BJ | Plant height Days to Panicle Tiller Spikelets/
with (cm) flowering length number panicle
(cm)

Triplo-2 87.54+0.69 110.33+0.48** 20.71+0.11* 14.31+0.31 84.48+0.97
Triplo-3 89.65+0.85 112.58+0.54 19.67+0.15 14.30£0.17** 86.94+1.16
Triplo-5 83.19+1.41** 114.92+0.41** 17.53+0.11* 15.50+0.15 92.76+1.05*
Triplo-6 89.18+0.79 109.34+0.53** 18.24+0.11* 14.30£1.00 95.36+2.12**
Triplo-7 86.48+0.42** 98.88+0.50 20.0+0.07* 16.67+0.16** 86.32+0.95
Triplo-9 79.44+0.68** 107.29+0.53** 19.48+0.08 13.34+0.21** 80.24+1.36
Trlplo-10 81.77+0.68** 105.08+0.51** 19.55+0.10 15.00+0.19 99.32+1.25**
Triplo-11 86.49+0.77** 107.06+0.49** 19.08+0.14** 15.44+0.13 85.30+0.86
Triplo-12 93.55+0.78* 108.23+0.52** 20.07+0.10** 15.00+0.13 92.46+1.25*
Diplo 92.99+0.81 99.94+0.62 19.64+0.11 15.44+0.13 84.20+1.20

Ay = significant at the 5% level, ** = significant at the 1% level.

SOULANTY HDIH



Table 4. Deviations of mean values of crosses of trisomic lines from the crosses of disomic line in the F, generation for various
indices of quality.?@

Triplo/diplo In crosses with Type 3 In cross with
BJ I
Water Volume Kernel Gelatinization Amylose Kernel Kernel Kernel Gel
absorption expansion elongation temperature content length breadth L/B consistency
(mg) (ml) (mm) (Alkali score) (%) (mm) (mm) ratio (mm)
Diplo 2.69+0.04 3.69+0.07 0.13+0.02 2.87+0.13 22.18+0.43  6.20+0.04 1.79+0.02 3.40+0.05  33.29+0.70
Triplo-2 3.174+0.05**  4.37+0.08* 0.19+0.03 5.34+0.06** 24.90+£0.59** 6.45+0.05** 1.96+0.02** 3.29+0.06  33.03+0.70
Triplo-3 3.54+0.04**  4.89+0.08** 0.48+0.05** 3.06+0.11** 19.06+0.45** 6.77+0.04** 2.14+0.01** 3.10+0.04** 24.30+0.52**
Triplo-5 2.80+0.02**  4.44+0.05** 0.32+0.04* 3.3340.10** 20.40£0.52** 5.47+0.05** 1.94+0.03** 2.82+0.03** -
Triplo-6 3.14+0.04**  4.42+0.06** 0.34+0.04* 3.50+0.12** 24.55+0.47** 6.37+0.04** 2.11+0.01** 3.00+0.03** 40.53+1.06**
Triplo-7 2.57+0.05**  3.22+0.06** 0.28+0.05* 3.11+0.07** 19.13+0.51** 5.90+0.04** 1.90+0.02** 3.16+0.04** 46.43+0.84**
Triplo-9 2.71£0.03**  3.93+0.08** 0.45£0.03** 3.06+0.09** 23.9740.31** 6.32+0.04 2.10+0.01** 2.97+0.03** 36.90+0.69**
Triplo-10 3.034£0.04**  3.74+0.07** 0.22+0.04 2.79+0.08** 24.90+0.41** 5.99+0.03** 1.64+0.02** 3.71+0.05** 34.88+1.13**
Triplo-11 - - - - - - - - 30.81+0.73**
Triplo-12 2.76+£0.03**  4.32+0.08** 0.46+0.03** 3.13+0.09** 23.60+0.60** 6.16+0.04 2.06+0.01** 2.89+0.03** 43.30+0.85*

a
= significant at the 5% level, ** = dignificant at the 1% level.

SOIWOSTYL AYVINIdd
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triplo(1)-10 showing positive deviation seemed important for amylose
content. Genes affecting gel consistency appeared to be located on
triplo(1)-3, triplo()-6, triplo(l)-7, and triplo(1)-12, with some showing
positive and others negative deviations. In the case of physical grain
characteristics, triplo(l)-3 showed maximum positive and triplo(l)-5
maximum negative effects on kernel length, and triplo(l)-3, triplo(l)-6,
and triplo(l1)-9 affected kernel breadth.

An overall analysis suggests that five chromosomes, namely triplo(1)-3,
triplo(1)-5, triplo(1)-6, triplo(l)-7, and triplo(l)-9, probably carry the
genes or gene blocks pertaining to the majority of the quality indices. Of
these, triplo(1)-3, which has been found to affect as many as ten traits,
seems to carry the gene(s) basic and common to most of the physico-
chemical properties of starch. Also, each of the remaining four chromo-
somes has been found to affect three to four indices of quality. Thus,
instances of many genes distributed over different chromosomes affecting
one trait, as well as of one chromosome carrying genes that influence the
expression of more than one trait, suggest a complex quantitative genetic
congtitution of most of the indices of consumer quality in rice.
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PRODUCTION OF s kv
MONOSOMIC  ALIEN Interndtional Rice Research
ADDITION LINES OF Manila, - Philippines
ORYZA SATIVA HAVING
A SINGLE CHROMOSOME

OF O. OFFICINALIS*

Eighteen accessions of Oryza officinalisfrom different countries were crossed as
males with three improved plant type breeding lines of O. sativa. Crossability of
the two species was 1.0% to 2.3%. Viable F1 hybrids could be obtained only after
embryo culture. The F; hybrids had 24 chromosomes, showed no chromosome
pairing during meiosis, and were completely sterile. Upon backcrossing with the
respective female parents they produced a few BC; progenies, most of which were
alotriploid and also completely male sterile. The second backcross yielded 94
plants. Of the 70 BC, plants so far examined, 35 have 2n + 1 chromosomes.
These represent monosomic aien addition lines that have the complete
chromosome complement of O. sativa and one alien chromosome of O. officinalis.
These monosomic alien addition lines resemble the primary trisomics of O. sativa.

Dim and insects are the major threat to the continued yield
stability of improved rice varieties. Therefore, many rice improve-
ment programs are emphasizing the development of improved varieties
with multiple resistance to major diseases and insects. A large number of
varieties of cultivated rice O. sativa L. have been screened for resistance,
and donors for resistance have been identified (6). These donors have
been utilized in hybridization programs, and varieties with multiple
resistance have been developed (7, 8, 11). The wild germplasm of Oryza
has also been screened, and many accessions of wild species have been
found to be resistant to severa insects (3).

The wild species of Oryza have rarely been used in rice improvement.
Use of O. nivara for developing grassy stunt resistant varieties is an
exception. To date, O. nivara is the only known source of resistance to
grassy stunt. The dominant gene Gs for grassy stunt was successfully
transferred from O. nivara to O. sativa, and severa resistant varieties were
developed (9). O. nivara has the same genome as O. sativa, and no serious
barriers to gene transfer were encountered. However, gene transfer from
some other species whose genomes are nonhomologous to the A genome
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Table 1. Accessions of O. officinalis (CC) and O. sativa (AA) used in the

study.

Species Acc. no. Origin Reaction® to BPH
O. officinalis 100179 Japan R
O. officinalis 100180 Malaysia R
O. officinalis 101121 Philippines R
O. officinalis 101113 Philippines R
O. officinalis 101117 Philippines R
O. officinalis 101077 Philippines R
O. officinalis 101078 Malaysia R
O. officinalis 101150 Malaysia R
O. officinalis 101152 Malaysia R
O. officinalis 101155 Malaysia R
O. officinalis 102385 Indonesia R
O. officinalis 102382 Indonesia R
O. officinalis 101414 India R
O. officinalis 101412 India R
O. officinalis 100947 India R
O. officinalis 100896 Thailand R
O. officinalis 100878 Thailand R
O. officinalis 102399 Vietnam R
O. sativa

IR15 29-680-3-2 IRRI S

IR25587-109-3-3-3-3 IRRI S

IR31917-45-3-2 IRRI S

aR= resistant, S = susceptible.

of O. sativa is extremely difficult; these species are difficult to cross with
cultivated rice, and their genomes do not pair and recombine with the A

genome.

This study was undertaken to determine the possibility of establishing
alien monosomic addition lines having the full chromosome complement
of O. sativa and single chromosomes of O. officinalis. The latter species has
several useful traits of economic importance such as resistance to brown
planthopper (BPH). The alien addition lines would be useful for transfer-
ring the genes or chromosome segments bearing these genes from the

alien chromosomes to the A genome of O. sativa.

MATERIALS AND METHODS

Eighteen accessions of O. officinalis (Table 1), which has the C genome,
were obtained from the International Rice Germplasm Center of IRRI.
These accessions are resistant to all the known biotypes of BPH. They
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were crossed with three breeding lines of O. sativa (Table 1) having short
stature and high yield potential but being susceptible to BPH.

A number of crosses between O. sativa lines as females and accessions of
O. officinalis as males were attempted. The seeds were imperfectly devel-
oped and started to abort 14 days after pollination. To overcome this
problem, 14-day-old embryos were excised under a stereo microscope in
an aseptic condition and were cultured on 1/4 MS medium devoid of
auxin. The cultured embryos were incubated in the dark until germina
tion and were subsequently transferred to a light incubation room. The
young seedlings at the three-leaf stage were transferred to liquid nutrient
solution. After ten days the seedlings were transferred to soil.

The F; plants were pollinated with the pollen from the respective
female parents to obtain BC; plants. The BC,; plants were again crossed
with the same male parents to obtain BC, progenies.

The F;, BC;, and BC, progenies were cytologicaly examined to
determine their chromosome number. The pollen and seed fertility as
well as the morphology of the different progenies were studied.

RESULTS
Crossability of species

Seed set in the crosses when O. sativa lines were used as females and O.
officinalis accessions as males was very poor. Moreover, when pollen from
different accessions of O. officinaliswas used, the results were similar.
Therefore, the data on seed set from different crosses of O. officinalis
accessions have been pooled in Table 2. A total of 26,034 spikelets of the
three lines of O. sativa were pollinated, and the seed set varied from
8.82% to 17.30%. Since the seeds started to abort about 14 days after
pollination, 14-day-old embryos were excised and cultured on 1/4 MS
medium (4). The germination of embryos varied from 56.57% to
70.05%. The crossability of the three breeding lines of O. sativa with O.
offinalis as calculated according to the formula of Wu et a (22) was 1.0%
to 2.3% (Table 2).

F, progenies
A total of 400 F; hybrid plants between the three breeding lines of O.

sativa and O. officinalis were obtained. They were intermediate between
the two parents in some respects but showed a preponderance of the
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Table 2. Crossability of three breeding lines of O. sativa and O. officinalis
accessions.

O. sativa Spikelets Seed Embryos Embryo Crossability
line used as pollinated set cultured germination
female (no.) (%) (no.) (%)
IR1529-680-3-2 8,104 8.82 449 56.57 1.8
IR25587-109-3-3-3-3 10,145 10.02 266 63.50 1.0
IR31917-45-3-2 7,785 17.30 374 70.05 2.3

traits of the wild species. They were robust and extremely vigorous (Fig. 1).
All of them were completely male sterile. Most of them had 2n chromo-
some number. There was amost complete absence of chromosome
pairing in the Fy's at diakinesis and metaphase I, and only an occasional
bivalent was observed (Table 3).

BC, progenies

Seed set upon backcrossing of the Fj's with the respective female parents
was extremely poor. Of the 41,437 spikelets of the F;'s that were polli-
nated, only 1.3% set the seed. Some of the seeds failed to germinate, but
367 BC; plants were obtained. Out of these, 357 plants turned out to be
triploid and 10 were hypotriploids, thereby indicating that the unreduced
gametes on the female side were mostly functional. These triploids were
thus of AAC congtitution. The hypotriploids were extremely weak and
stunted, but al the triploid plants were vigorous. They had intermediate
height, profuse tillering habit, long panicles, and large spikelets with long
awns. All of them were completely male sterile. The modal chromosome
pairing at diakinesis or metaphase | was 12 Il + 12 | (Table 4, Fig. 2).

All of the 357 triploid plants were backcrossed with the respective
recurrent parents. Out of 41,487 spikelets so far pollinated, 153 imper-
fectly developed seeds were obtained. Upon germination of these seeds in
vitro, 94 BC, plants were obtained.

BC, progenies
To date, chromosome counts of 70 of the 94 BC, plants have been made.

Eighteen of these turned out to be disomic (2n = 24), 35 had 25 chromo-
somes, 9 had 26, 6 had 27, 1 had 29, and 1 had 30.



MONOSOMIC ALIEN LINES 203

Fig. 1. Morphology of IR31917-45-3-2 (left), F, hybrid (center), and O. officinalis (right).

The disomic plants are fully fertile and mostly resemble the recurrent
parents. However, they exhibit dlight differences from each other and
from the recurrent parents. Some of them have a modal chromosome
association of 11 Il + 2 | at diakinesis. The cytology, morphology, and
breeding behavior of the plants will be further studied.

Plants with 26 and 27 chromosomes are highly sterile and greatly
modified.

The most interesting group of plants are those with 25 chromosomes.
Since the modal chromosome pairing in the allotriploids from which
these plants were obtained was 12 1l + 12 1, it is reasonable to conclude
that the BC, plants with 25 chromosomes have the complete chromosome
complement of O. sativa and an alien chromosome of O. officinalis. They
thus represent the monosomic aien addition lines.

Monosomic alien addition lines

When the morphology of the BC, plants with 25 chromosomes was
compared with that of primary trisomics of O. sativa (10), some plants
showed a striking resemblance to specific trisomics. Three plants re-
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Table 3. Chromosome associations at diakinesis in the inter specific hybrids
between three breeding lines of O. sativa and O. officinalis.

Pollen Bivalents/cell Univalents/cell
O. sativa mother (no.) (no.)
line used as cells
female studied

(no.) Mean Range Mean Range
IRI529-680-3-2 236 1.73 0-4 22.27 20-24
IR25587-109-3-3-3-3 232 0.55 0-3 23.45 21-24
IR31917-45-3-2 50 0.48 0-3 23.52 21-24

Table 4. Chromosome pairing in the allotriploids of AAC constitution.

Meiotic Pollen % PMCs % PMCs
stage mother with with
cells (PMCs) 1211+ 121 1111+ 141
examined
(no.)
Diakinesis 95 97.9 2.1
Metaphase | 179 97.8 2.2

sembled triplo-4; two each resembled triplo-2, triplo-6, and triplo-10; and
one each resembled triplo-1, triplo-3, triplo-5, triplo-7, triplo-8, triplo-9,
triplo-11, and triplo-12. Thus monosomic alien addition lines corre-
sponding to the twelve chromosomes of O. officinalis have been identified.
However, there are some 2n + 1 plants that cannot be corresponded with
any of the trisomics of O. sativa. The extra alien chromosome of these
plants is probably a modified chromosome.

The modal chromosome pairing a diakinesis or metaphase in the
monosomic aien addition lines is 12 Il + 1 |I.

We are dtill in the process of counting the chromosome numbers of the
remaining BC, plants, and investigations will be continued.

DISCUSSION

Monosomic alien addition lines have been thoroughly studied in poly-
ploid species such as wheat (14, 15), oats (20), and tobacco (1). In the
diploid species very few such studies have been undertaken. In genus
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Fig. 2. Diakinesis and metaphase | of a BC, plant showing 12 Il + 12 | (x 1000).
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Oryza, monosomic alien addition lines of O. sativa having single alien
chromosomes of O. officinalis were established by Shin and Katayama
(19). Their main interest, however, was in the cytogenetics of alien
addition lines and in the study of homology between the genomes of the
two species. In our study the primary objective is the transfer of traits of
economic importance from wild species to cultivated rice. Thus we plan
to study the reaction of various monosomic alien additions to diseases
and insects such as BPH. The alien chromosomes having loci of genes for
resistance will be identified, and attempts will be made to transfer the
alien chromosome segments to the O. sativa genome either through rare
recombinational events or through radiation treatments. This will re-
quire careful examination and evaluation for pest resistance of the BC,
plants and their subsequent progenies.

This approach for interspecific gene transfers has been employed for
transferring useful genes from the wild species to cultivated wheat by
several workers (5). Sears (16) transferred a segment of Aegilops umbellu-
lata chromosome carrying rust resistance to wheat by irradiating a
monosomic addition line. Similar transfers were later made by Knott
(12) and Sharma and Knott (18) from Agropyron elongatum to wheat, by
Wienhues (21) from A. intermedium to wheat, and by Driscoll and Jenson
(2) and Sears (17) from rye to wheat.

The chromosomes of O. sativa and O. officinalis are morphologically
quite similar (13). However, there is very little pairing between the
chromosomes of the two species. That the homologous chromosomes of
the two species have similar gene contents is reveadled by the extreme
similarity of the monosomic alien addition lines to the primary trisomics
of O. sativa. Further characterization of the monosomic alien addition
lines is underway. We plan to identify the alien chromosomes of each of
the monosomic aien addition lines cytologically and examine their
stability.
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DISCUSSION

SESSION 3: KARYOTYPE, POLYPLOIDS, AND TRISOMICS

Q — Oka: To what extent do you expect discrepancies in chromosome
numbering based on length? Dr. Kurata showed a marked variation in
arm ratio of a chromosome from cell to cell. To what extent can arm ratio
or banding pattern be a characteristic for identifying individual chromo-
somes?

A - Wu, HK.: Arm ratio is an important criterion in karyotyping. No
discrepancy is expected from cell to cell. Discrepancy in the arm ratio of
the same chromosome might result from difficulty in determining the
location of the centromere accurately. Some discrepancy may also result
from differential stretching of chromosome arms.

Q - Barnes: Have any of the chromosome workers tried the use of
restriction enzymes for chromosome banding?

A — Kurata: In rice, there are no such studies as yet. But in animal
chromosomes, for example in the Chinese hamster and the Indian
muntjac, successful banding was obtained after restriction enzyme treat-
ment.

Q — Second: There are some reports about higher 2C value and higher
heterochromatin content of the species of the latifolia group vs. the sativa
group. Would you like to comment on that?

A — Kurata: | have no information on the subject.

Q — Sharma S. D.: It appears that Giemsa banding is helpful in identifying
the individual chromosomes within a karyotype but not in studying the
karyotypic differentiation of species. What are your comments?

A — Kurata: Giemsa banding is helpful in studies of the karyotypic
differentiation of species. However, careful attention must be paid to the
selection of the cell stages that will be compared. It is better to use
C-banding for such purposes.

Q - Dalmacio: Secondary constriction and satellites are parts of the
chromosome. What made you decide not to include these regions while
measuring chromosome length? Is this a standard procedure? If you had
included these regions in measuring the length of the chromosome, then
this satellite a-K10 chromosome should have been K8 or maybe KO.

A - Kurata: In 99.5% of the cases, satellites and secondary constriction
regions are buried in the nucleolus and we cannot measure them accu-
rately. Also, the length of secondary constriction varies greatly because of

209
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its flexibility. The chromatin content of the satellite and the stretched
thin fiber of secondary constricted region is very low, so | think it is not
necessary to include them in chromosome length.

Q - Ikehashi: How do you prove your hypothesis for the restoration of
fertility in the progeny of autotetraploids? It seems that unless there is a
sound theoretical base, the use of autotetraploids may not be productive.
A - Bao: My working hypothesis is concerned with the maintenance of
normal seed fertility reached by the elite plants. The high yield of several
clone lines from elite plants has been proved by yield performance trials
with replications for two years. The improvement of techniques for the
efficient mass propagation of rice buds in test tubes may make the use of
autotetraploid rice clones possible in practical cultivation in the near
future.

Q — Second: A theoretical possibility to diploidize the tetraploid rice could
be in using a wild A genome species distantly related to cultivated rice.
Did you try this?

A - Bao: No, we did not.

Q-Riley: Have you alowed for the occurrence of univalents at meiosis in
4x rice? They could be a principal cause of infertility and could also give
rise to aneuploids. Formulae that assume that all four homologous
chromosomes are either in two bivalents or in a quadrivalent will not
accurately represent the true situation.

A — Bao: We observed 256 PMCs at diakinesis and metaphase I. Not a
single case of a univalent accompanying a trivalent was found. Therefore,
it seems to us that aneuploids could not be a principal cause of partial
sterility in 4x rice. Although, we did not make any chromosome counts
of individual plants of progeny derived from an autotetraploid parent,
aneuploids could be present, but only rarely.

Q - Riley: The majority of your trisomics arose from euploids, so there
must have been nondisunction at anaphase | or Il of meiosis. Presum-
ably this means that normal rice varieties used on farms will contain
aneuploids. Have you examined the meiosis of normal euploid rice to
predict the proportion of aneuploids in rice varieties?

A - Yisra: Normal euploids (diploids) have regular meiosis, and abnor-
mal disunction at anaphase | and anaphase Il does not occur. However,
the triploids show high trivalent frequency and the types of disjunctions
that lead to such a high frequency of trisomics.

Q — Oka: | wonder why one examines the effect of triplo chromosomes on
guantitative characters. For this purpose the translocations would be
more useful.

A - Siddig: No doubt, in the study of quantitative traits, translocation
stocks would be useful. At the same time, aneuploid series including
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primary trisomics have been widely used more than translocation stocks
in crop plants for the study of metric characteristics like yield and its
components. It is logical to think that an additional chromosome (triplo
state) would modify the expression of all traits irrespective of their mode
of inheritance by the dosage effect (if relevant genes are located on the
specific chromosome), as witnessed in polyploids.

Q - Oka: What are trisomic-like plants? Are they secondary or tertiary
trisomics?

A - Sato:

Since the functiona unbalanced gamete coming from the adjacent dis-
junction carries the normal third chromosome and the interchange
chromosome 2% has the centromere of the second, the zygote or the
trisomic-like plant derived from the fertilization of the unbalanced ga
mete with a normal or balanced trandocated gamete is considered as a
partially monosomic-trisomic  plant.

Q — Alzona: What is the stability of these monosomic alien addition lines?
Are not these transferred traits lost after several generations, thus defeat-
ing the purpose/objective of gene transfer?

A — Jena: Of course there is addition decay. But after identification of the
particular chromosome bearing the desirable gene(s), efforts will be made
to transfer this gene(s) to the genome of O. sativa, and thereafter it will be
stable.

C — Riley: | would like to congratulate Drs. Jena and Khush on isolating
what | believe to be the first set of lines in which aien chromosomes have
been added to the complement of a diploid crop species.
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IN RICE

A review is made of the general rules and gene symbols and some additions and
amendments are proposed. New linkage maps portraying new information in both
japonica and indica rice are presented. Differences in the genetic scheme for organ
coloration and scarcity of identical genes involved in japonica and indica groups
make it difficult to establish coordinated linkage groups through indica and
japonica rice. Future problems related to linkage maps are mentioned, and the
coordinated numbering of linkage groups, chromosomes, and trisomics is advocated.

Snce the first monograph by lkeno (2), much important information
n the mode of inheritance and linkage relations of genetic markers
and their related characters has been accumulated. In a recent review by
the author (6), the nature of over 450 marker genes was listed together
with their loci and references.

Because of new developments in rice genetics during the last two
decades, the need for the reexamination of gene symbols and linkage
groups has been progressively intensified. Realizing this, the Japanese
Rice Genetics Information Committee initiated this examination of gene
symbols. In this paper, our proposal for rice gene symbolization is
presented.

