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Abstract Genetic organization of isozyme variation in
rice (Oryza sativa L.) was investigated based on 17 poly-
morphic isozyme loci using a sample of 511 accessions
of worldwide origin. The genetic diversity within the
species was very high (H=0.36 with 4.82 alleles per lo-
cus), as compared with most selfing plant species. Three
diversity centers were detected for isozyme variation in-
cluding South Asia, China and Southeast Asia. The ac-
cessions were classified into three well-differentiated
cultivar groups corresponding to the indica and japonica
subspecies, and a new unnamed group. Variation within
the cultivar groups accounted for 80% of the total iso-
zyme variation. Within-country variation accounted for
58% of the total variation while among-region and
among-country variation within the cultivar groups ac-
counted for only 14% and 8% of the total variation.
Analyses using log-linear models revealed that pro-
nounced non-random associations between and among
alleles at many unlinked isozyme loci were organized in
a non-hierarchical pattern, and subspecific and macro-
geographic differentiation was much more pronounced
in multilocus phenotype frequencies than in alelic fre-
quencies at individual loci. These results suggest that se-
lection on multilocus gene complexes was largely re-
sponsible for the maintenance of the extensive isozyme
variation within the species and the indica-japonica dif-
ferentiation. Our results further suggest the independent
domestication of indica and japonica, the dual origins of
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Introduction

Genetic diversity is a ubiquitous property of all species
in nature. The distribution and organization of genetic
variation within and among populations of a species are
the consequences of its evolution. As an important as-
pect of genetic diversity, allozyme variation in many
crop plants and their wild relatives has been extensively
surveyed regarding its geographic distribution and multi-
locus organization (Brown 1978; Brown and Jain 1979;
Nevo and Ben-Shlomi 1984; Hamrick and Godt 1989;
Allard et a. 1993; Allard 1996). Results from those stud-
ies have provided important knowledge and strategies
for efficient exploration, conservation and utilization of
genetic resources in crop plants.

Rice, Oryza sativa L., is one of the most important
grain crops in the world, and the staple food for more
than half the world population. As a self-pollinated crop
species with extensive intra-specific variation, differen-
tiation of O. sativa into two major subspecies, ‘ Xian’
(indica) and ‘Geng’ (japonica), has been well docu-
mented (Kato et al. 1928; Terao and Mizushima 1939;
Matsuo 1952; Ting 1957; Oka 1958, 1988). Differentia-
tion of O. sativa into different cultivar groups at the iso-
zyme level has also been reported (Nakagahra 1977,
1978, 1984; Second 1982; Glaszmann 1987), but the
geographic distribution and the multilocus organization
of the isozyme variation within O. sativa have not been
fully characterized. In the present study, we attempt to
answer two important questions: (1) what are the geo-
graphic distribution patterns of isozyme variation within
O. sativa and the subspecies, and (2) how and to what
extent are the alleles at multiple isozyme loci associated
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with one another? Information about the detailed distri-
bution and organization of isozyme variation should
provide insights into the origin and evolution of the cul-
tivated rice.