STANDARDIZATION OF GENE SYMBOLS

In 1963, a committee of the Internationa Rice Commission proposed
genera rules and standard symbols for known genes. The Japanese
committee chaired by Y. Futsuhara reconfirmed that it would follow the
recommended international rules and gene symbols. Besides that, the
following principles were stated:
® The symbols commonly used by many workers can be retained
even if they do not fit the rules completely, eg., lax, sd, Xa.
®* When a new gene is identified but its allelic relationships with
previously reported mimic genes are not known, it is denoted by
adding () to its symbol, meaning tentative, e.g., d-50(t).
215
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® The list of genes includes those for which seed stocks are main-
tained.
Newly designated genes and the revision of the symbols are shown in
Table 1. Temporarily, the old symbols will be shown in parentheses.
Numbering of suffixes attached to the basic symbols was coordinated with
the genes preserved in Japan. Our committee desires that the adoption of
uniform gene symbols will promote cooperation and exchange of inform-
ation on rice genetics. During the course of discussion, some problems
remained for further discussion, as follows:
* C(Classification of chlorophyll aberrations: albino, virescence, chlor-
ina, zebra, stripe, fine stripe, and other characters
® Genes for heading date: E, Ef, mEf, S, se
® Genes for leaf spot: bl, spl, 9, ysl, zn
* Genes for sterility: s-a-1, s-a-2, S%1, SA-1, etc.
* Genes for lethality: L-1-a, L-1-b, D-a, W-a, etc.
* Suffix number of basic symbols: al-na, chl-no, d-no, ga-no, ms-no, etc.
® Needs for alelism test: v-1(t), nal, rl, bl, spl, etc.
® Semidwarfness and dwarfness; sd-1 = d-47
® Disease and insect resistance: Pi-series, Ydv (mycoplasma disease),
Grh, and Glh
® Cytoplasmic male sterility: [ms-bo], [ms-Id], etc.
® |soenzymes. Acp-1 = Acp-B.

LINKAGE GROUPS

As early as 1948, Jodon (4) provided eight linkage groups based on
accumulated data at that time. Following this, Nagao and Takahashi
(10) first constructed the 12 groups corresponding to the haploid number
of chromosomes in 1963. Three years later Misro et a (9) also presented
complete linkage maps in indica. However, because of differences in the
genetic scheme for anthocyanin coloration and scarcity of identical genes
involved in the two series of linkage groups at that time, it has been
difficult to establish 12 groups common to indica and japonica types. For
reference, the two different genic propositions on the anthocyanin colora-
tion in different organs are shown in Table 2. According to the scheme of
Takahashi (16), there was multiple differentiation of alleles at the three
loci C, A and P to account for the intensity of pigmentation and color
hues, depending on the various combinations of the three genes. The
coloration of parts other than the apiculus can be partly explained by the
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pleiotropic action of the basic genes. However, the majority of coloration
patterns was the end product of the pleiotropic effect of distributing and
localizing the pigment into respective parts in coexistence with the basic
color-producing genes. In contrast with this, the genes were alotted to the
coloration localized in only one or two organs and the linkage relation-
ships were considered to be among genes in indica rice (8). In addition,
at least six kinds of inhibitors inserted their actions on the coloration of
various parts in Takahashi’s scheme, while the interactions of inhibitor
(I) and anti-inhibitor (Ai) were postulated to describe the various segre-
gation ratios in the coloration by Dhulappanavar's system (1). Recently
it was found that the C-A-P gene scheme for anthocyanin pigmentation in
japonica is aso applicable to indica, except for the nature and number of
localized genes (13). Any two of the genes Pa, Pb, and Pc act together as
basic genes instead of the alleles at the P focus. Thus, further experiments are
needed for the identification of color genes by exchanging materials
between Japanese and Indian workers. According to Khush et a (5),
complete correspondence between the linkage groups of japonica and
indica was demonstrated. On the other hand, distorted segregations exist
in the intervarietal crosses in rice caused by severa reasons. These
problems must be pursued by using uniform linkage maps.

The linkage maps presented in Figure 1 include 119 marker genes and
amendments to Takahashi and Kinoshita’'s (17) maps based on recent
findings in japonica and indica rice. Linkage relations other than those
included in the maps are shown in Table 3. The sixth and ninth groups
have been combined, since the point of interchange RT2-3d connecting
the two groups was detected by Sato et a (12). However, there is no
definite map combining the markers of the fifth and seventh groups. The
twelfth groups were retained except that gl-1 and An-2 were shifted to sixth
plus ninth group. Hg and d-20 belonging to the twelfth group have not
been subjected to trisomic analysis.

Different systems of numbering the chromosomes, linkage groups, and
trisomics have been employed by different authors, as presented in Table
4. The relative lengths of chromosomes are in agreement except for two
chromosomes in the karyotypes determined by Shastry et a (14) and
Kurata et a (7). The correspondence between the extra chromosomes of
the trisomics and the chromosomes of Nishimura's designation (11) was
also ascertained by the analysis of translocation. However, the identifica
tion of the extra chromosomes corresponding to the respective trisomics
was significantly different in the systems of Kurata et a (7) and Khush et
a (5), except for the first (largest) and second chromosomes. Accord-



Table 1. Supplement and revision of gene symboals.

a. Addition to the gene list by IRC

Acp-1
alk
bgl

Bph
Cat-1
drp-1
du
€g
Est-1
eui
fes
ga-1
of
Glh-1
gm
Grh
Hbv
HI
Lap-1

Igt
lhs

Mdh-1
Mi
mis

Acid phosphatase-1

alkali degeneration

bright green leaf

Bulrush-like panicle

Brown planthopper resistance-1
Catalase-1

dripping-wet leaf-1

dull endosperm

extra glume

Esterase-1

elongated uppermost internode
female sterile
gametophytegene-1

gold furrows of hull

Green leafhopper resistance-1
gall midge resistance

Green rice leafhopper resistance
Hoja blanca virus resistance
Hairy leaf

Leucine amino peptidase-1
long twisted grain

leafy hull sterile-1

long palea

Malate dehydrogenase-1
Minute grain

malformed lemma

Pj
Pjb
Pim
Pmr
Pnr
rcn
Rf1
rfs
Sh
sd-1
shr-1
sl
Sm
Sp
spl-1
su

ts
Tuv
un
Ydv

ylb

ysl
zn

Purple junctura

Purple junctura back
Purple leaf margin
Purple midrib

Purple nodal ring
reduced culm number
Pollen fertility restoration-1
rolled fine striped leaf
Stem borer resistance
dee-geo-woo-gen dwarf
shrunken endosperm-1
sekiguchi lesion

Stem maggot resistance
short panicle

spotted leaf-1

sugary endosperm
twisted stem

Tungro virus resistance
Uneven grain

Yellow dwarf resistance
yellow banded leaf blade
yellow leaf spot

zebra necrosis

Cytoplasmic male sterility

8I¢

SOLLANAY ADIY



(Table 1. continued)

ms-1 male sterile-1 [ms-bo] Cytoplasm from 'Chinsurah boro II
nbs nonbearing of spikelets [ms-Id] Cytoplasm from ‘Lead rice'
ops open hull sterile [ms-TA] Cytoplasm from 'TA 820'
Pa Purple apiculus [ms-CW] Cytoplasm from Chinese wild rice
Pc Purple coleoptile [ms-WA] Cytoplasm, WA-group
Pd Pendant panicle [ms-HI] Cytoplasm, HL-group
Pgi-1 Phosphoglucose isomerase-1 [ms-ip] Cytoplasm from japonica cultivar 'Akebono’
Pgl pale green leaf
b. Revision of gene symbols
Gene symbol Character Gene symbol Character
New old New Oold
Bsv Bs Black streaked dwarf virus resistance Prp-a Pp Purple pericarp
chl ch chlorina Prp-b Pb Purple pericarp
dl lop drooping leaf Scl En-Cl Super clustered spikelets
Ef-1 E Earliness-1 sd-1 d-47  dee-geo-woo-gen dwarf
fgl fl faded green leaf Sdr Sd Seed dormancy
G-2 Gm,Gl Long sterile lemmas-2 Se-1 Lm,Lf Photosensitivity-1
Gsv Gs Grassy stunt virus resistance Shp Ex Sheathed panicle
Hg Lh Hairy glume st-1 ws stripe-1
lax Ix lax panicle st-2 gw stripe-2
lhs-1 op leafy hull sterile-1 st-3 stl stripe-3
Pcs ops-2  parthenocarpy sterile st-4 ws-2  stripe-4
Pi-se-1 Rb-1  Pyricularia oryzae resistance-se Stv St Stripe virus resistance
Pi-is-1 Rb-4  Pyricularia oryzae resistance-is Wph Whbph  White backed planthopper resistance
Pox Px Peroxidase Xa Xe Xanthomonas oryzae resistance

SAVIW HOVINIT ANV STOGWAS ANTI

612
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Table 2. Genic scheme of anthocyanin coloration.

a. Japonica rice

Fundamental
genes

Distribution gene

Coloration of organs

Combination of C
(1:44) and A (111:68)

CBS > CB > CBp>
CBI > CBr > CBdg
CBkz CBCE CBmg

C+
ASEAE>A>
Ad> Am> At

Inhibitors:

Pleiotropic action of C.A.P.

Pz pkz pezpt

(I1:2% from PI)

Pr(11:137)

Ps-1 (V:100), Ps-2 (11:163),
Ps-3 (I:141)

Pl (11:61)

P1Y(allelic with PI)

PIi (allelic with PI)

Pn (111:96)
Pin-1 (11:31% from PI)

coleoptile, leaf sheath (line),
internode (line), midrib
apiculus, sterile lemma, stigma

lemma, palea
stigma

leaf blade, sheath, collar,
pulvinus, internode

leaf blade, sheath, internode,
part of collar and pulvinus,
pericarp

leaf blade, sheath, internode
(dilute color)

pulvinus, collar, leaf margin
internode leaf sheath, part of
collar and pulvinus

I-PI-1 inhibits the coloration of leaf blade in the interaction with PI.

I-PI-1,2,3 partly inhibit the coloration of leaf blade and sheath in the
interaction with P1".

I-PI1-45 inhibit the coloration of pericarp in the interaction with PI1W,

I-P1-6 completely inhibits the coloration of leaf blade and sheath in
the interaction with PI'.

b. Indicarice

Character

Gene (linkage group)?

F, segregation ratio (P:W or G)

Coleoptile

Apiculus

Lemma

Stigma

Glume, outer glume

Leaf blade
Leaf axil
Leaf sheath

Pcy (), Pc,,I-Pc,Ai-Pc(1V)
Pa(lV),Py,P.I-P, Ai-P(IV),Ap(IV)
Pry (X),Prp,Pr3, A Pry(IV)

A Ps4,,Ps,,,Psg3,Ps 1-Ps(lll)
Pg; (X),Pg, (Il),Pg3.A1-Pg (IV)

A Pg(lV),Gp I-Gp(lll)
CALSP,,Lspy, II,

Px(lll), (four or five)

C A Lsc, Psh(lll)

9:7,39:25,195:61
3:1,9:7,3:13,39:25,9P:3R:4W
9:7,9:55,405:619
9:7,3:13,162:94
9:7,3:13,9:55,27:37,117:139

241G:15P,3:13, various
162:94,567:457
9:7,27:37,3:253
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(Table 2. continued)

Character Gene (linkage group)a F, segregation ratio (P:W or G)
Auricle Pau, (ll),Pay,I-Pau,Ai-Pau(lV)  9:7,27:37,117:139,387:637
Ligule Plg,.(X),Plg, (X),Ai-Pig(1V) 45:19,27:229,117:139
Junctura Pia (V) Pip .Pi. .Piy.Pig 3W:1P,9:7,45:19,162:94,243:781

Pio.Piyy: Plpo!Pi
Junctura back 247W:9P
Nodal ring Pnr, (X),Pnr,,Pnr, 9:55
Node Pn, (X),Pn,,Png,Pn(lll) 9:55,117:139,9:247,117:139
Pulvinus Puy(lll),Puy,Puc,Puy 81:175
Septum Pm,(lll),Pmy,Pm,,Pmy 9:7,189P:45Y:22W
Internode Ping(Ill),A Pin,,(IV),Ping, 9:7,9P:6P1:1Y,9P1:6G:1Y,27:37
(IV),Ping,,Plin, (X),Pliny,
fter 9.
ingly, the author proposes to revise the numbering of chromosomes in the

karyotype, and the coordinated numbering of chromosomes and linkage
groups will be adopted when a reliable correspondence between the
karyotype and the series of trisomics is made and agreed upon by most
rice geneticists.

FUTURE PROBLEMS

Besides the coordinated numbering of chromosomes and linkage groups,
the following matters in relation to linkage groups will need attention.

Allelism tests between marker genes with similar effects are most
important. For this purpose, an exchange of gene stocks and infor-
mation among rice workers is proposed.

Different workers are building up multiple markers, induced
mutants, and cytogenetic materials. Visible but easily identifiable
mutants would be valuable for use in linkage studies. The accuracy
of recombination values will be much improved by the use of male
sterile genetic stocks. The author did a trial as shown in Table 5.
A complete set of primary trisomics has already been established
in both japonica and indica rice (3,5. Chromosome staining
techniques have progressively improved. The use of in situ hybrid-
ization, chromomere number, and chromosome banding is import-
ant for the reliable identification of chromosomes. The extensive
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Fig. 1. Linkage maps of rice.
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Table 3. Linkage relations not shown on the map.

Group | (wx group) rRcv?
al-1 WX 7.1%
al-9 trisomic B
chl-7 Pi-z 27
d-21 WX 8.3
ga-4 WX 34
ga-5 WX 27
Hl-a fs-1 21
I-PI-2 I-PI-4 10
rcn C 32
s-a-1 WX 21
S-b-1 WX 18
s-c-1 C 8.6
s-d-1 WX 33
S-1 C close
S-A-1 C 9.5
S-B-2 WX 28
spl-4 dp-1 25
Stv-a WX 38
Un-a Cl-a 22
v-1 C 25
zn C 20

Group Il (Plgroup)

al-5 Ig 34%
al-7(t) Ig 31
An-1 d-11 5.4
Bph-1 trisomic E
bph-2 d-2 39
drp-1 d-2 39
drp-5(t) Ig 17
ga-10(t) Ig 27
nal-1 d-2 25
nal-5 Ig 9.5
P PI 2.7
Pin-1 PI 31
rk-1 Iy 35
rl-2 d-2 35
s-c-2 Ph 31
s-e-2 Ig 15
Sc-1 Iy 26
ssk PI 6.8
Wh lg 8.0
Xa-kg Xa-1 21
ylm g 10
z-5 I 11

aRecombi nation value.
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Table 3. continued

Group Il (A group)
al-4
al-8
bph-4
chl-6
d-18
d-26(t)
d-54
d-55
fs-2
ga-7
ga-9
GIh-3
I-PS-b
Igt
Prp-a
rl-4
shr-1
ts-a
v-6

Group IV (g-1 group)
d-7

ge
Ip-1
m-Ef-1
se-2
Un-b
Xa-4

Group VI+IX (d-1 group)

An-2

bd

er

eui

gl-1

I-PI-1

v-10(t)

xa-5

ylb

Group VII (Dn-1 group)
Bp
d-57
Pi-ta
sl

lax
d-18
Bph-3
lax
RT3-8b

rl-4
eg
d-18

d-18
bph-4

d-26

rl-4

lax

d-6

Un-b
Rc

g-1

gl-1
gl-1
gh-1
nl-1
RT2-3d
gh-1

nl-1

dn-1
RT1-4
Pi-ta

13
11
close
31%
0.6
37
30
12
13
29
0.6
34
link.
16
7.3
20
24
23
27

39
trisomic F
12

23

23

18

Triplo 7

33
22
38
27
12
31
12
trisomic L
32

trisomic H
21

45
10

RICE GENETICS
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Table 3. continued

Group VI (la group)

drp-7 trisomic G
Ef-1 la 38

nal-2 la 36

Pi-f Pi-k 15
Pi-se-1 la 9.5
Pi-is-1 la 23

S-3 la 1

z-2 d-27 5.9

Group X (group)
d-29 bl-1 14
Pi-b RT-7-8 5.8

Group Xl (bc-1 group)

An-3 bc-1 38
al-10 dl 22
bl-4 bc-1 29
d-14 dl 32
d-56 dl 7.2
drp-3 dl 22
drp-4 dl 6.0
ga-2 di 11
ga-3 di 34
Lk-f bc-1 19
Mi Lk-f 24
rl-5 chl-1 13
s-e-1 bc-1 16
st-3 bc-1 1.1
v-5 chl-1 2.0
v-7 bc-1 1.7

Group XlI (Hg group)

Ihs-2 Hg 8.2
fgl group
Bph-3 trisomic C
bph-4 rk-2 30
du trisomic C
Ef-2 RT3-7 7.8
Glh-3 bph-4 34
rk-2 RT7-9 25
d-33 group
d-33 trisomic A
nal-3 RT3-4b 19
rl-3 RT4-12 13
spl-1 RT3-4a 1.7
su-group
An-4 RT10-12b 5.0
d-51 Trisomic D
Stv-b RT3-12 link.
su trisomic D
ur-2 trisomic D
V-8 trisomic D

2-4 trisomic D
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Table 4. Relationships among various systems of numbering linkage groups,
chromosomes, and trisomics.

Linkage groups Chromosomes Trisomics
Kinoshita Misro @ Nishimura Shastry Kurata Khush lwata and
(6) 8) (112) etal (14) etal (17) etal(5) Omura (3)
| | 6 3 K6 triplo-3 B
I 1] 11 12 K4 triplo-12 E
11} I} 3 1 K1 triplo-1 (0]
\Y \Y 10 7 K11 triplo-7 F
VI+IX VILXII 2 5 K9 triplo-5 L
\Y, IX 1 - - H
\ll 1 9 K10 triplo-9 H
VIII VI 9 11 K8 triplo-11 G
X 8 2 K2 triplo-2 N
Xl Xl 5 4 K3 triplo-4 M
Xl
fgl 7 10 K12 triplo-10 C
d-33 4 6 K5 triplo-6 A
su 12 8 K7 triplo-8 D

2Groups V, VII, and X were not correlated with Kinoshita's groups.

Table 5. Recombination values calculated from backcrossings and F,

Segregations.
Linkage Gene pair Recombination value (%) &
group Backcross F,
C st-1 27.6 c 25.5
| fs-1 Cl 0.3
fs-1 Ur-1 27.3 c 27.5
d-2 g 55.6 c 47.2
d-2 Pr 43.7 C 50.0
1 d-2 P 52.5
PI Ig 25.6 c 30.9
Pr lg 30.3 c 28.2
Pr P 32.2 c
A Pn 20.0 r 29.9
11 A bl-7 29.0
Pn bl-7 33.8 C 36.3
\Y d-6 g1 7.7 r 14.0
gkl An-2 42.3 c 39.4
VIHIX gh-1 st-2 32.0 r 409

& = coupling, r = repulsion.
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use of cytological mutants such as telotrisomics and tertiary trisom-
ics and induced deficiencies should be encouraged to locate the gene
loci on the respective arms of chromosomes. The problem of inter-
varietal hybrid sterility must be pursued by cytological analysis.

® Linkage information should be utilized in breeding programs.
Linkage relations between marker genes and agronomic characters
such as cold tolerance and germinability at low temperature have
also been detected (15).

® Recently, plant tissue culture techniques have progressed, and
single cell systems such as suspension culture, pollen culture, and
protoplast culture are going to be established. With the develop-
ment of the cell fusion technique, somatic cell genetics of rice will be
used as an advanced method. On the other hand, recombinant
DNA techniques will also be important for the development of rice
genetics and breeding. The construction of elaborate chromosome
maps will be important as a basis for new technologies in the
advancement of rice genetics.
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A complete set of primary trisomics, which were obtained from the progeny of
2x/3x in ajaponica cultivar, and 52 lines of reciprocal translocations were used as
cytological tools in a study of the association between the 12 cytologically
identified chromosomes and linkage groups. Karyotype analysis by a new
technique was also used for identification of the extra chromosome of trisomics.
Eighty-eight marker genes were described by our laboratory, about half of them
induced by treatment of fertilized egg cells with N-methyl-N-nitrosourea or
irradiation. Development of new marker genes and use of trisomics to identify the
chromosome on which they are located were effective for the establishment of
linkage groups. Linkage groups consisting of only the new marker genes were
found. As the numbers assigned to chromosomes and linkage groups have been
independently used until now, a standardized numbering system for rice
chromosomes based on karyotypes is proposed, and some problems are pointed
out and discussed.

N agao and Takahashi (16) first proposed 12 linkage groups in japoni-
ca rice cultivars. Cytological evidence supporting these groups,
however, was not clear. Since then, trisomics and reciproca transloca-
tions have been used as cytological tools for establishing the relationship
between the linkage groups and the 12 chromosomes (2, 3,4, 5, 7, 12, 18,
19, 20, 21, 23, 28). Karyotype analysis was also used for the identification
of the extra chromosomes of trisomics (13). Consequently, the complete
association between the 12 chromosomes and the linkage groups was
elucidated in japonica rice (6, 8, 9) at aimost the same time as in indica
rice (11).

The present paper, which deals mainly with the results of the author
and his colleagues at Kyushu University, discusses the relationships
among chromosomes, trisomics, and linkage groups in japonica rice. The
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results are summarized in Table 1. Based on the results, some comments
follow.

RECIPROCAL TRANSLOCATIONS

Nishimura (17) first studied the reciprocal translocations of rice in Japan
and designated the numerical order of chromosomes on the basis of
identification of chromosomes concerned with reciprocal translocations.
The numbers adopted for chromosomes (RT) in Table 1 are those used
by Nishimura (17), and those used for linkage groups are those of Nagao
and Takahashi (16). Using 37 lines with reciprocal translocations from
Nishimura (17) and others, the linkage relation between the inter-
changed point of reciprocal translocations and the marker genes was
examined and the 9 linkage groups were clarified for corresponding
chromosomes. On the other hand, reciprocal trandocations were avail-
able to identify the extra chromosome of trisomics. If the extra chromo-
some of a trisomic is the same as one of the transocated chromosomes,
these chromosomes will form one pentavalent in the pollen mother cells
(PMCs) of trisomic F; plants of the cross between the trisomic and the
reciprocal trandocations. This method made it possible to identify the
extra chromosome of three types of trisomics—A, C, and D—as
chromosomes 4, 7, and 12, none of which corresponded to any linkage
group of Nagao and Takahashi (16).

Now we have 52 lines of reciprocal translocations available for linkage
studies (2, 3, 8, 28), providing one of the most useful tools for the
establishment of a chromosome map of rice in the future.

TRISOMICS

The trisomic method is the most positive way to test the independence of
linkage groups, but with this method it is impossible to determine the
position of genes on the linkage map. Iwata et a (7) and Watanabe and
Koga (27) succeeded in establishing a complete set of 12 trisomics in
japonica rice. Our trisomics were distinguished morphologicaly into 12
types, A—L, and their extra chromosomes were identified by crosses with
marker stocks.

First, the relationship between six trisomic types—B, E, F, G, H, and
L—and linkage groups was clarified. Seven marker genes of the three
linkage groups—VI, IX, and Xll—showed trisomic segregation in the
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Table 1. Relationships among chromosomes, trisomics, and linkage groups
in rice.

Chromosome Trisomics Linkage Marker genesa
. . group
RT Karyotype Japonica Indica
1 K10 H triplo-9 Vil BP*, Dn, dp-2*, drp-2*
\% I-Bf
2 K9 L triplo-5 VI bgl*, d-1, nl-2: ops*, v-10(t)*
IX nl-1, rl, spl-7*, spl-8*
Xl gl-1
3 K1 O triplo-1 I} A, ch-5*, ch-6*, d-10*, d-18, eg*,
fs-2, lax, Pn, Rd, rl-2*, spl-6*,
v-6*, shr-1*
4 K5 A triplo-6 - d-B*, nal-2*, rl-1, spl-1*
5 K3 M triplo-4 Xl bc-1, ch-1* ch-2*, ch-3*, ch-7*,

d-k-2*, dI*, drp-3*, drp-4*, fc*,
gh-1, op*, rl-3*, spl-3*, stl*,
v-1, v-2*, v-5* v-7* z-3*

6 K6 B triplo-3 | C, ch-4* CI, dp-1*, spl-4*, v-3*,

Ws*, wx
7 K12 C triplo-10 - du*, fI*, pgl*, Rf-1, rk-2*

8 K2 N triplo-2 X bl-1, bc-3%, d-K-1*, d-k-4*, d-W*,
gh-2*, gh-3*, spl-2*, tri*

9 K8 G triplo-11 VIl d-C*, DK-3*, d-t*, la, sp*, v-4*,
z-1*, z-2*, v-9(t)*

10 K11 F triplo-7 \Y] d-6, g, ge*, Rc, rfs*, spl-5*, v-11(t)*

11 K4 E triplo-12 Il d-2, d-11*, g, nal-1*, Ph*, PI, rk-1%,
ylm*

12 K7 D triplo-8 - d-51*, su*, ur-2(t)*, v8*, z-4*

@Genes in bold showed trisomic segregation in the F2 or BClFlin crosses with the trisomics concerned, * = found and designated
by the author's laboratory.