Materials and methods

Materials and electrophoresis of isozymes

Five hundred and eleven rice cultivars originating from ten geo-
graphical regions and 31 countries representing the entire growing
areas of O. sativa in the world, provided by the USDA National
Small Grains Germplasm Collection (Table 1), were investigated
for isozyme variation revealed by starch gel-electrophoresis. The
seeds were germinated in plastic Petri dishes at room temperature.
At 4 days after germination, crude composite extracts of water-
soluble proteins were prepared from 8 to 15 whole young seed-
lings of each cultivar by homogenization in distilled water, then
absorbed in filter paper wicks. The wicks were inserted into a cut
located 4.0-cm from the cathodal end of a horizontal starch gel.
Each gel accommodated 30 samples (the standard cultivar IR36
was placed in the center). The gels were prepared using three buff-
er systems to detect polymorphisms in nine different enzymes.
System 1, modified from Glaszmann (1987), (gel buffer: 0.005 M
tris-histidine buffer, tray buffer: 0.4 M tris-citrate buffer, pH=7.0)
alowed the detection of eight polymorphic loci for the enzyme
systems leucine aminopeptidase (LAP, two loci), isocitrate dehy-
drogenase (IDH, one locus), shikimate dehydrogenase (SDH, one
locus), 6-phosphogluconate dehydrogenase (PGD, two loci) and
phosphoglucose isomerase (PG, two loci); system 2 (Poulik buff-
er system with pH=7.2 in gel buffer and pH =8.6 in tray buffer)
permitted the detection of six more polymorphic loci in esterase
(EST, four loci), malic enzyme (ME, one locus) and glutamate ox-
aate transaminase (GOT, one locus); while system 3 (borate buff-
er system with pH=8.2 in gel buffer and pH=8.6 in tray buffer) al-
lowed the survey of two more polymorphic loci in acid phospha-
tase (ACP, two loci). The phenol-oxidizing enzyme (Ph, one lo-
cus) was surveyed by soaking ten grains and ten kernels (de-
hulled grains) from each of the accessions in 1% phenol solution
for 48 h. The status of grain and kernel color after soaking indicat-
ed a positive reaction (indica type, black color) or a negative reac-
tion (japonica type, unchanged color).

Data analysis

Nei's (1972) unbiased genetic distance (D) was used as a relative
measure of difference between all pairs of the 511 accessions for
16 polymorphic isozyme loci and the Ph locus (phenol reaction) to
create a 465x465 (we detected 465 distinct phenotypes) distance
matrix. Then, a two-step classification based on this distance ma-
trix was performed based on the method of average distance using
SAS PROC CLUSTER (SAS Institute 1990). Nei’s (1973) hetero-
zygosity index was used as a measure of isozyme variation, which
isgiven by:

H :1—i§lf>,2,

where ) is the frequency of ith allele at locus k, and n is the num-
ber of aleles at thislocus. For | loci, the average gene diversity in-
dex was estimated by:

e 1 |~
Hr =73 He

The total genetic diversity within a species was partitioned into its
components in a nested manner (Nei 1973) as follows:

Hr = Hyc + I5Ac +6AR +|3AGv

where H; is the total gene diversity in the sample, H,¢ is the with-
in-country gene diversity within-regions within cultivar groups,
D is the among-country diversity within-regions within groups,
Dy is the among-region diversity within cultivar groups, and Dyg
is the among-cultivar group variation. The corresponding relative
gene diversity estimates for the within country, the inter-countries
within regions, the inter-geographic regions within cultivar
groups, and the inter-groups within the species, were calculated as
tGwelc:"'wc/ Hr, Gac=Dac/Hr, Gag=Dar/Hr, and Gag=Dag/Hr, respec-
ively.

The multilocus organization of isozyme variation within O.
sativa was analyzed with log-linear models (Bishop et al. 1975;
Feinberg 1980) using SAS PROC CATMOD (SAS Institute 1990).
The most-parsimonious models with best goodness-of-fit to the
frequency tables of the observed data sets, were obtained by mod-
el selection procedures based on the partitioning of likelihood-
ratio statistics (G2) (Bishop et al. 1975; Feinberg 1980).

Results

Diversity, subspecific differentiation,
and geographic distribution

Overall variation

The ten enzymes alowed the detection of 82 alleles (in-
cluding six null aleles) at 17 polymorphic loci (Ph,
Idhl, sdhl, Pgdl, Pgd2, Pgil, Pgi2, Lapl, Lap2, Estl,
Est2, Est3, Est4, Acpl, Acp2, Me2 and Gotl) among the
511 accessions assayed (Table 1). The average diversity
index of the sample was 0.36+0.04 with an average of
4.82 alleles per locus. Gene diversity indices at individu-
al isozyme loci varied considerably, ranging from 0.02
for Gotl to 0.56 for Idhl. Rare alleles with a frequency

Table 1 Polymorphic loci of ten enzyme systems and their diver-
sity indices (H) estimated from a worldwide sample of 511 rice ac-
cessions