F,'s with trisomic type L having an extra chromosome 2 (Table 2). So
these linkage groups were considered to reconstruct a new linkage group
borne on chromosome 2. The linkage map of chromosome 2 consisting of
the genes d-1, ups, nl-2, bgl, nl-1, and ri of linkage groups VI and IX is
presented in Figure 1, but none of the linkage relations between these
genes and gl-1 of linkage group XII were found. Although gh-l was
regarded as a marker gene of linkage group VI, it showed disomic
segregation in the F, with trisomic type L. Moreover, gh-1 was found to
be located on chromosome 5 by analysis using reciprocal translocations
and to link closely with ch-1 of linkage group XI, with a recombination
value of 3.6%.

Similarly, linkage groups VII and V were found to be associated with
chromosome 1, which is the extra chromosome of trisomic type H,
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Table 2. Trisomic segregations of the marker genes belonging to three
linkage groups in the F,'s of crosses with trisomic type L.

Linkage Gene Portion Observed number X,z value®
group of ! Dominant Recessive Total Disomic Trisomic
population
31 8:1 44:1

for 2x  for 2x+1

\4 d-1 2x 259 48 307 6.362*
2x+ 1 131 0 131 2.977
Total 390 48 438  46.047**
ops 2x 271 36 307 0.118
2x+1 131 0 131 2.977
Total 402 36 438 65.781***
nl-2  2x 288 31 319 0.627
2x+ 1 189 1 190 2.515
Total 477 32 509 95.063***
bgl  Pooled 63 1 64  18.750***
gh-1 2x 49 15 64 9.846***
2x+ 1 29 10 39 98.439%**
Total 78 25 103  0.029
Pooled 302 96 398 0.164
IX nl-1  2x 168 24 192 0.016
2x + 1 113 0 113 2.568
Total 281 24 305 47.739%*
ri 2x 257 15 272 8.625**
2x+ 1 167 1 168 2.047
Total 424 16 440 107.103***
X gl 2x 245 23 268 1.736
2x+ 1 165 1 166 2.005
Total 410 24 434  87.745%**

& Significant at 5% level, ** significant at 1% level, *** significant at 0.5% level.

because Bp, Dn, and dp-2 of linkage group VIl and I-Bf of linkage group
V showed trisomic segregation in crosses with this trisomic type.

The construction of three new linkage groups has been proposed for
the three trisomic types — A, C, and D — that did not correspond to any
linkage groups of Nagao and Takahashi (16) by the fact that they
associated with several new marker genes. Three types of trisomics —
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Fig. 1. A linkage map of 10 genes on chromosome 2.

having either chromosome 3, 5 or 8 as the extra chromosome—have
never been found in our trisomics. Kurata et a (13) found by karyotype
analysis of these trisomics that four types—G, 1, J, and K—had the
same extra chromosome, K8. Three types—having chromosome K1,
K2, or K3 as the extra chromosome—have not been found in the
trisomics (13). Numbers of chromosomes, K1 to K12, were designated
according to the length of somatic chromosomes by karyotype analysis as
described later. Recently, the remaining three trisomic types—M, N,
and O having chromosomes, 5, 8, and 3, respectively, as the extra
chromosome—were obtained from the progeny of a cross between
triploid and diploid rice. Now we have two complete sets of trisomics
derived from japonica cultivars Nipponbare and Kinmaze. The mor-
phological features of the 12 trisomics are summarized in Table 3. Type
M is perfectly self-sterile, but it set some seeds when pollinated by fertile
disomics.

A set of 12 trisomics triplo-1 to triplo-12 derived from indica cultivars
has been established by Khush et a (11) as shown in Table 1.
According to the numbering system proposed by Shastry et a (26), those
were designated in descending order of chromosome length of extra
chromosomes by karyotype analysis at the pachytene stage of the PMCs.
Correspondence of extra chromosomes between japonica and indica
trisomics has been done by the use of our reciprocal trandocations.

Marker genes written in bold letters in Table 1 showed trisomic
segregation in the F, or BF; in crosses with the trisomics concerned.
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Kurata and Omura (14) developed a new method for karyotype analysis
of chromosomes in rice and designated the chromosomes K1 to K12
according to the descending order of chromosome length at somatic
prometaphase. In this method, enzymaticaly macerated protoplastic
cells of root meristems were prepared by flame drying and stained with
Giemsa. Kurata et a (13) identified the extra chromosomes of japonica
trisomics by this method. Kurata et a (15) also examined the pachytene
chromosomes of microsporocytes by this method and could designate the
chromosomes as K1 to K12, because the relative length and the arm ratio
correspond to somatic chromosomes, though small disagreements exist
between them.

MARKER GENES

The marker genes listed in Table 1 are those used mainly for linkage
studies in our laboratory. Marker genes with an asterisk have been found
and designated by our laboratory. Although the Japanese Rice Genetics
Information Committee (10) has recently discussed the standardization
of gene symbols and has recommended new symbols for some genes, the
original gene symbols are used in this paper to avoid confusion, because
the recommended symbols have still not been authorized internationaly.

We tried to find or induce new marker genes useful for linkage studies
and obtained numerous ones. These actualy contributed to the establish-
ment of the 12 linkage groups. For example, almost all the marker genes
of chromosomes 4, 7, and 12 are described newly by us. The number of
marker genes we used and their origin are shown in Table 4. Two-thirds
of 115 genes have been described by members of our laboratory. Half of
them are spontaneous mutants, and the other half were induced by
irradiation or chemicals. The treatment of fertilized egg cells with
N-methyl-N-nitrosourea (24, 25) is very effective in inducing mutations,
and more than 3,000 mutant lines have already been obtained. Of these,
mutants for dwarf, chlorophyll, physiological leaf spot, and embryo or
endosperm properties are very useful for linkage analysis a an early
stage.

There are some linkage groups consisting of only a few mapped genes
or consisting of unmapped genes that are identified with a linkage group
only by the trisomic method. Therefore, we are trying to find marker
genes useful for making detailed linkage maps. In our linkage studies, the
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Table 3. Morphological features of 12 primary trisomics derived from a
japonica cultivar, Nipponbare.

Type Short name Morphological features
A pale pale green leaves at heading stage, fertile
B awned somewhat rough and lax panicles, awned spikelets
C small grain fine stature, bushy, small grain
D erectoides dark green leaves, erect panicles, short grain
E spreading open tiller, more or less narrow grain
F rolled leaf semi-rolled leaves, imperfectly emerged panicles
G pseudo-normal nearly the same morphological features as disomics
H large grain dark green leaves, large grain, excess of nucleolar
chromosomes
L short panicle short in height, short panicles, small grain
M sterile dark green leaves, short in height, perfectly sterile
N smooth glume dark green leaves, small and smooth glume, highly sterile
(0] grassy pale green and droopy leaves, bushy, small and narrow

grain, highly sterile

Table 4. Number of marker genes used by Kyushu University researchers
and their origin.

Character Total First described by Origin
of
marker genes Kyushu Univ. Others Sponta- Irradiation Chemicals
researchers neous

Coloration 10 2 8 9 1 0
Dwarfness 18 14 4 10 3 5
Chlorophyll character 41 38 3 9 16 16
Morphological character 33 23 10 25 3 5
Physiological character 13 11 2 6 2 5

Total 115 88 27 59 25 31

following routine system is applied: First, the chromosome bearing a new
gene tested is clarified by the trisomic method. Then the linkage relations
of this gene with marker genes of the chromosome are examined by the
conventional method. The effectiveness of this routine system is verified
in the process of our linkage studies. Moreover, this system should be
successfully applied to the genetic analysis of agronomical or quantitative
characters such as resistance to disease or insects, grain quality, and so
on by the use of the isogenic trisomics set.

The establishment of chromosome maps based on cytological evidence
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might be the next approach for linkage studies in rice, as has been done in
maize, barley, and tomato. For this purpose, Sato (22) and Chen (1)
tried to make preliminary cytological maps by using reciprocal transloca-
tions. In addition to the use of reciprocal translocations and karyotype
analysis of pachytene chromosomes, the positive use of deficiencies,
telotrisomics, and tertiary trisomics has been planned to this aim, and the
preparation of materials is being carried on now in our laboratory.

As seen in Table 1, the chromosome numbers by using reciprocal
trandocations (17), chromosome numbers based on the karyotype
analysis of somatic cells (14), trisomic types based on morphological
features (6,7), and linkage group numbers (16) were used independently.
As the relationships between chromosomes and linkage groups are com-
pletely established, the numbering system of rice chromosomes and
linkage groups suitable to both japonica and indica should be standard-
ized. There are various ways to number the chromosomes, but it seems
most reasonable to number them according to the length of somatic or
pachytene chromosomes in descending orders as in maize and tomato.
However, some problems till remain in this system, because there is no
correspondence of the karyotypes among the results obtained by various
workers. While Khush et a (11) established a set of trisomics and clar-
ified their correspondence with 12 linkage groups, Chen et a (1) pro-
posed a different order of chromosomes by karyotype analysis of a Taiwan
cultivar. These results are largely different in chromosome number or
descending order of chromosome length, though the other correspon-
dences have been completely confirmed. In order to adopt a suitable
numbering system of chromosomes, it is necessary to compare strictly
and standardize the method of karyotype analysis.
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Twelve linkage groups of rice have been established. The 12 chromosomes have
been identified and numbered according to decreasing order of length either at the
pachytene stage of meiosis or in somatic cells. Primary trisomic series have been
established by several workers. Extra chromosomes of the trisomic series of IRRI,
Los Bafios, and CRRI, Cuttack, have been identified according to the numbering
system of pachytene chromosomes, and those of the University of Kyushu series
according to the numbering system of somatic chromosomes. The IRRI trisomic
series and the Kyushu trisomic series have been utilized for associating linkage
groups with respective chromosomes and for testing the independence of different
linkage groups. Linkage groups corresponding to each of the 12 chromosomes were
identified both at IRRI and at Kyushu. There is a need to adopt one of the two
chromosome numbering systems universally. Future investigations should aim at
determining the arm locations of markers and the positions of centromeres on the
linkage maps. Series of tertiary, secondary, and telo-trisomics are needed for this
purpose. The exact location of the marker genes on the cytological map can be
determined by radiation induced deficiencies.

he establisment of all linkage groups and their association with
cytologicaly identifiable chromosomes is the primary goa of classic-
al genetic studies of crop species. To date, this level of understanding of
basic genetics has been achieved only for maize, barley, wheat, tomato,
and rice. Rice is the latest entrant to this elite group. The studies leading
to the establishment of complete chromosome maps of diploid crop
species have proceeded in five steps.
® establishment of linkage groups corresponding to the haploid chro-
mosome number of the species
® cytological identification of the individual chromosomes of the
complement
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* establishment of the complete primary trisomic series or transloca-
tion stocks involving different members of the chromosome comple-
ment

® identification of the extra chromosomes of each of the primary
trisomics or the chromosomes involved in the translocation tester
stocks

® association between the linkage groups and the chromosomes through
the modified ratio technique characteristic of trisomic segregations
or linkages between marker genes and the translocations

The first case of linkage in rice was reported by Parnell et al (29), and
linkage summaries were prepared by Yamaguchi (34), Jodon (13,14),
and Ramiah and Rao (30). Nagao and Takahashi (26,27) were the first to
propose 12 linkage groups of rice, which were designated linkage groups
| to XII.

Shastry et al (32) identified the 12 chromosomes of rice a the pa
chytene stage of meiosis and described the criteria for identifying individ-
ual members of the complement. These included total length, arm ratio,
presence of darkly staining chromomeres, and several other morphologi-
ca features such as nucleolus. The longest chromosome was called
chromosome 1, the next longest chromosome 2, and so on. A complete
pachytene chromosome complement is shown in Figure 1. Ishii and
Mitsukuri (4) and Hu (2) measured the somatic chromosomes of rice, and
the longest was numbered 1, the second longest 2, and so on. Kurata and
Omura (21) numbered the somatic chromosomes K1 to K12, K1 being
the longest and K12 the shortest.

Primary trisomic series of rice were established by Sen (31), Hu (3),
Watanabe and Koga (33), Khush et al (19), lwata et al (12), lwata and
Omura (1), and Misra et a (25). All the trisomics are readily identified
from disomic sibs and from each other at different growth stages (Table
1) and are thus easily utilized in gene location work.

Nishimura (28) described reciprocal translocations and arbitrarily
numbered the chromosomes involved in these translocations | to XII in
the order in which they were discovered. Later on roman numerals were
changed to arabic numerals. Nishimura's system of numbering chromo-
somes is not based on cytological identification. The associations between
the linkage groups of Nagao and Takahashi (27) and the chromosomes of
Nishimura’'s system were determined by Iwata and Omura (7,8) by
translocation analysis.

To date, extra chromosomes of only three of the trisomic series have
been identified cytologically. Khush et a (19) and Misra et a (25)
identified the extra chromosomes at the pachytene stage of meiosis
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Fig. 1. Pachytene chromosome complement of rice.
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according to the numbering system of Shastry et al (32). The trisomic
series of Khush et al (19) established at IRRI and those of Misra et a

Table 1. Diagnostic morphological features of primary trisomics of rice.

Primary
trisomics

Growth habit

Leaf characters

Other outstanding
characters

Triplo-1

Triplo-2

Triplo-3

Triplo-4

Triplo-5

Triplo-6

Triplo-7

Triplo-8

Triplo-9

Triplo-10

Triplo-11
Triplo-12

short, grassy

short, few tillers

short, many tillers

short, slow growth

short
bushy, short,
many tillers

short, few tillers

short, few tillers,
slowest growth,
recovers at
maximum tillering
stage

short, many tillers,
spreading habit

short, slender

normal

spreading growth
habit, tall, many
tillers

long, narrow, thin
leaves

short, thick, dark
green leaves

short, thick, semi
rolled leaves

short, thick, dark
green leaves

twisted, short, fine,
white, shiny hairs on
leaves at maximum
tillering stage

light green (pale)
leaves at booting
stage

narrow, dark green,
rolled leaves

narrowest, dark
green, rolled leaves

thick, short, dark
green leaves

normal
normal

long, droopy, light
green leaves

seed fertility low, grains narrow
and triangular, late flowering

short ligule, small anthers, short
panicle, round grain, long
glume, high female fertility but
highly self-sterile

awned, lax panicle, highly
self-sterile, long ligule, early
flowering

late flowering, highly sterile

short ligule, compact and short
panicle, short anthers, high self
seed fertility

lax panicle, few grains, terminal
grains deformed, long narrow
grains, high seed self-fertility

short ligule, incompletely exserted
panicles, lax and partially
self-fertile, long grains with tip
awns

short ligule and panicles, fertile,
round grains

panicle lax, large grains, highly
self-fertile, panicles partially
exserted

hairy ligule, small and narrow
grains, completely self-fertile

normal

panicles lax, grains of upper half
of panicle possess short awn
while lower ones have no awn,
completely self-fertile
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(25) established at the Central Rice Research Ingtitute (CRRI), Cuttack,
India, were morphologically compared by growing the two series a IRRI
as well as at Cuttack. Complete correspondence between the chromo-
somal identification of the two series was found (18). The extra chromo-
somes of the primary trisomic series studied by lwata and his colleagues
a Kyushu University, Japan, were identified by Kurata et a (20) and
Iwata and Ornura (11) according to the chromosome numbering system
proposed by Kurata and Omura (21).

The correspondence between the chromosome numbering system of
Shastry et a (32) and that of Nishimura (28) was determined by crossing
each of the trisomics of the IRRI series with the translocation stocks of
Nishimura. Trisomic F; populations were cytologicaly examined to
determine whether an association of five chromosomes or an association
of four chromosomes and a trivalent were formed during meiosis. The
presence of a pentavalent indicated that one of the two chromosomes
involved in the translocation was the extra chromosome in that trisomic.
When the same trisomic formed an association of five in crosses with two
translocations, we concluded that the extra chromosome of the trisomic
corresponded with the chromosome involved in both of these transoca-
tions. The relationships between the extra chromosomes of each trisomic
and the chromosomes of Nishimura's designation were ascertained by
using this technique (6).

Only two of the trisomic series — those of IRRI and of Kyushu
University — have been utilized for determining the association between
linkage groups and cytologically identifiable chromosomes. The extra
chromosomes of the IRRI trisomics were first identified and the respec-
tive linkage groups were associated with each of the 12 chromosomes
through the modified ratio technique (19). Iwata and Omura (9, 10)
determined the associations between nine of their trisomics and the
linkage groups and then identified the extra chromosomes of these triso-
rnics (20). lwata and Omura (11) discovered three remaining trisomics,
identified the linkage groups corresponding to them, and identified the
extra chromosomes of these trisomics. Thus, associations between the
linkage groups and rice chromosomes have been determined indepen-
dently a IRRI and Kyushu University. However, the chromosome
numbering systems differ. IRRI has followed the pachytene chromo-
some numbering system of Shastry et a (32), and Kyushu University
has used the somatic chromosome numbering system of Kurata and
Omura (21). Another chromosome numbering system in existence is that
of Nishimura (28). Fortunately, the relationships among the three sys
tems are clearly understood; they are shown in Table 2. We should now
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Table 2. Relationships among various systems of numbering chromosomes,
trisomics, linkage groups, and marker genes of rice.

Chromosomes Trisomics Linkage groups Marker genes

Shastry et Nishimura Kurata and Khush et Iwata and Nagao and
al (32) (28) Omura(21) al(19) Omura(9) Takahashi (27)

1 3 K1 1 (0] 1l eg, lax

2 8 K2 2 N X tri

3 6 K6 3 B (A WX, ws, Psq
4 5 K3 4 M X1LXI bc,,chy,di

Hg

5 2 K9 5 L VI, IX, Xl gh;,nl,gly
6 4 K5 6 A - sply, 1}

7 10 K11 7 F \ g

8 12 K7 8 D - Vg, Su

9 1 K10 9 H VII,V dp,, drp,, I-Bf
10 7 K12 10 C - pal, fl
11 9 K8 11 G Vil la,z,
12 11 K4 12 E Il Ig, PI

adopt one of the chromosome numbering systems universally and remove
the confusion created by the multiplicity of systems.

In our opinion there are several advantages in adopting the pachytene
chromosome numbering system. For example:
® The pachytene chromosomes are easier to identify than somatic
chromosomes because of their size and numerous other distinguish-
ing features. Because of their paired nature the number of chromo-
somes is half of the somatic number, thus rendering the task of
identification easier. In Figure 1, the distinguishing features of each
of the pachytene chromosomes are clearly evident.

® The chromosomes involved in translocations can be identified at
pachytene, whereas this task is almost impossible to accomplish with
the somatic chromosomes. Similarly, the extra chromosome of the
tertiary and secondary trisomics can be identified only at pachytene.

® Chromosomal deficiencies are best identified through the detection
of a deficiency loop in the paired condition at pachytene. This
cannot be done with somatic chromosomes.

Now, since we have associated all the linkage groups with specific
chromosomes, our next task is to map the centromere positions on the
linkage maps and determine the precise locations of important marker
genes on the chromosome arms (15). This will have to be accomplished
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through radiation-induced deficiencies and through the establishment
and utilization of secondary, tertiary, and telo-trisomics (17). Adoption
of the pachytene chromosome numbering system would thus facilitate
and dstimulate further cytogenetic investigations of the rice genome.
There is no denying the fact that the linkage groups of maize and tomato
are well understood because of the adoption of pachytene chromosome
numbering systems proposed by McClintock (24) for maize and Barton
(1) for tomato.

It is gratifying to note that Kurata et a (20) have also examined the
pachytene chromosomes of rice and have stated that “comparing the
bivalents [with those] of Shastry et a (32) the characteristics of the
bivalent length and centromere position considerably correspond with
each other in 12 bivalents except that the order was replaced between
bivalents 6 and 7.” It is thus obvious that, because of their distinctive
features, chromosome identification at the pachytene stage is easier and
more reliable.

As pointed out by Khush et a (19), 12 linkage groups of Nagao and
Takahashi were assigned to 9 chromosomes. lwata and Omura (10)
clearly showed that three genes — d-1, nl-1, and gl-1, which were assigned
to linkage groups VI, 1X, and XIll, respectively — belonged to the same
chromosome. These findings were confirmed by Khush et a (19), who
associated the markers of these linkage groups with chromosome 5.
However, our recent data show that at least some markers of linkage
group XIl belong to chromosome 4. As the data in Table 3 show, Hg and
Ihs, previously considered to belong to linkage group XII (16), show very
close linkage with dl. We also found that op — renamed lhs-1 by Kinoshita
(15) — and Ihs are in fact allelic. Thus, half of linkage group X11 (Hg and
Ilhs) belongs to chromosome 4 and the other haf (gl-1 and An-2) to
chromosome 5. The weak linkage of 39 crossover units between gl-1 and
Hg reported by Nagao and Takahashi (27) must have been spurious.
Similarly, linkage group V, proposed by Nagao and Takahashi (27) on

Table 3. Linkagerelationsamong some marker genesof rice.

Gene pair Segregation data No. of Recombination
plants value (%)
AB Ab aB ab
Hg-lhs 117 92 38 0 164 0.0
dl-lhs 259 112 121 0 492 0.0

aSegregalion for Ihs in the Hg-lhs cross was highly distorted.
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Fig. 2. Linkage map of rice.

the basis of the weak linkage of 42 crossover units between I-Bf and Ps1,
was assigned to two different chromosomes by Khush et a (19), with I-Bf
going to chromosome 9 and Ps1 to chromosome 3 (Table 2). Three new
linkage groups were discovered in the course of study of trisomic segrega-
tions by lwata and Omura (9), Isono et a (5), and Khush et a (19).

To summarize then, the 12 linkage groups of Nagao and Takahashi
(27) were assigned to 9 chromosomes. Two of their linkage groups had to
be split up, with the markers going to different chromosomes. The latest
chromosome map based on these findings is shown in Figure 2.

As is evident from Figure 2, some of the chromosomes such as 6, 7, 8, 9,
and 10 are ill poorly marked. We are now testing unlocated marker
genes with our trisomic series to find more marker genes for these
chromosomes. The paper in these proceedings by Librojo and Khush
(23) reports the results of one such study.
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PRIMARY TRISOMICS Philippines
IN RICE

The chromosomal location of eight mutant genes was determined through primary
trisomic tests. Each of the mutant genes was crossed with 12 primary trisomics,
and genetic segregation was studied in the F, or backcross populations. Of the 96
possible combinations 78 were examined. The results permitted the localization of
gene mp-1 on chromosome 1; mp-2, ch, and bc-4 on chromosome 3; Hg on
chromosome 4; eui on chromosome 5; ygl on chromosome 10; and aul on
chromosome 12.

welve linkage groups of rice corresponding to the haploid chromo-

some number were proposed by Nagao and Takahashi (11). The
independence of these linkage groups was tested through trisomic analy-
sis by Iwata and Omura (5, 6) and Khush et a (9) and Sato et a (15).
As a result of these studies, three linkage groups of Nagao and Takahashi
(11) were associated with one chromosome and two linkage groups with
another. Thus the 12 linkage groups were associated with 9 chromo-
somes. Three new linkage groups were discovered by Iwata and Omura
(5), Isono et a (2), and Khush et a (9). Associations among the 12
linkage groups and the cytologicaly identifiable chromosomes were de-
termined by Khush et a (9) for the first time.

Severa of the linkage groups such as 6, 8, 9, and 10 are very poorly
marked. However, a large number of well defined mutants of rice have
been produced by different workers. In order to find additional markers
for these chromosomes we are systematically determining the chromo-
somal location of the unlocated genes through primary trisomic tests.
This study was undertaken to determine the chromosomal location of
eight mutant genes.
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MATERIALS AND METHODS

The eight mutant genes studied are listed in Table 1 and described

below.

Hg (hairy glume). This gene conditions longer trichomes on the
glumes, leaf margins, and auricles. The longer trichomes impart a
shiny appearance to the grain. The mutant trait is best expressed
after flowering. This mutant was provided by M. H. Heu under
the designation Lh (long hair). However, it was found to be alldic
to Hg (8) earlier described by Nagao et a (12).

mp-1  (multiple pistil 1). The florets of this mutant have two or more
functional pistils, and two kernels are enclosed within one lemma
and palea (Fig. 1). Multiple pistil mutants were earlier described
by Parthasarathy (13) and Misro (10), but seeds of these mutants
were not available for allele tests.

mp-2  (multiple pistil 2). This mutant is similar to but nonalelic to mp-1,
as the F; between the two was normal.

ch (chloring). This chlorophyll mutant has distinct yellowish leaves
and is early maturing. The character is expressed from seedling to
maturity. The mutant was induced in the breeding line CR113-32
by mutagenic treatment by R. N. Misra of CRRI, Cuttack, India
It is nonallelic to ch-1 and ch-3. Allele tests with other described
chlorina mutants have not yet been made.

yal (yellow-green leaves). This chlorophyll mutant exhibits yellow-
green leaves at all stages of growth. It is similar to but nonallelic
to pgl. The origina mutant was in the background of wx
126-17-26-B-99-3, a Korean breeding line.

eui (elongated uppermost internode). This character is manifested only
at flowering. The uppermost node is elongated in this mutant (14).

aul (auricleless). This mutant lacks auricles, and the ligule is rudi-
mentary (Fig. 2). However, it is nonalelic to Ig.

bc-4  (brittle culm). This mutant has a brittle culm and leaves that
break very easily. The mutant trait is expressed at all growth
stages. It is nonallelic to bec-1, be-2, and be-3. Hence it is designated
bc-4.

The mutant plants and primary trisomics were grown in the screen-
house of the Plant Breeding Department at IRRI. The 8 mutants were
crossed with 12 primary trisomics to obtain 96 F, progenies. The trisomic
F; progenies were grown in the screenhouse, and the disomic plants were
rouged as soon as the identification of 2n+1 plants was possible. The
trisomic F; plants of triplo-1, triplo-2, triplo-3, and triplo-4 were highly
sterile and were backcrossed to respective marker stocks except for the
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trisomic F;'s of Hg, which were backcrossed to IR36. Trisomic F; plants
of triplo-5 to triplo-12 were fertile and were allowed to self-pollinate to
obtain F, seeds.

Table 1. Mutants studied.

RGS Gene Phenotype Source

number symbol

209 Hg hairy glume M. H. Heu, College of Agriculture
Suweon, Korea

237 mp-1 multiple pistil 1 Bangladesh Rice Research Institute
Joydebpur, Bangladesh

266 mp-2 multiple pistil 2 M. H. Heu, College of Agriculture
Suweon, Korea

263 ch chlorina R. N. Misra, CRRI, Cuttack, India

264 el yellow-green leaves M. H. Heu, College of Agriculture
Suweon, Korea

291 eui elongated uppermost  J. N. Rutger, Univ. of California

internode Dauvis, California, U.S.A.

292 aul auricleless R. P. Thakur, Rajendra Agicultural Univ.
Sabour, Bihar, India

293 bc-4 brittle culm R. Marie, INRA, Montpellier, France

Fig.1 Kernels of mp-1 (top), IR36, and mp-2 (bottom).
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Backcross and F, populations were grown in the field and classified for
mutant versus normal and trisomic versus disomic traits. Seventy-eight
backcross or F, populations were available for study (Table 2). The
remaining 18 combinations could not be studied due to insufficient seeds.

Table2. Summary of primary trisomic segregation testsof eight markersin

ricetrisomics.

Gene Primary trisomic and type of segregation obtained®

1 2 3 4 5 6 7 8 9 10 11 12
Hg - D D T D D D D D D D D
mp-1 T D D D D D D D D D - D
mp-2 - D T D D D - D D D D D
ch - D T D D D D D D D D
el - D D D D D D D T D D
eui - D - T D - D D D D D
aul - D D D D D D D D - T
bc-4 - T - D D D D D D D D

3 = disomic, T = trisomic.

Fig. 2. Sections of leaf blades and leaf sheaths of normal (left) and auricleless (right).
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RESULTS AND DISCUSSION

Of the 78 progenies studied, 8 segregated in the trisomic fashion (Table
3). As expected, each of the mutant genes showed trisomic inheritance
with one trisomic only. This permitted the localization of al the eight
genes on specific chromosomes.

The dominant gene Hg segregated in trisomic fashion in the BC
population of triplo-4 and is thus located on chromosome 4. Gene mp-1
showed trisomic segregation with triplo-1 and was delimited to chromo-
some 1. Genes mp-2, ch, and bc-4 segregated in trisomic fashion with
triplo-3 and were thus located on chromosome 3. Although the 2 values
for trisomic ratios in the progenies of these markers and triplo-3 were
somewhat higher, the trisomic inheritance of these progenies is beyond
doubt. The results suggest that mp-2 may be located on chromosome 3,
but the number of plants in the backcross population of mp-2 with triplo-3
was not adequate to draw definite conclusions. Heu and Suh (1) desig-
nated this gene pc (polycaryopsis) and indicated that it might be located
on chromosome 7. Thus the location of mp-2 on chromosome 3 is
tentative. Trisomic inheritance was observed for eui with triplo-5 and for
ygl with triplo-10. Thus eui was located on chromosome 5 and ygl on
chromosome 10. The results for aul are somewhat unclear. The disomic
portion of the progeny gave 3:1 segregation for the normal vs mutant, but
al the trisomic plants were normal. The absence of mutant plants among
the trisomic fraction establishes beyond doubt that aul is located on
chromosome 12, but the disomic segregation among the 2n fraction
indicates that the F, trisomic plant heterozygous for aul that gave rise to
this F, may have been a secondary trisomic rather than a primary. As
discussed by Khush (7), secondary trisomics occur in the progenies of
primary trisomics as the result of misdivision of the univalent. This
suspicion regarding secondary trisomism will be verified by further
studies.

On the basis of these analyses, the eight useful marker genes have been
located on their respective chromosomes. Three of the markers were
assigned to linkage group 3, which is aready well marked. However, ygl
has been assigned to linkage group 10, which lacks good markers.



Table 3. Segregation ratios for eight genes in the F, or BC generation of primary trisomics of rice.

i T4

Gene Trisomic F, Progeny

or

BC

2n 2n+1 Total
Normal Mutant c?8:1 () Normal Mutant Normal Mutant c?1251 (F)
or or
c?2:1(BC) ¢23.5:1 (BC)?

Hg triplo-4 BC 129 81 2.59 10 6 139 87 0.220
mp-1 triplo-1 Fy 42 12 6.75* 40 0 82 12 3.94*
mp-2 triplo-3 BC 31 5 6.12* 13 1 44 6 3.02
ch triplo-3 BC 79 18 9.53** 59 0 138 18 10.30**
yal triplo-10 F, 97 14 0.26 65 2 162 16 0.65
eui triplo-5 F, 129 17 0.04 53 0 182 17 0.38
aul triplo-12  F, 107 28 12.68** 68 0 175 28 12.06**
bc-4 triplo-3 BC 133 30 16.35** 103 4 236 34 10.58**

ax = ggnificant at the 5% level, **
be2for 1.5:1 ratio.

= significant at the 1% level.

SOILANAZD FD1Y
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DISCUSSION

SESSION 4: LINKAGE MAPS

Q — Second: Rule number 6 for gene symbolization states that for any
revision, contact with the original author is necessary. You have modified
our isozyme gene symbols, for example LAP-E has become LAP-L. But
you never contacted us. Therefore, | do not understand this revision.
A — Kinoshita: Your argument is valid, but we followed the common basic
rules for designation of genes. As to the suffix letter or numerals, we
would like to ask for your cooperation to discuss these matters once the
gene list committee of the Rice Genetics Cooperative is established.

Q - Kumar: Are the linkage groups of indica and japonica varieties
comparable or are there some differences between them?

A - Kinoshita: According to the trisomic analysis by Khush et a (1984),
there was no indication of differences between the linkage groups. How-
ever, the linkage maps are considerably different, as shown in the figure
in my paper. There is still a possibility that structural differences exist
between the chromosomes of the two types as suggested by some cy-
togeneticists.

A — Khush: So far, the gene mapping work has been for morphological
traits. Very few genes for other traits have been analyzed. Regarding
stress tolerance traits, even their mode of inheritance is not known as yet.
However, some enzyme markers have been mapped.
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The inheritance is reported of mutations for semidwarfism and a recessive tall
type, early maturity, endosperm characteristics, genetic male sterility, and hull
color. Semidwarf mutants have been induced at three or more different loci, the
most important of which is the sd; locus also present in DGWG. The sd; mutants
have been used to develop several improved cultivars. A recessive gene for tall
plant height (eui) that may be useful in hybrid seed production has been found to
be independent of sd;. Several mutants for early maturity have been found. In the
only one characterized genetically, early maturity is controlled by a single, weakly
dominant gene. Both waxy (wx) and opague (0) endosperm mutants have been
found. Opaqgue, which is useful as another recessive marker gene, is nondlelic to
waxy. Nine genetic male sterile mutants, each controlled by a single recessive
gene, were induced. Three hull color mutants—goldhull, yellow panicle, and
light green panicle—were induced. Inheritance was studied of the latter two,
which are new mutants. The yellow panicle mutant is controlled by a single
recessive gene yp, which also has a pleiotropic effect for early maturity. The light
green panicle mutant is controlled by a single recessive gene Igp. Bothyp and Igp
may be useful as marker genes for cultivar identification and/or genetic studies.

N umerous mutants have been induced or selected from adapted
japonica rice cultivars in the cooperative federal-state-industry rice
improvement program in California (5, 12). Useful mutants, defined as
those that either enhance the value of the plant or have application as
breeding tools, fall into five general categories. semidwarfs and a reces
sive tall type; and those showing early maturity, endosperm characteris-
tics, genetic male sterility, and hull color.
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SEMIDWARFS AND A RECESSIVE TALL TYPE

Induced semidwarf mutants have played an important role in rice
improvement in California, both as direct releases as cultivars and as
parents in cross-breeding programs. The first semidwarf rice cultivar in
Cdlifornia, Carose 76, originated as a single gene semidwarf mutant
from the very well adapted tall cultivar Calrose (15). Calrose 76 possesses
a single recessive gene for semidwarfism, designated sd;. The sd; gene
reduces plant height about 25%; panicle length remains essentialy
unchanged (16). The sd; mutant gene is allelic to the major semidwarfing
gene in Deo-geo-woo-gen (DGWG) (6). Thus, in F, generations of
crosses between sd; and the DGWG semidwarf, no truly tall recombi-
nants have been recovered, although considerable variation exists in the
height of the F, semidwarfs. In crosses with tall cultivars, the sd; mutant
gene shows rather discrete semidwarf vs tall segregation. On the other
hand, the DGWG semi-dwarfing source shows more continuous varia-
bility, which is usually attributed to the presence of a single magjor gene
plus minor gene modifiers (1).

Breeders of the California Cooperative Rice Research Foundation, Inc.
(CCRRFI) have used both the Carose 76 source and the DGWG (or
IR8) source as semidwarf donors in the development of numerous
semidwarf cultivars (5). Semidwarfs, which are 80-90 cm tall, yield
15-25% more than the tall cultivars they have replaced. CCRRFI breed-
ers also induced and directly released the semidwarf cultivar M-401 from
a tal cultivar of particular interest because of its premium quality (4).
M-401 has a semidwarfing gene alelic to sd (12), indicating that this is a
recurring mutation.

At least three independent, recessively inherited semidwarf genes were
induced in the original mutagenic treatments of the tall cultivar Calrose:
the sd, locus present in Calrose 76, the sd, locus in Cl 11033, and the sd,
locus in CI 11034 (6, 8). Typically, F{'s among nonallelic semidwarfs are
tall, and 9:6:1 tall to semidwarf to doubledwarf ratios are observed in the
F,. Neither the sd, nor the sd, source has been as agronomically useful as
the sd; source. The sd, source reduces height only 15 cm and thus is still
somewhat lodging susceptible (sd; reduces height about 30 cm, a more
desirable reduction). The sd, source also reduces height only 15 cm and
has an additional pleiotropic effect for a 20% reduction in seed size.

After the three independent semidwarfing alleles sd;, sd,, and sd,, were
identified, subsegquent genetic studies were concentrated only on deter-
mining if new mutants were alelic to sd;. These aléelic relationships are
depicted in Figure 1. Two semidwarf mutants (ClI11045 and CI11046),
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Fig. 1. Allelic relationships of induced semidwarf mutants and DGWG. Genotypes at the
same corner of the triangle are allelic; those at different corners are nonallelic.
Genotypes in the “fan” at the top are nonallelic to the sd; locus, but their relation-
ships to other loci are unknown. Parent cultivars are shown in parentheses.
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induced by Carnahan and co-workers from the tall cultivar M5, were
thus found to be nonallelic to sd; (14). Both are about 30 cm shorter than
their parent and, except for a tendency to show discolored hulls at
harvest, both are phenotypicaly identical to the sd; source. Although
neither of the M5 “raw” semidwarfs has been more productive than its
tall parent, neither has been evaluated for yield potential after crossing
with other genotypes.

A narrow leaf semidwarf mutant CI111049, selected from Calrose, has
also been found to have a gene nonallelic to sd; (14). The semidwarfing
gene in CI11049 has a pleiotropic effect for short, narrow leaves and
reduced seed size.

Another semidwarf mutant, Short Labelle, selected from the tall
cultivar Labelle, has a semidwarfing gene nonalelic to sd; (10). Yields of
Short Labelle were generally lower than those of its tall parent. Curioudly,
Short Labelle, though fully fertile itself, shows considerable F; sterility in
crosses with its tall parent.

In al of the semidwarfs noted above, tall plant height is dominant over
short plant height. In contrast, a recessively inherited tall plant type was
found in a breeding population that had been selected for semidwarfism
(13). The tall plant height resulted from a recessive gene for elongated
uppermost internode (eui), which produces a near doubling in length of
the uppermost internode (Fig. 2). It was proposed that this gene would be
a useful fourth element that would complement the other three genetic
elements — cytoplasmic male dterility, maintainers, and restorers —
generdly used in hybrid seed production. The eui gene would be
incorporated in pollen fertility restoring parents in hybrid seed produc-
tion in situations where a semidwarf F, generation is desired. The tall
paternal plant type would be desirable for windblown pollen dispersal
onto semidwarf female plants, and the resulting hybrid plants would be
semidwarf, unlike the usual case of tal hybrids from semidwarf/tall
crosses. Additionally, the increased height of the paternal plant would
permit a co-mingling of the hybrid parent seed stocks to maximize
crossing and would facilitate mechanical removal of the paternal parent
before mass harvest of the commercial hybrid seed.

The original study (13) did not differentiate whether the eui gene was
nonallelic to the semidwarfing gene sd; or was a different allele at the sd;
locus. Therefore, the eui plant type was hybridized with the standard tall
cultivar M5, and F, segregation, determined from Fj progeny tests, was
examined. In the present study, segregation for eui again fit a single gene
model, as did segregation for semidwarfism (Table 1). The eui gene was
found to be independent of the sd; gene; thus extremely tall plants,
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Fig. 2. Internode length, panicle length, and position of flag leaf of parents and F, ge-
notypes from the cross between an elongated uppermost internode parent and a
normal semidwarf parent (from 13).
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homozygous for both tall plant height and elongated uppermost inter-
node, were among the recombinants.

EARLY MATURITY

Both spontaneous and induced mutants for early maturity have been
used in Cdlifornia breeding programs (5, 12). The inheritance of early
maturity has been studied for only one mutant, Cl11037, which carries a
single, weakly dominant gene for early flowering (Ef). Its early maturity
was independent of the sd; gene and the glabrous (gl) hull and leaf gene
(9). Early maturity mutants are the easiest mutants to find, as one needs
only to inspect a population a few days before normal flowering and to
mark the occasiona plants that are already flowering. However, rela
tively little work has been done on the inheritance of flowering, mainly
because plants must be monitored daily during the flowering period in
order to obtain segregation data. By contrast, many other mutant charac-
ters can be observed on a single day at harvest time.

ENDOSPERM CHARACTERISTICS

The waxy endosperm gene wx is readily induced by mutation. Carnahan
et a (3) irradiated the adapted early maturing tall cultivar S6 and
induced a wx mutant that was directly released as the cultivar
Calmochi-201. Similarly, the present authors induced a wx mutant in the
semidwarf cultivar M-101 (unpublished data). It is assumed that the
induced wx alleles are at the same locus as the wx allele in existing rice
cultivars.

In searching for wx mutants, the authors frequently found a phe-
notype, designated opaque (0), that was initially thought to be wx, but
that has an amylose content approaching normal. The opague mutant
cannot be visually distinguished from waxy grains but has softer grains
that are more easily broken. The opaque mutant shows similar [-KI
staining to normal translucent endosperm types, i.e, blue-black. Satoh
and Omura (17) described what appears to be a similar mutant, which
they designated floury.

While the opague mutant has no known grain quality value, it is
subject to xenia effects like the waxy mutant and has thus been used as a
marker gene for detecting selfs in outcrossing experiments (2). In the F,
generation of a cross between the opaque endosperm mutant ESD7-3-0
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and a normal endosperm line carrying a mutant gene for yellow panicle
ESD7-3-yp, segregation of the opague gene provided a satisfactory fit to a
single gene ratio and was independent of the yellow panicle gene (Table
2). When the same opaque mutant source was crossed with the waxy
endosperm cultivar Isao Mochi, a satisfactory fit to a 9:7 translucent to
white (waxy plus opaque) ratio was observed in half of the families (Table
3). The heterogeneity c? was highly significant. Although the opague
mutant is clearly nonallelic to waxy, further tests are needed to determine
if linkage may be involved or if environmental effects obscured the
segregation  ratios.

GENETIC MALE STERILITY

Nine genetic mae sterile mutants were induced by irradiation of the
semidwarf cultivar M-101 (11). Each mutant is controlled by a recessive
gene (ms); alelism tests have not been conducted. Anther and pollen
characteristics of these nine plus two additional male sterile mutants are
presented elsewhere in this volume (7). Two of these mutants, 1-2 and
[-17, are in use in population improvement programs. Mutant 1-17 is
unusual in that its florets remain open for severa days, which would seem
to be a desirable attribute. However, out-crossing on 1-17 is only 8%
compared with 18% on [-2, which has florets that remain open only the
usual 1-2 h.

HULL COLOR
Three hull color mutants — goldhull, yellow panicles, and light green
panicle — have been found in irradiated populations. The goldhull

mutant is visible at maturity; the other two mutants are visible until
kernels approach maturity, at which time they become indistinguishable
from normal straw color hulls. The goldhull mutant was found indepen-
dently by USDA Agricultural Research Service researchers at Davis and
by CCRRFI researchers at Biggs in the semidwarf cultivar M-101 in
1981. The goldhull mutants appear to be the same as the goldhull gene gh
previously used in several cultivars in the southern US, eg., Bluebelle,
but have not been genetically investigated.

The yellow panicle mutant, which also produces yellow-green leaves,
was found in an irradiated population of the experimental semidwarf
ESD7-3. When hybridized with a sister mutant for opague endosperm
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Table 1. Classification of F, plants on the basis of F; progeny tests in the
cross M5/80:14337 (Sd; Sd; Eui Eui/sd; sd; eui eui), grown at Davis, 1983%

Plant Upper most internode type

height S L L

type Eui Eui Eui eui eui eui Total
Sd; Sdy 12 35 10 57
Sd; sd; 17 53 28 98
sd, sd; 11 25 16 52
Total 40 113 54 207

ax2 for 1:2:1 segregation of semidwarfism = 0.82, 0.50 < P<0.75,
x2 for 1:2:1 segregation of elongated uppermost internode= 3.54. 0.10< P< 0.25, X2 for independence (4 df) = 3.53,
0.25<P<0.25

(see previous section), the F, segregation for yellow panicle failed to fit a
single recessive gene model, mainly because of a deficiency of yellow
panicle segregates (Table 2). However, among progeny of 29 F; families
that were segregating for yellow panicle, the segregation ratio fit a single
recessive gene model (Table 2). Therefore it was concluded that yellow
panicle was conditioned by a single recessive gene, designated yp. Theyp
gene has a pleiotropic effect for early maturity: The 16 homozygous
yellow panicle F5 lines flowered in +86 days, compared with + 102 days
for the 43 homozygous normal lines.

The light green panicle mutant, which also produces light green leaves,
was found in an irradiated population of the cultivar M-101. When
hybridized with the normal panicle color line ED7, F, segregation ratios,
based on F; progeny tests, of 98:219:127 homozygous normal to
heterozygous to homozygous light green panicle fit a single recessive
gene model (0.50<P<0.75). The gene conditioning light green panicle is
designated Igp.

Hull color mutants, if they have no detrimental effects on production,
are potentially useful as marker genes for cultivar identification. The
mutants for yellow panicle and light green panicle, as well as a waxy
endosperm mutant, yielded as much as the check cultivar M-101, while
the goldhull mutant suffered a significant reduction in yield (Table 4).
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Table 2. Classification of F, plants on the basis of F5; progeny tests in the cross
ESD7-3-opaque endosperm/ESD7-3-yellow panicle (0 o Yp Yp/O O yp yp),
grown at Davis, 19802

Endosperm Panicle color

type Yp Yp Yp Yp Yp Yp Total
(e]0) 7 19 5 31
Oo 25 36 9 70
00 11 15 2 28
Total 43 70° 16 129

*X’for 1:2:1 segregation of opaque endosperm = 1.08, 0.50 < P2 < 0.75,

xz for 1:2:1 segregation of yellow panicle = 12.24, P < 0.005. x’for independence (4 df) = 2.85, 0.50 < P < 0.75.
°Among a random sample of 29 F, segregating for yellow panicle, the ratio was 844:302 normal to yellow panicle, X
for 3.1 segregation = 1.12, 0.25 < P < 0.50.

Table 3. Classification of endosperm characteristics of F, seeds in the cross
ESD7-3-opaque endosperm/Isao Mochi (0 o Wx Wx/O O wx wx), grown at
Davis, 1981.

Family Endosperm type c (9:7) P
(F, plant)
Trans- White
lucent (waxy and
opaque)
81:9331-1 102 106 4.39 .025 — .05
-2 198 184 3.03 .05 -.10
-4 317 260 0.41 .50 -.75
-8 368 271 0.46 .25 - .50
-11 587 519 4.53 .025 - .05
-12 290 343 28.02 < .005
-13 298 300 10.01 < .005
-14 436 361 0.77 .25 - .50
Total (8 df) 51.62 < .005
Composite 2596 2344 (1 df) 27.47 < .005

Heterogeneity (7 df) 24.15 < .005
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Table 4. Days to heading and yield of four marker gene mutants in M-101
and plants with closely related background, grown at Davis, 1983.

Days to Yield

Genotype heading (9/0.60 m? plot)
M-101 (check) 90 638
Yellow panicle ESD7-3 (yp) 882 629
Light green panicle M-101 (Igp) 91 628
Goldhull M-101 91 565
Waxy M-101 (wx) 90 638
LSD.05 1 35

abays to heading of the ESD7-3 parent = 102.
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MUTANTS IN RICE

Induced dwarf mutants in rice are valuable materials not only for practica use
but also for fundamental research. To clarify the mechanism of dwarfing, the
present study investigated character expression and mode of inheritance of some
induced dwarf mutants. The dwarf gene d-18" of the Akibare dwarf mutant is
considered to exert its effect immediately after seed germination. When treated at
1 or 2 day intervals from the seedling stage with gibberellic acid, this dwarf
mutant grew as tall as the origina cultivar, Akibare. By diallel analysis on culm
length of some dwarf and long culm mutations derived from Fujiminori, the
extreme dwarf mutants appeared to be controlled by a single recessive gene for
dwarfness. On the contrary, the slightly shortened mutants are governed
predominantly by incomplete or partial recessive genes. The dwarf mutant line
Fukei 71, which differs from the origina type by a single recessive gene d-50,
was depressed more under high temperature than under moderate temperature
due to abnormal cell differentiation from the intercalary meristem of the internode.