Enzyme Loci  Number H
of aleles
Acid phosphatase Acp2 4 0.40
Acp3 6* 0.53
Esterase Estl 4* 0.51
Est2 5* 0.07
Est3 4% 0.39
Est4 6 0.18
Glutamate oxal oacetate fransaminase  Gotl 2 0.02
Isocitrate dehydrogenase ldh1 4 0.56
L eucine aminopeptidase Lapl 6* 0.22
Lap2 6 0.45
Malic enzyme Me2  6* 0.54
Phosphogluconate dehydrogenase Pgdl 3 0.05
Pgd2 5 0.45
Phosphoglucose isomerase Pgil 6 0.42
Pgi2 7 0.50
Phenol oxidizing enzyme Ph 2 0.46
Shikimate dehydrogenase Sdhl 6 0.29
Average 4.82 0.36

a* |ndicates anull allele detected
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Fig. 1 Phylogenetic relationships of 18 clusters (465 genotypes)
of rice cultivars sampled worldwide

<0.01 accounted for a significant proportion (30.5%) of
the 82 aleles detected at these enzyme loci. Among the
17 polymorphic loci, three loci (Pgdl, Est2 and Gotl)
had a single predominant allele with a frequency >0.95,
six loci (Ph, Sdhl, Est3, Est4, Lap2 and Me2) had two
predominant aleles, and the remaining eight (Idnhi,
Pgd2, Pgil, Pgi2, Lapl, Estl, Acpl and Acp2) had three
or more alleles with frequencies =0.05.

Classification of cultivar groups

Four hundred and sixty five phenotypes were detected
among the 511 accessions and were classified into 18
clusters (with minimal within-cluster variation) based on
the 465x465 genetic-distance matrix. Three distinct culti-
var groups were revealed by the cluster analysis (Fig. 1).
The first group corresponded to the traditional indica sub-
species, containing 132 accessions (25.8% of the 511 ac-
cessions) from 19 countries in nine geographical regions
(al except the Middle East and Africa). The second group
corresponded to the japonica subspecies, which contained
350 (68.5%) accessions from 27 countries in ten geo-
graphical regions (all except the Middle East). A new
group was also identified in the present study. This group
had genetic distances of 0.45 to indica and 0.29 to japon-
ica and contained only 29 accessions distributed primarily
along the Himalayas (India, Pakistan and Iran).

Gene diversity and its geographical distribution patterns

Table 2 shows the geographic distribution of the absolute
gene diversity indices (H) of the 17 isozyme loci, reveal -
ing three diversity centers for isozyme variation in O.
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sativa. The first diversity center was South Asia, primar-
ily Indiaand Burma. This region had the highest diversi-
ty (H=0.38 and 3.35 alleles per locus). The second diver-
Sity center was East Asia, primarily China, which had an
H value of 0.34 and 3.53 alleles per locus. The third di-
versity center was Southeast Asia, primarily Philippines,
which had an H value of 0.34 and 3.00 alleles per locus.

Table 3 shows the average relative components of gene
diversity among these groups of accessions. The among-
cultivar group variation component, D,g, was 0.07 and ac-
counted for 20% of the total isozyme variation. The
weighted average within group variation, H,s, was 0.29,
accounting for 80% of the total variation. The new group
and the indica group were more diverse (Fiye Was 0.36)
than the japonica group (H,c=0.25). The average among-
population variation, including among-region variation
within groups, Dy, and among-country variation within re-
gions, Dy, Was 0.05 and 0.03, accounting for 14% (G
and 8% (G,c) of the total variation (Table 3). The indica
group and the new group showed a greater geographic dif-
ferentiation than the japonica group (Dak and G, were 0.07
and 0.188 for indica, 0.13 and 0.37 for the new group, and
0.04 and 0.14 for japonica). The average relative within-
population variation, G,g and G, accounted for 66% and
58% of the total variation, respectively (Table 3). G,z was
greater in the japonica group than in the other two groups.
In the indica group, the absolute within-population varia-
tion, Hyc, was high in India (0.33), the Philippines (0.31),
and China (0.28). Within the japonica group, H, was high
in China (0.25) and USA (0.25).