I n rice plants, dwarfness is one of the most important breeding objec-
tives because of its characteristics closely relating to plant type (light-
intercepting form, harvest index), fertilizer response, and lodging resist-
ance. In addition, the induced dwarf mutants, even if they are deleterious
forms, are used as materials for developmental genetic research to trace
the path leading to character expression at successive stages of genetic,
physiological, and biochemica development.

Furthermore, since dwarf mutation is comparatively easy to induce
and detect, many induced dwarf mutants have been reported, most
characterized by shortened culm internodes, a very few having a de-
creased number of internodes, and one exceptiona many-node dwarf (1,
3). However, there are very few, if any, detailed studies about character
expression in induced dwarf mutants.

The present study was carried out to find a clue to the genetic and
physiological mechanisms of dwarfing by analyzing the effects of dwarf
genes on culm elongation, with special reference to the interaction of
mutant genes and environmental factors.

273



274 RICE GENETICS

CHARACTER EXPRESSION AND INHERITANCE OF AKIBARE
DWARFISM

By either X-ray or ethylene imine treatment, two extreme dwarf mutants
were easy to induce compared with the other dwarf types, one is conspic-
uously responsive to gibberellic acid (GAj, the other nonsensitive (2).
The F, population of a cross between the Akibare dwarf mutant sensitive
to GA, and its origina cultivar, Akibare, segregates in a monohybrid
ratio, 3:1 tall to dwarf, indicating that the former carries a single recessive
gene responsible for dwarfness. By an allelism test, this dwarf gene was
shown to be aldlic to the dwarf gene of Hosetsu dwarf, d — 18", which is
located on linkage group Ill. According to Kinoshita and Shinbashi (8),
multiple allelism was found in the locus d — 18, the order of dominance
being +>d — 18*>d — 18". By a further alelism test, al the same dwarf
mutants that were induced from the other cultivars — Fujiminori,
Reimei, and Fukel 71 — were proved to have the same dwarf gene as the
Akibare dwarf mutant gene. Accordingly, the locus d —18 is considered
to be considerably mutable.

When treated at 1 or 2 day intervals from the seedling stage to
maturity with 10-20 ppm GAj, the Akibare dwarf mutant grew as tall as
the original cultivar Akibare (Figure 1). Almost al of the characters that
showed simultaneous alterations were restored to the same magnitude as
the original cultivar by GAj; treatment. This suggests that the simulta-
neous aterations are due to pleiotropic effects of the dwarf gene, which are
achieved through GAj; metabolism.

It is important to know in which developmental stage or in which part
gene action is expressed. It was found that plumule length and radicle
length in dormant seeds of the Akibare dwarf mutant are not much
different from those of the original cultivar Akibare, demonstrating that
the effects of the dwarf gene are not yet expressed in the process of
embryonic growth. Since this mutant becomes shorter at the time when
the coleoptile grows, the dwarf gene is considered to exert its effect
immediately after seed germination. This is in accord with the results of
the dwarf genes daikoku, ebisu, and shodaikoku reported by Nakayama
(13). The inhibition effect of this dwarf gene on root elongation is not so
effective and is especially meager in the beginning stage of development
compared with that of culm elongation (5).
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Fig. 1. Effects of gibberellic acid on plant height of Akibare dwarf mutant and its original
cultivar Akibare. Arrow shows the time when GAj; was enhanced to 20 ppm (2).

C = untreated Akibare, D = untreated Akibare dwarf mutant,

C-10 = Akibare treated at 1 or 2 day intervals with 10 ppm GAs.

AD-10 = Akibare dwarf mutant treated at 1 or 2 day intervals with 10 ppm GAg,
AD-10-20 = Akibare dwarf mutant treated at 1 or 2 day intervals with 10 ppm GAj in the
early vegetative stages and then with 20ppm GA; in the later stages.

DIALLEL ANALYSIS OF DWARF AND LONG CULM MUTANTS

Some dwarf and long culm mutants induced by re-irradiation of Reimei
and Fukel 71, which were derived from the Japanese cultivar Fujiminori
by gamma irradiation, were chosen in order to clarify the genetic mech-
anisms of the dwarf and long culm mutations. The genealogica relation-
ships among these materials are shown in Figure 2. To simplify the
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Fig. 2. Wr, Vr graph of culm length and genealogical relationship among the materials tested
). o .y .
F = Fujiminori, R = Reimei, 71 = Fukei 71,
RL = Reimei long culm mutant,
71L = Fukei 71 long culm mutant,
71S = Fukei 71 extreme dwarf mutant.
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presentation, the abbreviations of line names used in Figure 2 are used
below.

A dialel analysis (6 times 6) of culm length was performed on these
mutants and their origina cultivar (4). Culm length of each F; and parent
was measured as the average of ten plants grown under a randomized
block design including two replications. The variance (Vr) of each array
and covariance (Wr) between the parents and their progeny in each
array were estimated according to Hayman's method (6, 7). From the
Wr, Vr graph of culm length (Figure 2), it was found that incomplete
dominant genes are responsible for culm length. The dwarf mutant
Fukei 71 (11) and its derivative extreme dwarf mutant (71S) appeared to
be controlled by a single or relatively small number of recessive genes for
dwarfness. On the contrary, the dlightly shortened mutants were
governed predominantly by incomplete or partial recessive genes for
dwarfness. Chang and Li (1) aso reported that the quantitative and
rather complex nature of semidwarfism in indica cultivars is shown by
the incomplete dominance of tallness. On the other hand, the ratio of
dominance genes of each parent (Wr + Vr) showed a negative regression
against the average values of culm length of each parent, suggesting that
the dwarf mutant genes are generaly recessive for the tall gene.

It was found that the long culm mutant derived from Reimei (RL) is
somewhat longer than Fujiminori (F) and that the long culm mutant
derived from Fukei 71 (71L) is as tall as Reimei (R), suggesting that these
two long culm mutants are not due to true back mutation. The extreme
dwarf mutant (71S) is shorter than 71, from which it was derived. The
reason why the culm length of the F; of a cross betwen 71 and 71S is
phenotypically as tall as that of Fujiminori is not clear. Further research
is needed to explain fully the mechanism of this phenomenon.

EFFECTS OF TEMPERATURE ON CHARACTER EXPRESSION
OF INDUCED DWARFS

In relation to the interaction between the character expression of the
dwarf gene and environmental factors, Kitano and Futsuhara (9) re-
ported that the dwarf mutant line Fukei 71, which differs from the
original type by a single recessive gene d-50, shows a large variation in
culm elongation (Figure 3). In order to get more detailed information on
this peculiar character expression, Fukei 71 was compared with the other
semi-dwarf mutant cultivar Reimei and their original cultivar Fujiminori
in mode of culm elongation under various temperature conditions (9, 10,
11).
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Fig. 3. Naked culms of the dwarf mutant line Fukei 71 and its original cultivar Fujiminori (10).
A and C show Fujiminori grown under high and low temperature conditions, respectively; B
and D show Fukei 71 grown under high and low temperature conditions, respectively.
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In combination with three different fertilizer treatments, three differ-
ent temperature treatments were performed from the seedling stage to
maturity as follows: @) high temperature condition (day 30°C, night
25°C), b) intermediate temperature condition (23°C, 18°C), and c) low
temperature condition (16°C, 12°C). Figure 4 shows the plant height of
the two mutants and their parent measured weekly under different
temperature conditions. Although no varietal difference was detected in
plant height at the early vegetative stages, it became more remarkable
with age. Of these three lines, Fukei 71 showed a specific response to
temperature in plant height as shown in Figures 3 and 4. This line was
considerably lower in plant height than the other two lines under high
temperature conditions but grew as tall as Reimel under intermediate
temperature conditions and became higher than Reimei and almost the
same as Fujiminori under low temperature conditions. On the other
hand, no particular response to fertilizer was found in these lines.

In further investigations under eight temperature conditions composed
of the combination of two temperatures, high (30°C, 25°C) and low
(23°C, 18°C), and three growth periods (vegetative, early reproductive,
and late reproductive or culm elongation stages), it was shown that Fukei
71 has a greater response to the treatments with regard to culm elonga
tion than Fujiminori, the culm length of the former being reduced
significantly by high temperature treatment, especially at the culm
elongation stage.

So far, investigation into dwarfing has concentrated mainly on external
morphology. But growth activity takes place at the cellular level and is
expressed at the organ level; the structure and function of plant organs
are determined by the growth and function of their cells. So the present
study tried to investigate character expression of dwarf genes histolo-
gicaly.

To elucidate the dwarfing mechanism of Fukei 71, some histological
observations were carried out on the elongated internodes of Fukei 71
and Fujiminori grown under high and low temperature conditions. When
Fukei 71 was exposed to high temperature, the number of parenchyma
cells tended to decrease in the longitudinal direction and to increase in
the transverse direction of each elongated internode (Figure 5). It was aso
observed that partially nonuniform parenchyma cells occurred only in
Fukei 71 when treated with high temperature. These results demonstrate
that the dwarfness expressed under high temperature conditions in Fukel
71 is induced by abnormal cell differentiation from intercalary meristems
of the internodes.
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Fig. 4. Plant heights of dwarf and semi-dwarf mutants and their original cultivar Fuliminor
measured weekly under three different temperature condltions. Arrow shows heading date

9).

© ® = Fujiminori, ® = Reimei, © = Fukei 71,
_ = High temperature (30°C, 25°C),

= intermediate temperature (23°C, 18°C),

-___ = Lowtemperature (16°C, 12°C).
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Fig. 5. Transverse (A-D) and longitudinal (E-H) sections of the third internode of Fujiminori
and Fukei 71 grown under high and low temperature conditions (10).

A and E = Fujiminori grown under high temperature conditions,

B and F = Fukei 71 grown under high temperature conditions,

C and G = Fujiminori grown under low temperature conditions,

D and H = Fukei 71 grown under low temperature conditions.
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In dwarf rice and maize, many genes have been proved to affect the
various steps in the GA; biosynthetic pathway (14). Furthermore, in
dwarf mutants of tomato and maize, a high peroxidase activity as a cause
of dwarfing was noticed (12). These results suggest that most mutants
classified as morphological mutants are dependent on biochemical muta-
tions affecting enzyme activity.

In order to clarify the effect of GA, on culm elongation, Fukei 71 and its
origina cultivar Fujiminori were treated at 3 or 4 day intervals from the
seedling stage with various concentrations of GA,;. Under high tempera
ture (30°C, 25°C) conditions, culm elongation of Fujiminori was strongly
promoted, while Fukei 71 did not respond to GAj as strongly as Fujimi-
nori. It is especially noteworthy that Fukei 71 showed similar responses
a three levels of GA5 concentration, although the culm length of Fujimi-
nori was elongated approximately in proportion to the increase in GAjz
concentration. However, under intermediate temperature (23°C, 18°C)
conditions the response of culm length to GA3in Fukel 71 was very nearly
that of Fujiminori.

Endogenous gibberellin-like substances were ascertained by bioassay
with the two dwarf lines Tangin-bozu and Waito-C in the acidic ethyl
acetate fraction of 70% acetone extracts from the culm and shoot of Fukei
71 and Fujiminori at various growth stages. A similar level of GAj3
activity was detected in Fukei 71 with Tangin-bozu assay, compared
with that of Fujiminori. No GAj activity was detected in both lines with
Waito-C assay. It was concluded that the action of the dwarf gene on
culm elongation of Fukei 71 is not altered by GAj; treatment, and that this
dwarf gene is not directly concerned with GA; biosynthesis.

The process of morphogenesis in higher plants such as rice is deter-
mined by the types of differentiation, development, and growth, al of
which depend primarily on genetic control. Thus, in order to know the
mechanism of morphological mutants such as dwarfness, it is necessary
to understand at the molecular level how these specific genes are effective
in the meristem of nodes, root tips, and the shoot apex, which are the sites
of differentiation. Yet not much is known about dwarf genes. With
further research in developmental genetics, a breeder's dream—the
artificial control of the gene to work at the time and site desired—might
be possible.
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The inheritance of semidwarfism in three Japanese high yielding varieties was
studied in relation to the Dgwg dwarfing gene. Two types of near-isogenic lines
were developed by transferring the semidwarf trait from Taichung Native 1 having
the Dgwg gene and another semidwarf trait from Shiranui with the gene of Jikkoku
into the Japanese tall variety Norin 29 through four backcrossings. The genetic
behavior of the crosses of the near-isogenic line with Norin 29 demonstrated
clearly that the semidwarfism of DGWG variety and that of Jikkoku are controlled
by a single recessive gene. Allelism tests among the isogenic lines showed that
DGWG and Jikkoku have a common semidwarfing gene. An alelism test between
Reimei, an induced mutant, and the isogenic line carrying the Dgwg gene indicated
that Reimel aso has a similar semidwarfing gene at the same locus as that of
Dgwg, athough it has modifier genes that increase the culm length. In the same
way, Kochihibiki is assumed to be alelic to the Dgwg gene. The existence of a
linkage relationship between the semidwarfing gene and a recessive shattering
gene is suggested.

breakthrough in rice yield was attained with the development of

semidwarf varieties characterized by lodging resistance, N respon-
siveness, and erect leaves (2). The success of the Green Revolution is
directly related to the intensive use of these tropical semidwarfs. The
short-statured  indica  varieties, represented by  Dee-geo-woo-gen
(DGWG) and Taichung Native 1 (TN 1), were principa sources of short
stature and have been extensively used in breeding programs. TN 1 is a
progeny of Tsai-yuan-chung/DGWG and has derived the short-stature
gene from DGWG (2).

In Japan, two distinct sources of semidwarfism have made an impor-
tant contribution to rice production. In southern Japan, a series of new
high yielding varieties — Hoyoku, Kokumasari, and Shiranui — were
relessed from a cross between Zensho 26 and the native semidwarf
variety Jikkoku (11). Many short-statured leading varieties with high
yielding potentia have been developed through subsequent hybridiza-
tion with other varieties (Fig. 1). In northern Japan, the semidwarf
Reimei, which was derived from Fujiminori by gamma irradiation, was
released in 1966 (4,5) and is now grown over wide areas. It could aso

285
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Fig. 1. Improved rice varieties released in Kyushu, southern Japan, that can be traced to
Jikkoku, a semidwarf Japanese variety. These varieties are enclosed in boxes.

serve as a useful source of lodging resistance and high yielding ability.
One of its descendants, Akihikari, which is a progeny of Toyonishiki/
Reimei, was planted on 120,000 ha in 1979 and ranked fourth or fifth on
the list of planted acreage in Japan (16). Another high yielding variety,
Kochihibiki, was developed from the cross Kochikaze/Akibarel//
Kochikaze at the Central Agricultura Experiment Station in 1976. It has
short stature, erect leaves, and good grain quality and also shows
adaptability for late planting. Kochihibiki has been grown in central
Japan. The source of short stature is assumed to be the local variety Shiro
Senbon.

Extensive studies have been carried out to identify the genes for
semidwarfism. As a result, the semidwarf traits of TN 1 and DGWG were
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found to be controlled by a single recessive gene (1, 8). The semidwarf
trait of the induced mutant Reimei is controlled by a single gene lacking
dominance, designated as d-49(t) (5). So far, however, little is known
about the allelic relationship between semidwarfing genes in the Japan-
ese varieties and those in the indica varieties. The frequent use of the
semidwarf indicas such as Chinese, IRRI, and Korean varieties as gene
sources for higher grain yields has made it necessary to investigate the
alelic relationships of these indica varieties with Japanese short-statured
varieties. The present study was conducted to identify genes controlling
the culm length of the Japanese high yielding semidwarf varieties Shira-
nui, Reimei, and Kochihibiki.

INHERITANCE OF SEMIDWARFISM

Characteristics of TN 1, Shiranui, Japanese tall variety Norin 29, and
their F,'s are presented in Table 1. TN 1 and Shiranui are about 20 cm
shorter than Norin 29. The F,’s between TN 1 and the Japanese varieties
showed a high level of seed dterility and overdominance for lateness.
Therefore, attempts to identify semidwarfing genes by performing a
direct cross between TN 1 and Shiranui were not successful since these

Table 1. Characteristics of TN 1, Shiranui, Norin 29, and their F,'s, 1971.

Variety Heading Culm Panicle Grain Seed
or F, date length length length fertility
(cm) (cm) (mm) (%)
Taichung native 1 (TN 1) 13 Aug 68.7 25.7 7.5
Shiranui 7 Sep 67.1 21.2 6.9
Norin 29 23 Aug 89.9 23.8 7.1
Shiranui/TN 1 25 Sep 76.2 22.8 6.9 10.9
Norin29/TN 1 19Sep 105.5 25.7 6.8 24.9
Norin 29/Shiranui 31 Aug 86.3 23.4 6.8 96.5

phenomena interfered with the full expression of genes controlling culm
length.

These difficulties were successively overcome by the use of isogenic
lines. By transferring the semidwarf trait from TN 1 carrying the Dgwg
gene and another semidwarf trait from Shiranui carrying the Jikkoku
gene into the Japanese tall variety Norin 29 through four backcrossings,
two series of near-isogenic lines were developed. These were designated
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Table 2. Characteristics of near-isogenic lines and the recurrent parent Norin
29, 1979.

Line Source of Heading Culm Panicle No. of panicles  Grain

semidwarfing date length length per plant length

genes (cm) (cm) (mm)
SC2 TN1 16 Aug 60.5 18.3 21.8 6.5
SC3 TN1 20 Aug 61.7 19.6 20.1 6.4
SC4 Shiranui 16 Aug 65.7 20.2 18.4 6.6
SC5 Shiranui 15 Aug 64.2 20.2 17.3 6.6
Norin 29 17 Aug 91.8 21.0 17.3 6.8

as SC 2 and SC 3 (Norin 29/TN 1//4*Norin 29) and SC 4 and SC 5
(Norin 29/Shiranui//4*Norin 29). As shown in Table 2, the four near-
isogenic lines were similar to the recurrent parent Norin 29, athough
they were somewhat different from one another. However, their culm
lengths were 26-31 cm shorter than that of Norin 29 at maturity. The
reduction in culm lengths of the semidwarf lines was due mainly to
decrease in lengths of internodes, not reduction in the number of inter-
nodes (Fig. 2).

Each of the near-isogenic lines was crossed with the tall variety Norin 29
to investigate its genetic behavior. The F; and F, progenies, aong with
the parents, were planted a the Nationa Ingtitute of Agricultura
Sciences (Tsukuba) in 1981. Culm length was measured from the soil
surface to the panicle base. The mean F; values in the two crosses were
higher than the mid-parent values and close to those of the taller parent
Norin 29, indicating partial dominance of the genes controlling tallness.
F, distributions for SC 2/Norin 29 and SC 4/Korin 29 clearly segregated
into the 3:1 tall to short ratio for a one gene model (P = .90-.95 for SC
2/Norin 29 and P = .25-50 for SC 4/Norin 29), indicating that the
semidwarf trait of TN 1 and that of Shiranui are controlled in each case
by a single recessive gene (Fig. 3). The results obtained with TN 1 are in
agreement with the findings obtained by Aquino and Jennings (1) and Heu
et a (8). SC 4 carrying the Jikkoku gene was further crossed with SC 2
carrying the Dgwg gene to determine the allelic relationship between genes
for semidwarfism in the two isogenic lines. The F; hybrid was similar in
cum length to both parents, and the F, population showed a narrow
range of variation in culm length around that of the F; and parents (Fig.
3), indicating that Jikkoku has the same dwarfing gene as DGWG.

The semidwarf trait of Reimei is known to be controlled by a single
gene with incomplete dominance (5). This variety was crossed to SC 2 to
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Fig. 2. Panicle and upper internode lengths of Norin 29, Taichung Native 1 (TN 1),
Shiranui, SC 2, SC 3, SC 4, and SC 5.

determine the alelic relationship between the semidwarfing genes in both
Reimei and DGWG. The F, plants had dlightly shorter culms than those
of Reimei. The variation in culm length in the F, population was continu-
ous, with the distribution skewed toward Reimei (Fig. 4). The range of
the segregation in F, was narrower than that between the two parents.
There was no complete recovery of the type of the shorter parent SC 2 in
the F;. These results suggest that Reimei also has a similar semidwarfing
gene at the same locus as Dgwg although it may have different modifying
genes for culm length, which could explain the failure to recover short
segregates that are similar in culm length to SC 2.

Inheritance of culm length in Kochihibiki was studied in the cross of
SC 2/Kochihibiki. The distribution of culm length in the two parents, F;
plants, and F, plants is shown in Figure 5. The mean F; value was higher
than the mid-parent value and was near to the taller parent Kochihibiki,
indicating partial dominance of the genes controlling tallness. The F,
distribution gave a sdtisfactory fit (P=.25-50) to the ratio of 3
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Fig. 3. Frequency distribution for culm length in F,in the crosses SC 2/Norin 29, SC 4/Norin
29, and SC 2/SC 4. Solid horizontal lines show the range of parents and F's.

Kochihibiki stature to SC stature, indicating that the difference in culm
length is controlled by one pair of aleles. Therefore, Kochihibiki was
found to be dwarfed by another gene that is allelic to the Dgwg gene.

ASSOCIATION BETWEEN SEMIDWARFISM AND GRAIN SHATTERING

We observed that in the semidwarf near-isogenic lines SC 2, SC 3, and
SC 4 the grains can be easily shattered from the panicle compared with
those of the recurrent parent Norin 29. To investigate the genetic associa-
tion between semidwarfism and shattering, these isogenic lines were
crossed to Norin 29. The F/'s and F,'s were grown in the field. The degree
of shattering was expressed by the number of grains shed when one
panicle was gripped tightly by hand at the maturity stage. As shown in
Figure 6, al F; plants were resistant to shattering, indicating that the
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Fig. 4. Frequency distribution for culm length in F,in the cross SC 2/Reimei. Solid
horizontal lines show the range of parents and Fq

trait for resistance to shattering is dominant over that for susceptibility to
shattering. A close association between the two characteristics was
observed in the F, population. Almost al of the short-statured plants had
the shattering habit. However, a few recombinants were observed, indi-
cating that the association is due mainly to the linkage betwen genes
controlling the two characters. Therefore, it is advisable to select recom-
binants with the nonshattering habit in selecting semidwarf plants in the
early generations after hybridization.

IMPLICATIONS OF SEMIDWARFISM FOR RICE BREEDING

The use of semidwarfism is one of the most significant achievements in
rice breeding. However, it should not be overlooked that the semidwarf-
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Fig. 5. Frequency distribution for culm length in F, of the cross SC 2/Kochihibiki. Solid
horizontal lines show the range of parents and F;.

ing genes carried by the short-statured varieties of economic importance
are the same and/or at the same locus as the Dgwg gene in spite of their
different origin. This fact is widely known.

Cdrose 76, an induced semidwarf mutant grown in California, carried a
single recessive gene for semidwarfism, designated sd,, which is allelic to
the Dgwg gene (3, 10, 15). Short-statured mutant lines induced from tall
native varieties, selected for high yielding potential, also had the dwarf-
ing gene at the same locus (9). All named IR varieties except IR5 and
virtualy all other semidwarf varieties in maor rice growing countries
carry the semidwarfing gene from the Chinese semidwarf variety DGWG
(6, 7).

The semidwarf trait of the Korean variety Tongil (IR8//Yukara/TN 1)
was found to be controlled by a single recessive gene d—t, which is linked
with marker genes of linkage group Il such as A (anthocyanin activator)
with recombination value of 24.8%, Pp (brown pericarp) with 35.1%, Pn
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Fig. 6. Scatter diagrams of the relationship between culm length and shatteringin the F,
of the two crosses SC 2/Norin 29 and SC 4/Norin 29. The areas surrounded by dotted lines
refer to the range of parents and F;’s.

(purple node) with 40.9%, and pau (purple auricle) with 42.9% (17).

In indica/japonica hybridization programs, if the two parents carry the
same gene for semidwarfism, the undesirable transgressive segregation for
long culm, which is frequently observed in the segregating generations,
will not occur. This is aso the case for choice of parents in hybrid rice.

On the other hand, it is pointed out that the frequent use of the same
semidwarfing gene may reduce genetic diversity and bring about genetic
vulnerability. New sources of semidwarfism are necessary to broaden the
genetic base of the high yielding varieties (2).

The five semidwarf mutants induced from the Indian variety Tella
kattera by ethylmethane sulfonate treatment carried new genes that are
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nonadlelic to the Dgwg gene (13, 14). In Cdlifornia, two additional
semidwarfing genes, sd, and sd4, which are nonallelic to the sd; locus
present in Carose 76, were induced in the tall variety Carose. Because of
slightly taller height and/or associated pleiotropic effects, neither the sd,
nor the sd, source has been as useful as sd; (15). Therefore, in the case of
the identification of new semidwarfing genes from induced or sponta-
neous mutants, careful studies should be undertaken on their pleiotropic
effects and linkage relationships between semidwarfism and other charac-
ters (12). All induced and hybrid-derived semidwarf varieties were found
to be highly susceptible to bacterial leaf blight. The improved short-
statured varieties such as TN 1 and IR8 are aso susceptible to this
disease (9). The semidwarf variety Jikkoku is very susceptible to bacteria
leaf blight (11).

Genetic association of semidwarfism with other agronomically impor-
tant characteristics will provide valuable information for the breeding of
semidwarf varieties.
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The average frequency of notched grain type in a total of 1,366 rice varieties and
lines investigated was 5.63%, and the correlation between notched type frequency
and grain weight was positive, with r = 0.6195. In 1978, 1979, and 1981, 17
combinations were made among notched and normal grain varieties. F,, F, and
BCF, populations were analyzed. It was found that notching is controlled by two
pairs of complementary dominant genes. Environmental conditions affect the
degree of notching only. Notching can be removed by successive selection.

I n the 1960s semidwarf rice varieties became popular in China and
significantly increased yields. In recent years, plant breeders have
focused their attention on improving grain number/panicle and grain
weight to increase yields. The authors worked to increase grain weight
during 1972-1980 and developed a new indica variety Zhou yun nu,
whose 1,000-grain weight reaches 48 g and whose small area yield reaches
9 t/ha, but the increase in grain weight was accompanied by a series of
unfavorable traits such as declined tillering ability, notched grain, and
sprouting on ears.

The notched grain of rice is characterized by a hollow of variable size
in the belly of the mature kernel. This character severely affects milling
quality, especially in some indica varieties with bold grains. This detri-
mental trait exists in the new variety Zhou yun nu (Fig. 1). Among
notched grain rice varieties, the degree of notching is different. In some
varieties the notch is called “kidney rice” by farmers. Such grains are apt
to be broken during processing, with the yield of whole kernels conse-
quently  decreasing.

Ghose and Butany (2) considered notched grain to be controlled by a
dominant gene and an inhibitor; the segregation ratio was 13:3 in F,
progeny. Pavithran (4) thought the ratio should be 9:7. Ratios of 3:1 (3),
27:37 (5), and 27:229 (1) were proposed. Takeda (6, 7, 8) stated that the
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Fig. 1. The appearance of Zhou yun nu kernels.

heritability of notching in the Fs-F, reaches 0.63-0.69 and relates to
grain shape. This study was carried out to determine the characteristics
and inheritance of notched grain in rice.

OCCURRENCE OF NOTCHED GRAIN

In 1979, the occurrence of notched grain was investigated in various rice
germplasms of China, including 258 Yunnan varieties, 850 Southern
Chinese semidwarf varieties, and 258 breeding lines. The location of the
notched grains on the panicle was analyzed in 1983, as well as the
influence of environmental factors.

Distribution of notched grain in rice germplasm. A total of 1,366
rice varieties were analyzed, and the average frequency of notched grain
was 5.63% (Table 1). Notching can occur in either big or small grain
varieties (Fig. 2), and the 1,000-grain weight of notched grain varieties
ranged from 23 to 48 g. But there was a positive correlation between
notched type frequency and grain weight, with r = 0.6195. In this paper,
notched grain variety refers to those of which more than 90% of the
grains are notched, though degrees of notching vary.
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Table 1. Therelation of notching and grain weight to germplasm.

1,000-grain weight (g)

17.1-  20.1- 23.1- 26.1- 29.1- 32.1- >35.0 Total
20.0 23.0 26.0 29.0 32.0 35.0

Observed (no.) 72 286 498 298 127 53 32 1,366
Notched (no.) 0 4 15 29 18 6 5 77
Notched (%) 0 1.39 3.01 9.73 1417 11.32 1556 5.63

Distribution of notched grains on panicle. As shown in Tables 2 and
3, the location of notched grains on the panicle differs. Table 2 shows the
location on F, progeny of crosses of normal grain varieties, while Table 3
shows the location on notched grain varieties. Such location differences
were less obvious for the genetically notched grain varieties (Table 3),
while the occurrence of physiologically notched grain greatly differed for
the upper and lower parts of the panicle (Table 2) However, the general
tendencies for both genetic and physiologica notching were similar, i.e.,
the frequencies in the upper and middle parts were less than in the lower
part. For the notched grain varieties, al the grains were notched, but a
few grains in the upper and middle parts of a panicle were full, most of
which were located on primary branches (Table 3).

GENETIC ANALYSIS OF NOTCHED GRAIN

Four combinations (including reciprocal crosses) of a notched grain
variety (Zhou yun nu) and normal grain varieties (Zhou ke No. 2, Hang
Jian dao No. 2) were made in late spring of 1978 in Hangzhou. In late
spring of 1979, 11 combinations were made among notched (Zhou yun
nu Fan,, Fan,, and Ke ging) and normal (Hu nan te da li, S mel No. 2,
Fu ging, Hao jing kang, 2248, IRA215, and Zheng rong 13) varieties,
including notched/normal and notched/notched crosses. Two combina-
tions between notched (Zhou yun nu and Lu te ke No. 3) and normal
(Yuan feng zao and Guang lu a No. 4) varieties were made in 1981
Backcrosses were made for the combination of 1981. F;, F,, and BCF, of
the above combinations were observed and analyzed. All F; plants were
transplanted. In the F,, 500 plants were planted for each combination,
about 100 plants were selected at random for observation, and 10
graing/plant were examined. Notches induced by incomplete maturity
were not counted.
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Fig. 2. The notched kernels of rice germplasm. 1. Lurizao, 2. Zao bai, 3. Lu te ke, 4. Zhou
quang 50, 5. Yun nan-5099, 6. Yun nan-50155, 7. Yun nan-50118, 8. Si hong, 9. Ke ging,
10. Qing ke hui, 11. Silu wen.
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Table 2. The location of notched grains on the panicles in normal crosses.?

Position F, of Dian Yui 405/Fu 8105 F, of Zhou 154/Fu 8105
Grain weight Notched kernel Grain weight Notched kernel
) (%) () (%)
Upper 30.0 17.65 28.4 5.26
Medial 30.0 11.11 28.4 5.26
Lower 28.6 33.33 280 17.65

a Average of 20 panicles/cross.

Table 3. The location of notched grains in notched varieties.

Position Notches (%)
Zhou yun nu 79-selection 3
Upper primary branches 92.63 97.87
Upper secondary branches 100.00 100.00
Medial primary branches 100.00 97.56
Medial secondary branches 100.00 97.05
Lower primary branches 100.00 100.00
Lower secondary branches 100.00 100.00

Performance of notch in F;. In the combinations of 1979, the grains of
all F; plants from notched/normal, normal/notched, or notched/notched
crosses were notched, which was consistent with the F;'s of the combina-
tions of 1978 (Fig. 3). The only difference among combinations was the
degree of notching. So it is obvious that notching on the kernel is
controlled by dominant gene(s) but influenced by grain weight or type.

Segregation of notching in F, populations. For the seven combina
tions of notched and norma grain varieties made in 1978, 1979, and
1981, segregation ratios of notching were all 9:7 (Table 4), indicating that
notching is controlled by two pairs of complementary dominant genes.
For the combinations between notched varieties (e.g., Ke ging/Zhou yun
nu), grains of F; plants were notched, as were grains of all F, plants. The
absence of obvious segregation of notching implies that the genes for
notching in these varieties are allédlic.

Backcross test. A backcross test was made using Guang Ilu a No.
4/Zhou yun nu from the combinations of 1981. When F; plants were
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Fig. 3. The appearance of notches in some crosses of rice (upper = Zhou yun nu 9,
lower = Zhou yun nud').
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backcrossed to Zhou yun nu, 21 single plants were derived, all the grains
of which were notched. When F; plants were backcrossed to Guang lu
ai No. 4, 37 single plants were derived, among which notching was absent
from 27 and present in 10. This segregation coincided with 3:1 ratio as
indicated by the c? test. Thus, the character of notching was confirmed to
be controlled by two pairs of complementary dominant genes.

RELATION OF NOTCHING TO OTHER GRAIN CHARACTERS

Relation of notching to grain weight. In 1980, the 1,000-grain weight
was determined for the notched and normal grain plants among the F, of
Zhou yun nu/Zheng rong 13. The ratio of plant number of notched grain
to plant number of normal grain increased as the grain weight increased,
as shown in Figure 4. The frequency of notched grain plants should thus
increase in breeding programs for increased grain weight. There were
certain relations between grain weight and notch, although they are
different grain characters. Thus there are barriers to increasing grain
weight in rice breeding programs.

Relation of notching to grain shape. As shown in Table 5 in the F,
population, the grain length, width, and thickness of norma grain plants
were less than those of notched grain plants. The maximum difference
existed in grain width. For example, in Zhou yun nu/Zhou ke No. 2,
grain lengths of normal plants and notched grain plants differed by 0.4%,
widths by 3.5%, and thickness by 2.2%. Such differences varied in degree
among combinations, but the tendencies were consistent.

Relation of notching to belly chalk. The occurrence of grain notch and
belly chalk was investigated among germplasms in order to learn if there
was pleiotropism of notching genes, and a close relationship was found
between the two characters (Table 6).

DISCUSSION AND CONCLUSIONS

Opinions vary concerning the genetic analysis of notching. The difference
could be caused by various experimental materials and standards of
testing. In this paper, we used a notched kernel percentage above 90% as
the standard of genetic notched kernel type to distinguish clearly the
genetic factor from the influence of environmental and physiological
factors.
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Table 4. The segregation of F, populations from notched/normal crosses.

Year Crosses Plants observed c? P

Total Notched Normal 9.7

1978  Zhou yun nu/Zhou ke No. 2 140 87 53 1.957 0.20-0.10
Zhou ke No. 2/Zhou yun nu 119 75 44 2.281 0.20-0.10
Hong jie dao No. 2/Zhou yun nu 79 50 29 1,592 0.25-0.20
1979  Guang lu ai No. 4/Zhou yun nu 63 37 26 0.157 0.70-0.50
Zhou yun nu/Zheng rong 13 77 40 37 0.578 0.50-0.30
1981  Yuan Feng zao/Lu te ke No. 3 199 101 98 2.256 0.20-0.10
Guang lu ai No. 4/Zhou yun nu 197 121 76 1.997 0.20-0.10

Table 5. The relationship of notching to grain weight, length, width, and
thickness in F,s of crosses between notched and normal varieties.

Cross Normal® Notched”
GW GL GWD GT GW GL GWD GT
@ (mm) (mm) (mm) (9) (mm) (mm) (mm)
Zhou yun nu/Zhou ke No. 2 331 989 303 224 351 993 314 229
Zhou ke No. 2/Zhou yun nu 356 9.88 3.06 227 383 999 310 229
Zhou yun nu/Hang jie dao No. 2 357 9.94 3.09 2.07 35.2 1010 325 214
Hang jie dao No. 2/Zhou yun nu 383 1021 3.24 236 39.1 1035 334 227

w = 1000-grain weight, GL = grain length, GWD = grain width. GT = grain thickness.

Grain notching is induced by incomplete development of the grain or
by excessive size of grain, causing incomplete grain filling. Our investiga-
tions showed that notching in our materials is controlled by two pairs of
complementary dominant genes, which can be called NK1 and NK2, and
that environmental conditions may modify the degree of occurrence (Fig.
5). This, of course, will not exclude other inheritance modes in other
materials. Notched grain plants should be discarded from early genera
tions in breeding for extra-high yield.

Grain weight is correlated with notching with a correlation coefficient
of 0.6195. It is possible, however, to increase grain weight without the
occurrence of notching through selection, which would benefit breeding
programs.
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Fig. 4. The relation between notching and grain weight in the F, of Zhou yun nu/Zheng rong
13.

Fig. 5. The influence of season on the appearance of notching (planting date of right

April-July, of left July-October).
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Table 6. The relationship of notching to belly chalk.

Original Type Belly chalk (%)

No. 0 <10 >10

Semidwarf germplasm notched 50 10.0 42.0 48.0
normal 50 20.0 38.0 42.0

Breeding lines notched 30 10.0 57.0 33.0
normal 30 27.0 60.0 13.0

Yun-nan germplasm notched 20 40.0 25.0 35.0
normal 20 85.0 15.0 0.0
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NOTCHING IN RICE

Several major genes concerning grain notching have been described, and notched
grain percentage shows continuous variation; the feature may be controlled by
polygenes in most cases. Grain notching is caused primarily by imbalanced growth
between the caryopsis and floral glumes. The caryopsis is naturally cast in the
mold of the floral glumes. However, when the tip of the floral glumes is clipped
soon after anthesis for allowing full elongation of the caryopsis to its hereditary
limit, the caryopsis is capable of elongating beyond the scope of the floral glumes.
Varieties with high imbalance between the length of the caryopsis and that of the
floral glumes tend to develop notched grains. Grain notching is induced by low
temperatures during the early grain filling period, because the growth duration of
the caryopsis is expanded under low temperature conditions, resulting in a longer
caryopsis and higher imbalance between its length and that of the floral glumes.

Rice grains with a notch or notches on the kernel occur in some
varieties from China, Europe, India, Japan, Nepal, Southeast Asia,
the US, and West Africa. Although this is a rather rare malformation of
rice, it has attracted researchers attention for a long time. Thus, there
exist many studies from both the practical and the scientific points of
view. This paper reviews work published since Gammie in 1908 (3).

NOTCHED GRAIN FEATURE

Many notched grains have a single deep constriction on the ventral side of
the caryopsis, dlightly above the embryo, although the position, direction,
and number of notches on the caryopsis are variable (9,11,14). The
notched grains scatter almost at random on a panicle, but when the
notched grain percentage is low they are found more frequently on the
second rachis than on the primary rachis (6,9,11). The notched grain
percentage of underdeveloped kernels is higher than that of fully developed
ones (5,11). When the percentage of notched grains is low, the inferior
spikelets tend to develop notched grains, and thus the size of the notched
grain is smaler than that of the normal one (9,11,29). However, when the
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majority of the spikelets developed notched grains, the difference in grain
size between notched grains and normal ones is small (17). The notched
grain is easily broken while hulling and milling (14,15). For this reason
the hardness of notched grains is significantly lower than that of normal
ones (11).

The lemma and the palea encasing the notched grain are normal in
appearance and their inner surface is quite smooth, as with norma grain.
Portéres (15) observed that the ventral side of notched grain grows more
dowly than its dorsal side and surmised that such growth is hormonally
controlled. Nagato and Kaobayashi (9) concluded that the occurrence of
notched grains is due to effects of such environmental factors as low
temperature or shading during the grain filling period. On the other
hand, athough the caryopsis is naturally cast in the mold of the floral
glumes, when the tip of the floral glumes is clipped soon after anthess,
the caryopsis elongates, exceeding the scope of the floral glumes (8).

Takahashi and Takeda (18) and Takeda and Takahashi (29) investi-
gated the potential length of the caryopsis by clipping the tip of the flora
glumes and revealed that the potential length of the caryopsis aways
exceeds the scope of the flora glumes. A ratio of the length of the
glume-clipped caryopsis (Tl) to the length of the caryopsis developed
naturaly encased in the floral glumes (Cl) was calculated as an index of
imbalance between the potential length of the caryopsis and the capacity
of the floral glumes. Varieties with a high TI/Cl ratio developed notched
grains frequently, whereas varieties with a TI/Cl ratio less than around
1.20 do not develop notched grains. When the tip of the floral glumes is
clipped soon after anthesis, the caryopsis never shows grain notching. In
some F, plants the TI/Cl ratio is as high as 1.7, and plants with high
TI/Cl ratios frequently develop notched grains (Fig. 1) (20,22,30).

Hybrid populations of normal varieties often segregate plants that
develop notched grains (21). These transgressive segregants for grain
notching have a high TI/Cl ratio. This imbalance between Tl and Cl is
considered to be caused by the recombination of genes for long caryopsis
and short floral glumes.

Takeda (22) conducted a selection experiment to examine the corre-
lated response between notched grain percentage and TI/Cl ratio.
Heritability of TI/C1 ratio was estimated from the selection response to
be 0.57-0.61, and the genetic correlation coefficient between notched
grain percentage and TI/Cl ratio was estimated from the correlated
response to be 0.41-0.58. This indicates that the TI/Cl ratio is under
genetic control and that it correlates with notched grain percentage.
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Fig. 1. Relationship between notched grain percentage and degree of imbalance
between the length of the caryopsis and that of the floral glumes (T1/C1) in an F,
population from H-347/H-346.

The phenotypic correlation coefficient between T1/C1 ratio and
notched grain percentage has been estimated to be about 0.5 in varieties
(29) and about 0.7 in F, plants (20).

Morimura and Honma (6) confirmed that varieties with high notched
grain percentage have a high TY/C1 ratio and, when the tip of the floral
glumes is clipped, those varieties never develop notched grains. Pavi-
thran (13) also studied the developmenta cause and inheritance of
notched grain in India and reported that the glume-clipped caryopsis
was longer than the floral glumes in grain notching varieties and the
occurrence of notching might be attributable to a mutation that leads to
the combination of a long kernel and a short hull.

Takeda (19) observed the growing process of notched grains utilizing
soft (long-waved) X-rays. The growing caryopsis reached the ceiling of
the floral glumes around 6 days after anthesis. The glume-clipped ca
ryopsis continued elongation to its own hereditary limit, without being
restricted by the floral glumes. If a notched grain developed, the caryop-
sis was forced to bend to the ventral side immediately after the top of the
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Fig. 2. X-ray photograph showing the growth process of notched kernel (1-5 = 2-10
days after anthesis, 6 = maturity).

caryopsis reached the ceiling of the floral glumes, and a pronounced
indentation was formed by 9 days after anthesis (Fig. 2).

The author has concluded that grain notching is neither environmental
in its origin nor attributable to hormonal control but is simply due to
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Fig. 3. The genetic mechanism of grain notching.

mechanical restriction of the growth of the caryopsis by the scope of the
flora glumes. The genetic mechanism of grain notching is shown in
Figure 3 (20).

VARIETAL VARIATION

Varietal variation in notched grain percentage is very large. Okamura
(11), using a total of 582 varieties grown under ordinary conditions,
found that notched grain percentage varied from 0 to 92%. Pavithran
(13) discovered that varietal variation ranged from O to 100%. Varietal
variation is expanded under low temperature conditions (10,28).

Portéres (15) and Pavithran (13) reported that varieties with small
grains tend to develop grains frequently. However, Okamura (11) found
no correlation between grain size and notched grain percentage. Takeda
(22) edtimated the genetic correlation coefficient between kernel length
and notched grain percentage to be from -0.14 to —0.31 in F, popula-
tions. The correlation is so loose that various combinations between
kernel length and grain notching may exist. Actualy, a notched variety
with large grains (> 30 mg) has been collected at Yunnan, China (Z. M.
Xiong, personal communication), while the author has found some
small-grained (< 10 mg) notched varieties.

Grain shape seems to affect grain notching. Many notched varieties
have round grains (10). Pavithran (13) reported a correlation between
grain index (length/breadth X thickness) and notched grain percentage,
indicating that varieties with round grains tend to develop notched grain.
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Takeda (23) analyzed the relationship between grain shape index
(length/breadth) and notched grain percentage and found that it is
curvilinear and that the optimal grain shape index to develop notched
grains is around 1.3.

ENVIRONMENTAL VARIATION

Many environmental factors that affect grain filling such as fertilizer, soil
type, soil moisture, light intensity, and temperature have an influence on
grain notching (9,11,13).

It has often been reported that low temperatures during the early grain
filling period are liable to induce notching (2,9,10,17,27,28,31). Many
researchers have reported that the critical temperature to develop
notched grain is 1520 °C. However, Takeda (26) recognized that
notched grain percentage varies with temperature in the early ripening
period without any threshold in the range of 18-20°C. The maximum
temperature is dominant over the minimum one to induce notching (26).
Continuous high temperature after anthesis reduces grain notching,
whereas temporal exposure to high temperature increases it (13).

Takeda (26) found a remarkable variation in the notched grain percen-
tage of materials grown at 12 locations between 26°N and 41°N in Japan
due amost completely to the temperature condition; the correlation
coefficient between notched grain percentage and mean temperature
during 15 days after anthesis was as high as 0.9.

Nagato and Kobayashi (9) explained that when nutrient translocation
is checked temporarily by low temperature, starch cells of the middle
portion of the kernel nearly stop growing in the dorso-ventral direction,
but those of the other portion continue growth after the recovery of
nutrient translocation. Even though they could not explain why only the
middle portion of the kernel is affected by low temperatures, this became
a widely accepted interpretation of how low temperatures induce notch-
ing.

Contrary to this, Takeda (24) found that the length of the glume-
clipped caryopsis is affected by temperature after anthesis, with notched
grain percentage being affected as well, while the length of the naturally
grown caryopsis encased in floral glumes is not. This finding suggests
that low temperatures promote elongation of the caryopsis, resulting in
high imbalance between the length of the caryopsis and that of the flora
glumes and causing the kernel to notch. Takeda (25) investigated the
growing process of the glume-clipped caryopsis under controlled temper-
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atures and clarified that under low temperature conditions the growth
duration is considerably lengthened; the final length of the glume-clipped
caryopsis was the longest, while the length of the caryopsis developed in
the floral glumes followed the size of the floral glumes and did not change
with temperature after anthesis (Table 1).

Table 1. Elongation and notching of rice kernels developed under low
(18 £ 5 °C), medium (23 £ 5 °C), and high (28 + 5 °C) temperature
conditions after anth%is,aaverage of seven varieties with two replications.

Temperature Growth rate at maximum Growth duration Kernel length T1/C1 Notched

(°C) (mm/d) (d) (mm) grain
(%)

Tl C1l T1 C1 Tl (o}
18+5 0.85 0.70 11-13  9-11 6.79 503 1.35 45.8
235 1.05 0.88 9-11 79 6.35 5.00 127 3.2
28 +5 1.06 1.09 7-9 5-7 512 494 124 0.2

& = glume-clipped caryopsis, C1 = caryopsis encased in floral glumes.

INHERITANCE OF GRAIN NOTCHING

Morinaga and Fukushima (7) reported a single recessive gene controlling
notched grain. Ghose and Butany (4) and Seetharaman (16) observed a
segregation ratio of 13:3 norma to notched. Pavithran (12) reported a
segregation ratio of 7:9. Seetharaman (16) described ratios of 37:27 and
55:9. A more complex segregation ratio of 229:27 was reported by
Bhattacharya (1). Most of the genes controlling grain size may affect
grain notching. Takeda (20) demonstrated that such short grain genes as
Mi, d-1, and d-7 pleiotropically control grain notching, because these
genes remarkably reduce floral glume length and cause high imbalance
between the lengths of the caryopsis and the floral glumes. When the
length of the caryopsis and/or floral glumes is under the control of a
major gene(s), Pavithran (13) suggested that segregation of notching
might vary with number, dominance, and linkage of the gene(s) con-
cerned. However, as the notched grain percentage shows continuous
variation in most cases, it should be seen as a quantitative character
controlled by polygenes.

Takeda (22) conducted a selection experiment for notched grain
percentage up to the F; generation. The heritability of notched grain
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percentage was estimated to be 0.63-0.77 from the selection response.
Eleven F; lines selected for high grain notching developed more than
90% notched grains in both field and glasshouse conditions, and their
TYUC1 ratio was more than 1.33. Contrary to this, another 11 Fglines
selected for low grain notching developed amost no notched grains, and
their TLUC1l ratio was less than 1.27. The results of this selection
experiment indicate that notched grain percentage is under genetic
control and correlates with the degree of imbalance between potential
length of the caryopsis and the scope of the floral glumes.