Multilocus organization of O. sativa

Multi-locus organization due
to indica-japonica differentiation

Eight loci, Ph(A), Sdh1(B), Pgd2(C), Pgi2(D), Est4(E),
Est1(F), Acp3(G) and Me2(H), where allelic frequencies
differentiated significantly between indica and japonica,
were used to construct three four-dimension contingency
tables. When the full model (which contains all possible
effects) was examined, three 4-locus associations in the
three data subsets were al significant but some of the
lower-order associations (2-locus and 3-locus effects)
were insignificant, indicating that the non-random asso-
ciations among alleles at these loci had a general non-
hierarchical pattern. Table 4 shows the selected most
parsimonious models which fitted the data subsets.
Strong pairwise associations occurred between 11 of 18
possible gene pairs. Five (55.6%) 3-locus associations
were also significant, indicating that the presence of
most pairwise associations between aleles at those loci
depended on the presence of alleles at athird locus.

To consider how the alleles at the eight loci were as-
sociated with one another, quadruplex (4-locus) pheno-
types, ABCD (Ph, Sdhl, Pgd2 and Pgi2), EFGH (Est4,
Estl, Acp3 and Me2), ABEF and CDGH, within the in-
dica and japonica groups were examined (Table 5). They
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Table 2 Geographical pattern of H over 17 isozyme loci of aworldwide sample of 511 rice accessions

Region Cultivar group Totals
Country indica japonica New group N H Number
= = = of aleles
Na Hp N H N H
Northeast Asia (NEA) 3 0.18 66 0.24 2 0.15 71 0.27 2.82
Japan 1 0.00 49 0.18 2 0.15 52 0.22 271
Korea 2 0.06 17 0.18 - - 19 0.22 171
East Asia (EA) 71 0.28 67 0.25 1 0.00 139 0.34 3.53
China 67 0.28 52 0.24 1 0.00 120 0.34 3.35
Taiwan 4 0.30 15 0.25 - - 19 0.31 2.35
Southeast Asia (SEA) 17 0.36 39 0.20 - - 56 0.34 3.00
Philippines 11 0.31 23 0.21 - - 34 0.36 2.65
Indonesia 1 0.00 11 0.18 - - 12 0.22 1.82
Malaysia 3 0.25 3 0.11 - - 6 0.32 1.88
Vietnam 2 0.18 2 0.03 - - 4 0.23 153
South Asia (SA) 34 0.32 18 0.20 15 0.31 67 0.38 3.35
India 17 0.33 11 0.18 8 0.26 36 0.39 3.06
Burma 4 0.27 4 0.08 1 0.00 9 0.36 2.29
Thailand 9 0.26 - - 1 0.00 10 0.27 1.94
Pakistan - - 3 0.09 4 0.28 7 0.31 1.94
Bangladesh 2 0.00 - - 1 0.00 3 0.18 141
Ceylon 1 0.00 - - - - 1 0.00 1.00
Sri Lanka 1 0.00 - - - - 1 0.00 1.00
Middle East Iran - - - - 5 0.29 5 0.29 247
USSR 2 0.09 12 0.15 3 0.13 17 0.17 153
Europe 1 0.00 46 0.16 1 0.00 48 0.18 3.18
France 1 0.00 7 0.13 - - 8 0.18 171
Italy - - 12 0.17 - - 13 0.22 2.00
Hungary - - 4 0.12 - - 4 0.12 1.29
Bulgaria - - 5 0.12 - - 5 0.11 135
Turkey - - 10 0.09 - - 10 0.09 141
Spain - - 7 0.12 - - 7 0.12 141
New Caledonia - - 1 0.00 - - 1 0.00 0.00
North America (NA) USA 1 0.00 68 0.25 - - 69 0.26 2.82
South America 1 0.00 19 0.17 1 0.00 21 0.22 224
Brazil - - 9 0.16 1 0.00 10 021 171
Argentina - - 7 0.13 - - 7 0.13 135
Peru - - 3 0.11 - - 3 0.11 1.24
El Salvador 1 0.00 - - - - 1 0.00 1.00
Australia 3 0.15 8 0.18 - - 1 0.34 2.18
Africa Egypt - - 7 0.04 - - 7 0.03 112
Total 132 0.36 350 0.25 29 0.36 511 0.36 4.82
aN, the number of accessions sampled in specific regions or countries
b H s the mean diversity index averaged from 17 isozyme |oci
Table3 Patterns of H for isozyme variation in rice
Group Dac? ENe Hwe Gwe Dar Gar Hur Gur Dac Gac Hwe Guc
indica 0.36 1.00 0.07 0.19 0.29 0.81 0.03 0.09 0.26 0.72
japonica 0.25 1.00 0.04 0.14 0.21 0.86 0.02 0.09 0.19 0.76
New group 0.36 1.00 0.13 0.37 0.23 0.62 0.04 0.12 0.18 0.51
Average 0.07 0.20 0.29 0.80 0.05 0.14 0.24 0.66 0.03 0.08 0.21 0.58