CONCLUSION

The length of the floral glumes and that of the caryopsis are controlled by
different genetic paths. Genetic imbalance between them results in grain
notching; there is no gene directly controlling grain notching. Thus,
notched grain is an example of a pseudo-character that is determined by
the interaction among more than two distinguishable characters con-
trolled by particular genes.
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Gamadi, a native rice cultivar from Nepal in which the panicle remains enclosed
within its flag leaf sheath up to maturity, was crossed with genetic marker testers,
and the linkage relationships between “gamadiness’ (the panicle enclosing
character) and the marker characters were examined. Gamadiness is controlled by
two complementary dominant genes with segregation ratio of 9:7 gamadiness to
normal types. These genes have been temporarily proposed as “Ga” and “Gb.” Ga
was found to be linked with the neckleaf gene (nl) of Takahashi’s linkage group

VI + IX, with a crossover value of 0.3733 + 0.0027. Gb appears to be associated
with the brittle culm gene (bc) of Takahashi’s linkage group XI, with a crossover
value of 0.2725 + 0.0061.

amadi is a peculiar rice cultivar from the western Terai of Nepal in
which the panicle is enclosed within the sheath until maturity and
cleistogamic pollination takes place within the sheath of the flag leaf.
Ramiah (7) reported that poor panicle exsertion is controlled by poly-
genes. Sethi et a (8) postulated three complementary genes for “sheathed
ear” in variety Sathi. “Gamadiness’ (sheathed panicle) of Gamadi rice
showed a different segration pattern from those reported previously.
This paper reports the linkage relationships among the gamadiness
character and the known marker characters of the identified linkage
groups in rice.

MATERIALS AND METHODS

Gamadi was crossed with normal panicle exserting genetic marker testers
of semidwarf type (9) with at least one identified marker character of 11
known linkage groups each (Table 1). The F; was grown in the field in
summer 1982, and the F, was seeded on 21 April and transplanted on 5
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June 1983. Observations on different genetic marker characters were
taken when they appeared, and the gamadiness segregation was observed
a maturity.

The F, plants showed a dlight exsertion on the tip of the sheath of the
flag of the primary tillers, but never complete exsertion, and the side
tillers showed mostly gamadiness.

Table 1. Marker testers used in the gamadiness gene location.

Designation Linkage group Marker character
wx124-730-14-3-1 | WX
HP907-B-1-1-6-1 Il lg
HP849-32-1-1-B-1 v Pn,Ps
HP748-1-23-B-1 \Y g
HP748-1-7-2-B-1 VI+IX gh
HP914-3-2-1 \ll Lh
HP904-B-1-1-B-1 VI la
HP887-1-1-1-B-1 VI+IX, Xl nl, bc
HP745-2-1-B-1 X bl,
HP907-B-2-1-B-1 Xl gl
Gamadi ?

RESULTS AND DISCUSSION
Marker character segregation

The results obtained from the experiment regarding the marker character
segregation are given in Table 2. All of the marker characters used in this
study segregated into expected ratios, with clear indications that these
marker testers are eligible ones as reported previously (1,6,9,10). It also
implies that the genetic constitution of Gamadi rice is essentially the
same as that of the marker testers.

Segregation of gamadiness character

The segregation patterns of gamadiness type and normal type were
calculated and are given in Table 3. All the crosses involved with Gamadi
parent and genetic marker testers showed the segregation ratio of 9:7
gamadiness to normal type.
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Table 2. Segregation of marker genes in F, populations of Gamadi/marker
Cr 0SSes.

Cross Normal Marker c? P
Garnadi/wx 399 114 2.1111 0.25-0.10
Gamadi/lg 406 140 0.1196 0.75-0.50
Gamadi/Pn 135 355 1.7007 0.25-0.10
Gamadi/g 370 107 1.6779 0.25-0.10
Gamadi/Ps 213 657 0.1241 0.75-0.50
Gamadi/gh 360 135 1.3636 0.25-0.10
Gamadi/Lh 110 353 0.3808 0.75-0.50
Gamadi/la 359 126 0.2481 0.75-0.50
Gamadi/nl 364 136 1.2907 0.50-0.25
Gamadi/bl, 369 117 0.2223 0.75-0.50
Gamadi/bc 367 133 0.6827 0.50-0.25
Garnadi/g| 363 132 0.7333 0.50-0.25

Table 3. Segregation pattern of gamadiness (panicle enclosing) character in
the F, population of Gamadi/marker tester cross combinations.

Cross Segregation ratio Total c? P
combination Gamadi Normal 9:7)
Gamadi/Wx124-730-14-3 267 228 495 1.074  0.50-0.25
Gamadi/HP907-6-1-1-6-1 306 241 547 0.021  0.95-0.75
Gamadi/HP849-32-1-1-6-1 226 149 375 2458  0.25-0.10
Gamadi/HP748-1-2-1-8-1 261 216 477 0.455  0.50-0.25
Gamadi/HP748-1-7-2-8-1 267 228 495 0.530 0.50-0.25
Gamadi/HP914-3-2-1 246 219 465 2116  0.25-0.10
Gamadi/HP904-6-1-1-6-1 267 224 491 0.699  0.50-0.25
Gamadi/HP887-1-1-1-6-1 286 199 485 1.458 025-0.10
Gamadi/HP745-2-1-6-1 279 207 486 0.264  0.75-0.50
Gamadi/HP907-6-2-1-6-1 267 228 495 0.530 0.50-0.25

As early as 1932, Ramiah reported that poor panicle exsertion is under
polygenic control due to transgressive segregation (7). Sethi et a (8)
postulated that the panicle enclosing “sheathed ear” in variety Sathi is
controlled by at least three complementary genes, and their conclusion
for inheritance appeared complicated and confusing. They also proposed
three complementary dominant genes, viz., “P” for partial emerged, “T"
for tip emerged, and “E” for enclosed panicle. Kadam and Ramiah (3)
proposed ‘‘Shp” as the symbol for the panicle enclosing gene in reference
to the original work of inheritance of sheathed ear in rice by Sethi et a
(8). Kinoshita et al (4) used the gene symbol “EX’ for exserted panicle on
the basis of the similar work of Sethi et al.
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Both ‘‘Shp” (for sheathed panicle) and “Ex’ genes for the same
character of sheathed ear are single dominant genes, whereas Sethi et al
(8) proposed three different complementary genes “P,” “T,” and “E.
The gamadiness gene segregation in this experiment clearly shows con-
trol by two dominant complementary genes, which does not agree with
Sethi et a (8) and suggests that the Gamadi cultivar from western Nepal
might be different from that used by Sethi et al.

On the basis of the results and discussions on panicle exsertion, we
temporarily proposed the gene symbols “Ga* and “Gb” for gamadiness
(panicle enclosing nature) on the basis of 9:7 gamadi to norma type
panicle segregation.

Linkage relationships between marker character and gamadiness

The linkage relationships between marker characters and gamadiness are
shown in Table 4. The characters controlled by the genes wx, Ig, Pn, g, Ps,
gh, Lh, la, bl, and gl of linkage groups I, II, III, 1V, V, VI+IX, VII,
VI, X, and XII, respectively, were found to segregate independently of
gamadiness as shown in Table 4. The remaining two characters, viz., neck
leaf of linkage group VI+IV and brittle culm of linkage group XI,
segregated in different ways. On the basis of the dihybrid segregation
analysis of neck leaf and brittle culm with gamadiness character, the

Table 4. Dihybrid segregation of gamadiness and marker charactersin F,
populations of Gamadi/marker crosses.

Cross Gamadi Normal x 2 for P
Normal Marker Normal Marker linkage

Gamadi/wx 226 68 173 46 2.613 0.50-0.25
Gamadi/lg 220 86 186 54 2.375 0.50-0.25
GarnadiPn 75 195 60 160 1.973 0.75-0.50
Gamadi/g 195 66 175 41 4784 0.25-0.10
Gamadi/Ps 125 376 88 281 0.886 0.90-0.75
Gamadi/gh 192 75 168 60 2.654 0.50-0.25
Garnadi/Lh 66 180 46 173 4536 0.25-0.10
Gamadi/la 190 74 169 52 2,168 0.75-0.50
Gamadi/nl 233 64 131 72 11.707 <0.001
Gamadi/ bl,, 197 74 172 43 3.710 0.50-0.25
Gamadi/bc 199 95 168 38 12.487 <0.001

Gamadi/gl 191 76 172 56 2.738 0.50-0.25
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Fig. 1. Association of gamadiness genes (Ga and Gb) with marker genes (nl and bc) in
linkage groups VI+IX and XI.

linkage intensities were calculated according to Immer (2) and Mather.
(5). The crossover value calculated between nl and Ga was 0.3733+0.0027,
and the crossover value between bc and Gb was 0.2725+0.0061, as shown
in Figure 1.
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Inheritance was studied in a morphologically distinct, moderately short height
mutant, TR-5 showing cigar-shaped panicles and concurrent changes in severa
other characters. The mutant was crossed with a tall stock K8 and three
semidwarf reference stocks: Dee-geo-woo-gen, |1-geo-tze, and Cheng-chu-ai-11. F
plants were tall; progenies in the F, segregated into either two or four phenotypes,
and genotypic and phenotypic segregations in the F, families confirmed mono- or
digenic inheritance patterns. The mutant trait is thus governed by a single
recessive gene that is tentatively designated as d;. The gene has a pleiotropic effect
on panicle nature and is influenced by modifiers. It is nonallelic and not linked to
the sd; gene of Dee-geo-woo-gen and [-geo-tze nor the semidwarfing gene of
Cheng-chu-ai-11.

he induced mutation method in developing alternative sources of

reduced plant height is of considerable interest (18). During the
course of induced mutation studies on rice carried out at the Bhabha
Atomic Research Centre, several mutants of academic and economic
importance have been isolated. One of them is TR-5, a short statured
mutant induced by fast neutron treatment of the saline resistant variety
SR-26-B. The mutant shows 45% reduction in plant height due to
shortening of al internodes (9). It has a distinct morphology and exhibits
concurrent changes in a number of other characters: The plant habit is
erect, «iff, and nonlodging; the leaves are dark green, upright, rather
short, broad, thick, and rigid; the panicles are short, very compact, and
erect even after ripening; and the grains are short, slender, and numerous
(Fig. 1). The mutant shows well condensed short chromosomes at the
pachytene stage (9, 10). TR-5 closely resembles Nadula dwarf of IRRI
collection. At Trombay it showed a yield potential up to 5 t/ha, but at
other locations its yield did not exceed the parent variety or check (12) or
was only 77% that of IR8(1). Nevertheless, the mutant has been used in
crossing with IR8 to impart long slender grain, translucent kernel, and
absence of white belly characters (14). In order to understand the inheri-
tance of the dwarfing character complex of TR-5 and its allelic rela
tionship with other sources of dwarfing genes in rice, a series of crosses
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was made. The results obtained in the F,, F, and F; of four such crosses
are reported in this paper.

MATERIALS AND METHODS

Three dwarf reference stocks — Dee-geo-woo-pen (= Di-jiao-wu-jian =
Ti-chio-wu-chien), |-geo-tze (= Ai-chiao-tze), and Cheng-chu-ai-11 —
and a tall stock K8 obtained from IRRI were crossed with TR-5 in the
dry season of 1981-82. Twenty-one F, plants together with the respec-
tive parents were grown in the 1982 wet season, and plant height and
other characters were studied. In the F, a limited seedling population was
transplanted. Plants were observed periodicaly at various stages of
growth. Phenotypic classification was made on the basis of height, typica
appearance, and panicle shape of the segregants. At maturity, plant
height from ground level up to the tip of the panicle (or up to the junctura
of the flag leaf in double dwarf plants showing nonexsertion of panicles)
was recorded on surviving plants in one of two of the progenies of each
cross. Plants in each phenotypic category in such progenies were selected.
F; studies were completed in the 1984 wet season. Five to six week old
seedlings were grouped according to their respective height and type, and
counts were taken. Most of the clearly identifiable talls in the majority of
families were, however, discarded before transplanting. Plants in the field
were again observed periodically to confirm the phenotypes. Allelic
relationships among TR-5 dwarf and dwarfs of other stocks were deter-
mined on the basis of F; and F, population behavior, while the mode of
inheritance was determined through c? andyses of F, and F; segregation
data

RESULTS

All the hybrid plants in the F;, were more vigorous in growth than their
respective parents. While ear emergence in the three dwarf reference
stocks was within 77-88 days, their hybrids with TR-5 showed panicle
emergence between 103 and 110 days; the duration of ear emergence in
K8 was 111 days, while its hybrid with TR-5 showed 116 days, which is
similar to that of TR-5. At maturity all the hybrids were far taler with
longer panicles, more productive tillers, and higher yields than their
respective parents. Plant height in TR-5 was88 cm, while it was 106.5 cm
in Dee-geo-woo-gen, 98.1 cm in I-geo-tze, 91.6 cm in Cheng-chu-ai-11,
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and 135.6 cm in K8. The respective F,’s were 171.0, 161.5, 160.9, and
168.2 cm. In the F, generation, the three crosses involving dwarf refer-
ence stocks, viz., Dee-geo-woo-gen, I-geo-tze, and Cheng-chu-ai-11,
showed, particularly at the post-flowering stages, four distinct types: tall,
other parental dwarf with norma panicle, TR-5 dwarf with cigar-shaped
panicle, and double dwarf with cigar-shaped panicle. In the K8/TR-5
cross, only talls and Tr-5-types segregated. Plant height in the F, of all
the crosses showed transgressive segregation ranging between 21.5 and
214.3 cm (Fig. 2). The height of TR-5 and the other dwarfs overlapped to
some extent. Some weak tall plants were similar in height to dwarf types.
Plants with less than 60 cm height were classified as double dwarfs.
Among them those with less than 40 cm showed no emergence or only
partial exsertion of panicles. Unintentional bias for transplanting tall
seedlings in F,, segregation of plants for the duration to ear emergence,
leaf width recombinants among dwarfs, and occurrenceof gaps all compli-
cated the studies to some extent. Yet, because of repeated observations at
different growth stages, it was possible to assign amost all the segregants
to their respective classes. The F, data on phenotypic segregants are
presented in Table 1. While the data fit fairly well to a 9:3:3:1 ratio in the
case of TR-5/Cheng-chu-ai-11, in two other crosses, viz., Dee-geo-woo-gen/

TR-5 and |-geo-tze/TR-5, the c?values for digenic ratios are rather high.
In the case of K8/TR-5 the data show good agreement with the mono-
genic ratio.

F, data on genotypic segregation are presented in Table 2 and data on
phenotypic segregation in the segregating F, families in Table 3. All the
double dwarf selections in crosses among dwarfs and the single dwarfs in
the cross K8/TR5 bred true to type, except occasional natural crosses in
a few families. Genotypic segregation ratios agreed with the expected
ratios. Similarly, mono- and digenic segregation ratios in each of the
segregating F, families were confirmed. The c? for linkage was not
significant.

DISCUSSION

In the present studies, single and double dwarf plants of TR-5 type
varied in height from 21.5 to 126 cm. They probably belong to the
Daikoku group of Japanese dwarfs, al of which have been reported to
possess similar plant stature but to have quantitative differences in height
(2077 cm) and other characters (13). The rice mutant investigated by
Parnell et a (15), the Caloro mutant described by Jones (7, 8), T 436
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Fig. 1. TR-5 plant (foreground) and its cigar-shaped panicle (inset).
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Fig. 2. Mean and range of plant height in parents and F, progeny. ® = mean,
[—= continuous range, [ ]eeee =discontinuous range. Parents =TR-5 (left) and other
parent (right). F, progeny = (left to right) two phenotypes: TR-5 and tall; four phe-
notypes: double dwarf, TR-5 dwarf, other dwarf, and tall.
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Table 1. F, segregation in crosses with TR-5, 1983 wet season.

2

= F, segregant type c P
plant (9:3:3:1)
no. Tall Other TR-5 Double Total or (3:1)

dwarf dwarf dwarf

TR-5/Cheng-chu-ai-11

5 334 104 116 38 592 0.94 >0.80
6 348 113 106 23 590 6.25 >0.10
7 359 91 120 28 598 8.41 >0.02
Subtotal 1041 308 342 89 1780 8.22 >0.02

Dee-geo-woo-gen/TR-5

1 430 107 93 31 661 21.72 <0.001
3 387 69 114 29 599 26.09 <0.001
4 417 72 105 5 599 62.08 <0.001
Subtotal 1234 240 312 65 1859 89.31 <0.001
|-geo-tze/TR-5
1 350 119 107 21 597 8.39 >0.02
3 341 100 133 19 593 14.37 >0.001
5 369 108 100 19 596 13.70 >0.001
Subtotal 1060 327 340 59 1786 28.13 <0.001
K8/TR-5
1273 - 415 - 1688 0.16 >0.50

investigated by Seetharaman and Srivastava (16), and Jaribala Mutant
described by Siddiq et a (17), all seem to correspond to the TR-5 type.
Mutants isolated by Khadilkar (11) in the variety Dodka and by Misra in
Tainan-3 (16) seem to be similar to the double dwarf of the TR-5 type.

A monogenic inheritance of the trait, as obtained here in the cross
K8/TR-5 was reported by several workers from Japan (13), India (15,
16, 17), and America (7, 8). Nagai (13) further cited references of
Japanese workers who found the double recessive nature of the Daikoku
dwarf or who observed digenic segregations in Bonsai/Daikoku and
Ebisu/Daikoku crosses. Recently Siddiq et a (17) also reported a dihy-
brid mode of inheritance in the cross Jaribala Mutant/CRM-8-5711
(Basmathi-370 mutant). The patterns of segregation in the F, and F3; of
the three crosses among dwarfs observed in the present studies indicate



Table 2. Genotypic segregation in F, families of crosses with TR-5.

Genotypic Expected TR-5/ Dee-geo-woo-gen/ I-geo-tze/IR 5 K8/TR-5
class® ratio Cheng-chu-ai-11 TR-5

obs. x® P> oObs. %> P> Obs. y* P> oObs. %% P>

freq. freq. freq. freq.
Tall/homozygote 1 5 0.17 4 0.67 10 2.67 13 1.39
Tall/heterozygote | 2 9 0.75 11 0.08 6 3.00 - -
Tall/lheterozygote || 2 17 2.08 20 5.33 16 1.33 41 0.69
Talllheterozygote | & Il 4 23 0.04 19 1.04 22 0.17 - -
Subtotal 9 54 3.04 030 54 7.12 0.05 54 717 005 54 2.08 0.10
Other dwarf 1 4 051 8 067 5 017 8 002
homozygote
Other dwarf 2 13 026 10 033 13 008 11° oot
heterozygote
Subtotal 18 0.77 0.30 18 1.00 0.30 18 0.25 050 17 0.03 0.80
TR-5 dwarf 1 5 0.17 9 1.50 10 2.17 18° -
homozygote (10)
TR-5 dwarf 2 13 008 9 075 9 1.08 Nl -
heterozygote
Subtotal 3 18 0.25 050 18 225 0.10 19 3.25 0.05 - - -
Double dwarf all 5 - - 5 - - 10 - - - - -

& = other dwad, Il = TR-5 dwarf. b K8 height selections. cDoubIe dwarf height selections.
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Table 3. Phenotypic segregation in F, families of crosses with TR5.2

Genotypic class? Seg. F, Observed frequency xz Linkage
families (no.)
Tall Other TR-5 Double Total (9:3:3:1) P Xz P
dwarf dwarf dwarf or (3:1) > >
TR-5/Cheng-chua-ai-11
Tall heterozygote
1 &Il 5 405 134 124 48 711 1.003 0.80 0.62 0.30
Dee-geo-woo-gen/TR-5
Tall heterozygote
1&1 16 1984 631 597 227 3439 5.788 0.10 3.80 0.05
I-geo-tze/TR-5
Tall heterozygote
&1l 18 2219 708 668 243 3838 5.607 0.10 2.24 0.10

aS(—:«gregation in all other tall and dwarf families heterozygous for one or the other dwarf type also showed a good fit to the respective monogenic ratios.

b = other dwarf, Il = TRS dwar.

0gg
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that TR-5 has a pair of recessive genes that are different from those in the
other dwarf parents.

In the single and the double dwarf plants of the TR-5 type, the
character syndrome is inherited together. This could be attributed to the
pleiotropic effect of the gene governing the trait. The characteristic
cigar-shaped panicle results from an extreme reduction not only in the
length of the main axis but aso in the rachis and rachilae of branches,
which additionally form acute angles at their origin. Segregants in the
present studies occasionally showed a tendency to open out dightly,
particularly at the later stages of maturity. This phenomenon could be
explained on the basis of incomplete expressivity of the gene or a modifier
effect in the residual genetic milieu (16).

The complementary behavior of TR-5 for tall height in the F; of the
crosses studied, the transgressive height behavior in the F, populations,
and the dihybrid mode of segregation in the F, and F; with varying
probabilities, all suggest that the dwarfing genes of TR-5 are nonaldlic
and not linked to the dwarfing genes of Dee-geo-woo-gen, |-geo-tze, and
Cheng-chu-ai-11 dwarfs. Epistatic interaction of modifiers is involved in
altering the heights of the F, segregants as has aso been reported by
Chang et a (4), Aquino and Jennings (2), and Singh et a (18). Dee-geo-
woo-gen semidwarf is assumed to have originated as a spontaneous
mutation in a Chinese tall strain, Woo-gen (3). The same single partially
recessve gene (sd;) was found responsible for short height in both
Dee-geo-woo-gen and I-geo-tze (5, 6, 18). The semidwarfing gene in
Cheng-chu-ai-11 is believed to be different from sd,. Dwarfing genes
governing the TR-5 type character complex in the Daikoku group have
been assigned the symbols d;, d;, and d, (13). Seetharaman and Srivas-
tava (16) suggested that the recessive gene in the homozygous condition
acts as a “suppressor” for height expression and accordingly assigned the
gene symbol su-T for the trait in T436. The dwarfing gene in Jaribala
Mutant, with a similar phenotype, was designated sd; by Siddiq et a
(17). The TR-5 dwarfing gene is now tentatively designated d, . This gene
could be useful in finding the linkage relationships between the marker
genes and useful agronomic characters.
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DISCUSSION

SESSION 5: GENETICS OF MORPHOLOGICAL TRAITS

Q - Kinoshita: In your study, the hybrids between sd-1 and eui showed
semi-dwarfness. Would you please explain the gene scheme? Was the sd-1
gene common to both parents?

A — Rutger: Yes, the sd-1 gene was present in both parents. In the studies
(see Table 1) we found that eui is inherited independently of the sd-1
locus.

Q - Morishima: Among a large number of dwarf mutants, almost all
agronomically useful mutants of different origins were found to be alldlic.
Could you give your comments about this?

A — Rutger: There appears to be something very specia about the sd,

locus. To date the nonallelic (to sd;) semidwarfs have not shown a yield

advantage over lines with the sd; locus, athough some approach it. We
have speculated that there might be some association between the
productivity of the sd; locus and endogenous GA,, but to date we have not
been able to confirm this hypothesis.

Q — Virmani: We have observed at IRRI that “eui” gene, when transferred
to high tillering varieties such as IR36 or IR50, does not express in al the
tillers of a plant. Do you think the expression of this trait is related to the
tillering ability of a genotype?

A — Rutger: In our environments, we deal with broadcast seeded rice, in
which only one or two panicles are produced per plant. Since there are
usually 90-180 plants/m? yields can still be very high. Thus, we have not
evaluated the expression of the eui gene under widely spaced conditions.
Q — Narahari: Chlorina mutants generally show yellowish panicles in the
initial stages. How different is your yellow panicle mutant from the
Chlorina types?

A — Rutger: | have not compared it with Chlorina mutants. However, it

is my understanding that Chlorina mutants have reduced productivity,
which is not the case with the yellow panicle mutant, and it was for this
reason that we included the latter among “useful” mutants.

Q — Abifarin: Do the endosperm mutants have any effect on protein and
lysine content? Have you analyzed the endosperm mutants for these
traits?