aDand G are absolute and relative components of the mean gene diversity H.
The subscripts AG, AR and AC represent the among-group, among-region and among-country variation: WG, WR and WC represent
the within-group, within-region, and within-country variation



Table 4 Non-random associa-
tions of aleles at loci Ph (A),
Sdhl (B), Pgd2 (C), and Pgi2
(D), and Est4 (E), Est1 (F),
Acp3 (G), and Me2 (H), dueto
the indica-japonica differentia-
tion, detected by estimated
U-terms and their standardized
valuesin the selected log-linear
models 1 (1-D, 2-C, 3-B and
4-A), 2 (1-H, 2-G, 3-F and
4-E), and 3 (1-D, 2-B, 3-F and
4-G)
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U terms? Model 1 Model 2 Model 3
Estimated Standard. Estimated Standard. Estimated Standard.
value value value value value value
12 0.41 3.50%** 0.05 0.31 0.06 0.72
13 0.26 2.67%* 0.34 5.58**** - -
23 0.05 0.47 0.01 0.17 0.71 7.48%***
123 0.27 2.73%* 0.18 2.85%* - -
14 0.88 10.17%*** 0.40 2.69%* 0.31 3.67%**
Uy, 0.30 2.73** 0.37 2.54%* 0.38 3.89%**
124 - - 0.47 3.15%* 0.30 3.53***
2 - - 0.63 5.23x*** 0.13 1.32
Uiy - - - - 0.25 2.59%*

a‘—~ indicates the absence of the corresponding U terms in the selected model. The standardized U
terms are standardized normal variables with zero mean and unit variance under the null hypothesis
(completely independence). Thus, when an observed U term has a standardized value >1.96, this term
is said to be significant at P=0.05 (the association is non-random)
b % %% gnd **** jndicate that the observed genotypic frequencies deviated from independence
(based on frequencies at individual loci) at significance levels of P=0.05, 0.01, 0.001, and 0.0001, re-
spectively

Table5 Quadriplex phenotypes with appreciable frequencies in the indica and japonica groups and their geographic distribution at |oci
Ph (A), Sdhl (B), Pgd2 (C), Pgi2 (D), Est4 (E), Estl (F), Acp3 (G), Me2 (H), Idh1 (1), Lapl (J), Lap2 (K) and Est3 (L)