A — Rutger: Their main effect is on physical appearance, with some
reduction in amylose content. We have not analyzed the protein or lysine
content of the opague mutants.
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334 RICE GENETICS

Q — Lin: Is apomixis commonly found in rice? Is it found in wild relatives
of rice? Is apomixis in rice influenced by environmental conditions? Do
you have a specific procedure to screen for apomictic mutants of rice?
A — Rutger: To my knowledge, apomixis has not yet been reported in
either rice or its wild relatives. Judging from reports that apomixis is
influenced by environment in other grasses, | assume it also would be in
rice if we could find it. Initially, we are using phenotypic screening
procedures, i.e., looking for the appearance of maternal plants among or
instead of F;{'s in crosses, and for abnormal F; segregations characterized
by the appearance of maternal (F;) plants. Regarding screening in wild
relatives, we are using the cleared pistil technique described by Young et
al (1979).

Q — HilleRisLambers: Is the opaque kernel opague throughout or only in
the outer layers?

A — Rutger: It appears to be opague throughout, similar to waxy mutants.
Q — Brar: Were any of the opague mutants associated with high protein/
high lysine characteristics? If not, do you have any information on high
lysine mutants in rice similar to those of maize and barley?

A — Rutger: We have not made such determinations. | think high lysine
mutants are unlikely to occur in rice, because rice aready has a very low
prolamine fraction, 3-4% as | recal. The prolamine fraction is a lysine-
poor protein. In maize and barley, the high lysine mutants resulted when
a large prolamine fraction (35-50%) was reduced to low levels (5-10%).
The reduction in prolamine was accompanied by a corresponding in-
crease in lysine-rich fractions, such as the glutelins.

Q — Kumar: What was the range of amylose content in the opague
mutants?

A — Rutger: Apparently 12-14%.

Q — Badino: Have you found any correlation between shattering and the
semidwarf genes you induced by radiation?

A — Rutger: No. We have observed shattering in progenies of crosses
between the Dgwg source of semidwarfism and japonicas, but not in
crosses between our induced semidwarf japonica mutants and other
japonicas.

Q — Kumar: The dwarfing genes in rice in Japan have been designated
from d; to more than ds;. Have the alélic relationships among these been
worked out?

A — Futsuhara: As to the 50 kinds of dwarf genes that were proposed by
the Japanese Committee on Gene Nomenclature and Linkage Groups of
Rice, al except dsg-dy and dyz-dsg were identified by crossing and mor-
phological experiments.
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Q - Kumar: How many dwarfing genes have been used commercialy in
Japanese varieties?

A — Kikuchi: Several semidwarf varieties, of spontaneous origin or natur-
aly induced with mutagenic treatments have been used as the parents for
crossbreeding in Japan. However, gene analysis has been carried out only
in the varieties that | reported today and in a few other lines such as
Fukei 71 and Hokiyuku 100.

Q - Morishima: Among a number of dwarf mutants, agronomically useful
dwarfs of different origin were found to be controlled by the same gene.
Could you comment on this?

A- Kikuchi: It seems to me that the Dgwg dwarfing locus (Sd-1) is liable to
mutation and to induction of the semidwarfing genes that have the least
deleterious effects on the other agronomic traits, compared with other
dwarfing loci. Mainly due to these characteristics the mutants at the Sd-1
locus might have been selected consciously or unconsciously.

Q — Bollich: Other things being equal, the larger the grain, the higher the
yield. However, my experience is that very large grains are associated
with a reduced number of spikelets per panicle. Have you noted the same
relationship between very large grain size and spikelet number per
panicle?

A — Xiong: This is a serious problem in rice breeding. In genera, there
was a negative correlation between these two characters. But, if you
increase the population size, some promising plants with large grains and
with norma number of spikelets may become available. However, we
have not succeeded in this objective up to now.

Q - Chaudhary: Since you concluded that there are no genes for kernel
notching, should they not be assigned to linkage maps?

A — Takeda: Some nk genes have been assigned to linkage map, but most
of them must be genes controlling grain size. Therefore, they should not
be assigned to the linkage map as nk genes, but as grain size genes.

Q — HilleRisLambers: You presented kernel notching as an imbalance in
development. Do you see it as a source/sink imbalance, and if so, have
you any indication that notching can be reduced by shading or leaf
pruning?

A — Takeda: The imbalance between the lengths of caryopsis and floral
glumes is not primarily due to sink source imbalance, because they are
not remarkably affected by treatments such as spikelet thinning or leaf
blade cutting.

Q - Oka: How did you identify genes for floral length and caryopsis
length? Did you use isogenic lines? Are these characters quantitative?
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A — Takeda: Genotypic correlation analysis gives some information on the
relationship between them. In some cases where major genes control the
grain size, clear segregation may occur independently for floral glume
length or caryopsis length.

Q — Gupta: How do you define a pseudocharacter, which you have
referred to in relation to notching in rice? There are many characters
where genes of plants (or even of plants + parasites) interact to produce a
phenotype. Would all these be pseudocharacters by your definition?

A — Takeda: A pseudocharacter is defined as a character that is not
controlled directly by any gene but is conditioned by the interaction
among more than two distinguishable characters controlled by respective
genes. Contrarily to this, disease resistance is a real genetic character that
is controlled by the resistant gene, even though it is detectable only in the
presence of parasites.

C — Wang, XM.: | think the report of Dr. Takeda is very interesting in the
sense that it shows that almost any of the agronomic characters of the rice
plant can be studied from the standpoint of developmental genetics.

C — Pavithran: Notched kernel is formed due to the physical interactions of
glumes and kernel during kernel development, and not by genetic factors.
As such it is a pseudotype or pseudocharacter. The gene nk used for
notching in the linkage map should be understood to be responsible for
kernel length in relation to lemma and palea length.
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GENE LOCI AND ALLELES |  {Fional Chmetsing
CONTROLUNG THE Tajl'-::rrlmil\J/r?gr;,SiEI}'/ajwan, China
DURATION OF BASIC

VEGETATIVE GROWTH
OF RICE

The use of isogenic lines is necessary for precise and subtle analysis of genes
controlling heading time, since it is a quantitative trait. By using isogenic lines of
Taichung 65 obtained by recurrent backcrossing, three independent gene loci with
different aleles that control the basic vegetative period were identified, viz., Ef-1
(abbreviated E), its dominant aleles advancing heading time for about 10 days;
m-Ef-1 (abbr. m), its recessive aleles emphasizing the effect of E alleles; and If-1
(abbr. If), its recessive allele retarding heading for about 20 days. At the E locus,
severa isodleles were obtained from two donor parents and radiation-induced
mutants. The magnitude of E-m epistasis differed according to the E aleles. New
E alleles were also obtained from offtypes occurring in certain crosses, and a
compound structure of the locus is suggested. Furthermore, various unusual
segregation patterns were observed in hybrids segregating for the m and E aleles.
The data suggest that some transposable elements could be incorporated in these
loci.

he genetic control of heading time in rice involves two different

categories — photoperiod response and basic vegetative period. The
author has been engaged mainly in the study of genes controlling basic
vegetative period in photoperiod-insensitive materials. The data so far
accumulated are bulky, with some evidencing strange behavior not
explainable by Mendelian segregation. In this paper, the results of
genetic analysis are briefly outlined, and the data for strange segregation
patterns are presented for discussion.

MATERIALS AND METHODS

All experimental lines dealt with in this paper have the genetic back-
ground of Taichung 65 (T65), a famous Ponlai or japonica variety of
Tawan nearly insensitive to photoperiod. The experiments were con-
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ducted at Taichung (24°N) twice a year: in the winter or the first-crop
season (seeded in January) and in the summer or the second-crop season
(seeded in July).

Genes for early heading were introduced into T65 from two donors—
early maturing cultivars from northern China and Japan—by recurrent
backcrossing. Those genes and a late heading gene were also obtained
from radiation-induced mutants of T65. Isogenic lines of T65 carrying
these different genes were the basic materia of the present study (Table 1).

For establishing an isogenic line, in principle, backcrosses were re-
peated seven times when the gene donor was a cultivar. It is expected
that the larger the number of backcrosses, the shorter will be the
chromosome segment accompanied by a target locus(l/n of an arm
length after n backcrosses on the average) (3). The maximum number of
backcrosses carried out was 20. The repetition of backcrosses is called
purification in this paper.

GENE LOCI AND ALLELES IDENTIFIED

Three independent loci—Ef-1 (abbreviated E), m-Ef-1 (abbr. m), and If-1
(abbr. If)—were worked out. The E gene (dominant) moves the time of
heading about 10 days ahead of that of T65. The m gene (recessive) is a
modifier that intensifies the effect of E. The If gene (recessive) delays the
time of heading for about 20 days.

The chromosomes carrying these three loci are, when numbered
according to Khush et al (4), as follows: Ef-1 is most probably located on
chromosome 10; according to S. Sato (personal communication), Ef-1 is
at the same locus as Ef-2, which is on the same chromosome. m-Ef-1 is
located on chromosome 7 as it is linked with Rc (red pericarp; a 23%
recombination) (13). If-1 is probably located on chromosome 3, as it
appears to be linked with d-4 (one of the genes expressing tillering dwarf)
(unpublished data).

Ef-1

At this locus, at least one recessive and five dominant alleles have been
detected, viz., e (carried by T65), E* and S (from donor A), EP (from
donor B), E’ (from an g-ray mutant of T65). The alelism among them
was confirmed by crossing experiments (8). The variance in heading time
of an F, between an E line and T65 was in many cases smaller than the
value expected from the differences among P, P,, and F; plus the
environmental variance, athough the F, heading dates were distributed
over the parental range (11).
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The differences in heading advancing effect among the five E aleles,
being a few days, were in many cases datistically significant when
enough replications were made (Table 1) (11). Also, the F, populations
between lines with different E alleles generated an amount of genetic
variance making the F; variance significantly larger than the parental
environmental variance (11). Therefore, the E alleles may be considered
as isoalleles as defined by Allard (1).

With repetition of backcrosses—purification of the locus—the heading
advancing effect of E? was reduced while that of EP was increased
significantly (Table 1) (10). Allele E¥, similar to E?, was obtained in a
sib-line of (7) E? (backcrossed 7 times; 8). Its heading advancing effect in
line (7) E¥ was significantly greater than that of E2 in (7) E2, but the effect
was reduced with purification in the same manner as in E2

The E alleles appeared to be arranged in decreasing order of their
effects as (7) E¥> (7) E%= (0) E*> (0) EY> (7) EP when isolated first, but
the order changed to (13) E@ = (5) EX=(20) EP= (20) E2= EY after purifica-

Table 1. Isogenic lines of T65 with single alleles, used for crosses.

Line Genotype? Mean heading time® Source
(difference from T65)
Summer Winter
T65 e m* If* 0 (124.9) 0(88.6) A pure line of Taichung
65 (recurrent parent)
Donor A (E& m2 If" -40.5 -34.0 Tatung-tsailai, north China
Donor B (EP mP 1) -21.4 -23.0 Bozu 5, northern Japan
(7)E@ E& m* If* -13.7a -15.6a  T65/NIT65’
(20)E? E® m* If* —13.2ab -13.6 c¢ T65/A/TE52
(7)E¥ Ed m* Ift -15.8 -16.7 A sib line of (7)E2
(13)E@ E& m* Ift -14.0 -15.7 (NET658
(7)ED E° m* It -111 ¢ -133 c T65/B/IT65’
(20)EP EP m* it -13.2ab -14.1 bc T65/B/IT65%°
(0)E* EXm* If* -14.3a -13.8 ¢ T65 Mg, X-rayed
(5)E EXm* If* -13.7a -15.4ab  T65//EX/T65°
(0)EY EYm* If* -12.4 b —14.6abc T65 My g-rayed
(5)E9 EY m* If* -125 b  -132 c¢ T65//EY/T65°
(7)EP E3 m* 1f* -13.7 -15.3 An offtype, (7)e/(15)eP
(7)md e m?If* - 43 16  Te5/AITES’
(7)mP e mPIf* - 54 1.8 T65/B//T65’
(O)If em*If 18.5 25.2 T65 Mg, X-rayed

% = Ef-1, e= ef-1, m = m-Ef-L If= If-1.

Py alues followed by a common letter differ at the 5% level of significance. Values followed by a letter and those for T65 are
means for 5 years, 1974-1978; other values are from different years and are adjusted to be comparable with the means for 5
years. The values for T65 in parentheses are days from seeding to heading.
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tion. Probably some genes with minor effect, linked with the E alleles and
reinforcing or mitigating their effects, would have been replaced by other
genes during backcrossing.

m-Ef-1

At this locus a recessive (m) and a dominant (nt) alele are known. The
recessive alleles were obtained from both donors A and B and were
symbolized as m® and mP , respectively (17). Since they showed no
significant differences in effect, they were later considered identical (11).
The m" dlele is carried by T65. It is incompletely dominant over m,
while the dominance relation differs to some extent according to growing
season (10). Generally, m may be treated as a recessive dlele.

The main effect of m is to emphasize the heading advancing effect of the
E dleles. The heading time of plants with genotype E m is 10-20 days
earlier than that of E m* plants. This difference is caled the E-m
epistasis in this paper. The heading time of e m plants is a few days earlier
than that of e m* plants in the winter season, but there is no difference
in the summer season; m is amost silent if not combined with E.

The E-m epistasis differs according to E aleles. When the E alleles
were purified, the E-m epistasis tended to be weskened with E®and EX
while it was intensified with E? and E' (Table 2). The E aldes were
arranged in decreasing order of E-m epistasis as (7) E®> (0)E*> (7) EP>
(0) E” in an early generation of backcrosses, and after purification as
(20)E® > (20) E3> (5) E* > (5) EX. The changing pattern with purification
was similar to that in the effect of E alleles themselves (combined with m*),

Table 2. Magnitude of E-m epistasis compared among different E alleles.

Line Mean heading time, shown by difference from
the mean for corresponding E line

Winter Summer Average
(7)E®m -16.4a -17.2a -16.8a
(20)E®m —12.4ab -16.6a -14.5ab
(7)EPm -9.5 bc —-11.0 bc -10.3 cd
(20)EPm -16.1a -16.1a -16.1a
(O)E"m -82 ¢ -89 ¢ -86 d
(5)E"m -10.0 bc —16.0a —13.0abc
(0O)E™m -78 ¢ -13.9 bc -10.9 bc
(5)E™m -8.4 bc 95 ¢ 90 d

a
Values followed by a common letter differ at the 5% level of significance. Mean values for 1974-1978 are given.
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When lines (20)EPm* and (7)EPm were crossed, the F, produced
transgressive segregants heading about 1 week earlier than (7)EPm with
ajg frequency, and the F3 lines from the transgressive segregants were
either fixed as the same type or segregated into the (20)E°m or (7)EPm
types (14). This also indicated that the m allele responds to the E alleles
differently.

If-1

A recessive alele If was obtained from a late heading mutant of T65
induced with 40KR X-rays (unpublished data). It delayed heading time
for about 20 days but had no other deleterious effects. Its dominant
counterpart If is carried by T65. When an If line (with If e m") was
crossed with (7)E? (with If " E@m*, the F; showed an early heading date
as with the E line, and the F, segregated into 137:113:12 E type to T65
type to late type, giving a good fit to a 9:6:1 ratio (unpublished data).
This suggests that the phenotype of E/E If/If and E/e If/If plants is similar
to that of e/e If*/If* (T65) plants. When a line with If E2m* derived
from the above cross was crossed with line (20)0Em (with If* E® m), the
F, segregated into 4:9:3 E-m to E-m* to IfE (T65) types. This indicates
that the If locus is independent of the E and m loci, and its effect is
concealed by (hypostatic to) the effect of m when E is present.

The If line (If e m*) appeared to be sensitive to daylength to some
extent, since its heading was 36 days later than that of T65 ( If *fe m")
when seeded in May, and it reached a growth stage capable of floral
initiation under the long days in June-July. T65 shows a dight response
(delay of a few days) to the long days. Probably If interacts with a gene
for the dlight response of T65 to reinforce its action.

OCCURRENCE OF OFFTYPES

The F, population between an E line and T65 segregates into 3:1 E to e
types but has a smaller genetic variance in heading time than expected.
From such F, populations, certain e type plants whose heading dates
were dightly earlier than that of T65 were selected, and their progeny
lines, designated e lines, were established. For instance, line (7)e* was
obtained as a sib of (7)E?, and (20)e® as a sib of (20)E2. When these
T65-like lines were intercrossed, early heading offtypes like an E plant
were found in the F, with low frequency, athough care was taken to
prevent contamination (Table 3) (10). Their F; lines segregated in a
complicated manner, some segregants being very early (like E-m plants)
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Table 3. Occurrence of early heading offtypes in the F, between two
T65-like sib-lines obtained from ee/EE crosses, and their heading behavior
in F, progeny.

Cross F, offtype  Intralocus F; segregation for heading New E
frequency recombination types (phenotype) allele
9 fixed
(%) Em E T65 Late Total ©
1. (7)e¥(20)e? 1/255 0.39 38 32 17 87 o
2. (1)e?/(15)e” 7/2455 0.27 160 11 171 E""b'2
50 13 63 Eab'
32 68 100 E®3
38 18 8 64 EP*
173 2 175
178 3 181
76 24 100
3. (7)e®/(20)e” 2/255 0.78 14 57 71
19 53 72 -
4. (7)e”a5)e” 1/339 0.30 61 18 7 B
5. (7)e”/(5)e* 2/337 0.60 161 35 1 197 be'2
31 35 4 70 Eb"‘
6. (15)e”/(5)e" 1/205 0.49 93 56 18 167 E™3

Table 4. Unusual segregation patterns for heading time observed in crosses
between different E-m lines.

Cross Generation Phenotypic segregation Offtype
frequency
Em-type E-type T65-type %)
0
(ME*m(7)ETm?2 F 274 6 2.1
2 L.
, 6 lines poole .
b F3.61 pooled 17 98 14.8
(DEMY(T)Em F, 254 3 1.2
, 3 lines poole .
b b F3, 31 led 60 102 37.0
(DHEIMY(20)E 21 F, 342 8 2.3
F3. 5lines pooled 18 60 3 25.9
F;, 2 lines pooled 93 4 95.9
(NEMM (7)E®m -1 F, 28 121 0
F3. 22 lines from Em Fixed
F;, 6 lines from Em 80 10 111
F,. 25 lines from Em Fixed

Fy 5 lines from E 21 60 25.9
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and others being much later (like If plants). Yet, fixed E-like lines were
obtained in the F,, which appeared to carry different E aleles symbolized
as E®1 EPL etc. Their heading dates differed among themselves
dightly, but sometimes significantly (10, 11).

When the E -like lines were crossed with E lines, some of the F,
populations released variances significantly larger than the parenta
environmental variance. When they were crossed with an m line) with e
m), the E-m epistasis occurred in varying degrees, and the E-m plants
were generally smaller than those due to true E aleles (11).

The very early segregants (like E-m plants) also produced fixed progeny
lines when selfed. When two of them (designated E®m-| and E® m-2)
were test crossed with line (7) EMf, the results suggested that they could
have an m allele that was not involved in the origina crosses. Experi-
ments with the If-type segregants will be mentioned later.

These observations strongly suggest that the E locus has a compound
structure and that different isoadleles are produced through intralocus
recombination, particularly by unequal crossing over. The recombina
tion values between supposed subsites estimated from the frequency of F,
offtypes ranged from 0.27% to 0.78%. Probably, when different subsites
or domains of the locus are recombined in cis, a new E allele will be born.
This process might stimulate further structural changes of the locus to
bring about very early or late heading offtypes in the selfed progeny of
offtypes until homozygosity is attained. It may aso be supposed that
some changes in the E locus provoke mutations at other loci.

UNUSUAL SEGREGATION PATTERNS

Crosses between two similar lines both having an Em genotype occasion-
aly produced F, plants like Em" (E-type) with a frequency that ranged
from 1.2% to 2.3% (Table 4). Then, their F3; progeny showed strange
segregation patterns. Several such cases were observed. For instance, the
F, between line (7)Enf and (7)Enf-2 produced 6 E-type plants out of
280 observed. Their F; lines each segregated into early (E m") and very
early (E m) types, the ratio being 17:98 when pooled. Of three F, lines
derived from the very early F; plants, one was fixed as E m, while the
other two segregated into 1:3 Em to E m*types. Also, of 16 F, lines from
the Em" type F; plants, 6 were fixed as Em" while 10 showed a 1:3 Em
to E m* segregation, suggesting that the parental F; plants had been
heterozygous for the m locus, although no m* allele was involved in the
original cross (Table 4).
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A similar case was also found in the cross between lines (7)E®r? and
(7)E3P, where alleles m? and mP did not differ in effect. Another case of
unusual segregation was found in (7)E3m(20) E3mP-1; 8 of 350 F,
plants were E m* types. The Fj lines from seven of them segregated
gither into E mE m" e types or into E mE m* types (Table 4). The
behavior of F, lines was similar to that in the first case. The occurrence of
e type plants must be noted, since there was no e dlelein the parental
genotypes.

Furthermore, the eight late heading (If type ) offtypes found in the F; of
(7)€¥(15)e® (Table 3, line 2) produced four fixed late heading F, lines
(designated AB-60-1, -2, -3, and -4). They were short statured
(825 cm shorter) compared with T65. When they were crossed with
T65, the F, segregated into 3:1 norma (T65 type) to late short type.
When one of them was crossed with an If line (If e m*), the F; was a late
heading type, the F, showed a wide range of continuous variation in
heading time, and 1 early heading plant out of 200 was recovered; it was
19 days earlier than T65. Its F5 progeny showed a complicated segrega-
tion pattern. Of 102 plants observed, 17 were weak and chlorophyll
deficient and had few tillers, while the other 85 were normal. The normal
plants showed a range of heading time from E m to e types, mostly being
E type (unpublished data)

It may be inferred that some alleles at the E and m loci are mutable in
certain heterozygous states.

GENETIC EFFECTS ON CHARACTERS OTHER THAN HEADING TIME

The E alleles move up the time of floral initiation about 7 days and
shorten the period from flora initiation to heading by about 3 days (16).
They then reduce to some extent the size of organs that develop after
flora initiation and grain yield (9). They markedly shorten the fourth
and fifth internodes from the top, reducing plant height by about 5 cm.
However, the spikelet size and grain test weight, as well as the growth of
plants before floral initiation, are not influenced by the E alleles. The m
gene emphasizes these effects of E alleles (11). The If gene has shown no
effect on plant characters except for a delay in heading time.

The effects of E alleles and E-m epistasis on heading time and those on
other plant characters were found to be strongly correlated. For instance,
when the effects of five different E aleles on heading time and on plant
height were compared, the time-height correlation was 0.929 in the
winter and 0.940 in the summer season and was 0.935 when averaged
after z transformation (df = 6). High time-height correlations were also
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found in the E-m epistasis, differing with the five E alleles with r = 0.982
(df = 6, averaged for winter and summer seasons). This suggests that the
reduction in plant height in early maturing plants is a direct outcome of
the hastening of floral initiation and heading.

These observations hold true in the genetic background of T65. A
somewhat different pattern was observed in the genetic background of a
tall variety, Chianung 242; the E® dlde introduced into this variety
reduced plant height more strikingly and increased grain yield signifi-
cantly (12). There might be a particular gene that interacts with E in this
variety.

DISCUSSION

It was suggested that the E locus has a compound structure. This
hypothesis is supported by the occurrence of offtypes with an E adlele in
crosses of different e type plants. The locus would contain a domain
responsible for the E-m epistasis, as the magnitude of the epistasis differed
according to E alde. Two E aleles were induced by irradiation as
dominant mutations. This is most easily explained by assuming the
presence of a suppressing subsite in the e alele that was inactivated by
irradiation. However, it does not seem possible to explain by this hypo-
thesis al of unusual behavior of the genes observed.

A favorable explanation would be the assumption that certain lines
used for the experiments had some transposable elements in or nearby
the loci concerned, as was demonstrated by McClintock (2, 5). In view of
the high mutability of the m locus, it may be tentatively assumed that an
autonomous transposon is attached to the E locus and a nonautonomous
transposon is attached to the m locus. The site of incorporation of the
transposons would differ according to cross, giving rise to a variety of
phenotypic expressions. The occurrence of weak and abnorma plants in
certain crosses of the progeny of late heading offtypes would serve as
support for this working hypothesis. At this moment, however, the data
are not complete enough to detect which of the parental lines have had
and which have not had the assumed transposons.

A dender kernel gene was found by Yamagata (18) in a g-ray progeny
of a rice cultivar (Ginbozu), and it provoked mutations at different loci
when introduced into other plants. But 