indica

japonica

Genotype  Frequency

Genotype Freguency

Total EA2 SA SEA  Other Total EA NEA EUR NA SEA  SA Other
ABCD
2133 0.24 0.41 0.06 - - 1121 067 045 053 065 091 066 072 050
2134 0.05 0.08 - - - 2121 006 010 061 013 - - 0.06 0.04
2132 0.06 0.08 - 0.07  0.09 1122 005 012 005 004 - - - 0.02
2233 0.07 0.07 0.03 0.07 0.18 111 005 003 005 004 001 008 011 0.09
2223 0.11 0.01 011 040 0.27 2111 0.04 003 018 - - 003 - -
2123 0.13 0.07 0.26 0.07  0.09 1131 003 004 - - - 003 - 0.04
2213 0.05 0.01 0.06 020 -
2222 0.07 - 0.06 020 0.46
0.76 0.87
EFGH
2221 0.24 0.37 - - 0.46 2012 045 043 061 057 044 031 022 039
2021 0.20 0.35 - 007 - 2011 012 021 011 009 010 - 028 011
1222 0.11 0.03 0.20 027 0.09 2022 012 013 009 011 016 010 - 0.15
2121 0.10 0.06 0.17 - 0.27 2212 0.09 001 - - 012 041 011 011
2211 0.07 0.06 0.03 027 - 2021 005 010 009 - 004 - - -
1211 0.06 - 0.17 013 - 2032 005 009 003 011 - - - 0.07
111 0.03 - 011 - - 2312 0.03 - 0.01 - 012 - - -
0.80 0.90
1JKL
2221 0.23 0.41 - 006 - 2221 029 049 050 022 025 003 - 0.17
2220 0.15 021 - 0.18 0.09 1221 029 024 032 063 001 031 028 0.39
1211 0.14 0.04 0.38 012 - 1211 004 001 - - - 010 028 o011
1221 0.14 0.08 0.24 024 - 3210 0.03 - - - 015 - - -
1220 0.11 0.06 0.21 012 018 1220 005 0.02 0.03 006 003 0.06 015
2211 0.10 0.10 - 012 037 2211 003 - 003 002 006 - - 0.02
1210 0.05 - 0.15 012 - 1210 0.07 002 001 002 - 036 017 -
2021 0.03 0.06 - - - 3211 002 - - - 012 - - -
0.81 0.82

a EA (East Asia), SA (South Asia), SEA (Southeast Asia), NEA (Northeast Asia), EUR (Europe), and NA (North America)
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revealed two important features of the multilocus organi-
zation in O. sativa. First, in both indica and japonica
groups, alleles at these isozyme loci were present in only
a few predominant phenotypes. For example, in the in-
dica group, 109 (23%) of 480 possible quadruplex phe-
notypes (based on the numbers of alleles at individual lo-
ci) were detected, of which only 28 (6%) had frequen-
cies>0.03. In the japonica group, 93 (12%) of 769 possi-
ble quadruplex phenotypes were detected, of which only
23 (3%) had frequencies>0.03. There was a single pre-
dominant quadruplex phenotype (>0.45) detected in each
of the three data subsets, from which the basic japonica
phenotype (‘11332021') at the eight loci (Ph, Sdhi,
Pgd2, Pgi2, Est4, Estl, Acp3 and Me2) could be deter-
mined. Second, all but one (‘2120" at Ph, Sdhl, Est4 and
Estl) of the four-locus predominant phenotypes in the
indica group were not present in the japonica group, and
vice versa, indicating that indica-japonica differentiation
is much more pronounced in multi-locus phenotypic fre-
guencies than in allelic frequencies at individual loci.

Table 6 Selected log-linear models of the polymorphic isozyme
loci Me2 (H), Acp3 (G), Lap2 (K), Idhl (1), Pgd2 (C) and Pgil
(N), within both indica and japonica groups for four data sets — 1
(G, H, landK), 2 (C, I and N), 3 (H, K, Cand N) and 4 (C, H, K
and N)

Data  Group Selected model G2 df P

subset

1 indica [HIT[GI[IK] 6.75 8 0.563
japonica  [HI][GI][IK] 521 14 0.982

2 indica [CIT[IN][CN] 5.61 6 0.469
japonica  [CI][IN][CN] 5.04 4 0.283

3 indica [H][CK][CN] 19.96 23 0.644
japonica  [CH][KN][CN] 13.91 21 0.873

4 indica [CG][CK][CN] 16.82 21 0.722
japonica  [G][CN][KN] 20.68 23 0.600

Multilocus organization within indica and japonica

Six loci, Pgd2, Acp3, Me2, Idhl, Lap2 and Pgil, which
were polymorphic within both indica and japonica, were
organized to form four data subsets, and subjected to
log-linear model analysis. The selected models for data
subsets 1 and 2 (Table 6) were identical for both groups,
i.e. strong pairwise associations occurred between 1dhl
and all other loci, as well as between Pgil and Pgd2.
There were no three or higher order associations among
the five loci. However, the pairwise associations in the
indica and japonica groups were in opposite directions
(Table 7). For example, in the indica group, significant
positive associations were detected for the gamete type
‘12’ for Me2 and Idhl (alele 1 of Me2 and allele 2 of
Idhl), ‘11’ for Acp3 and Idhl and for Lap2 and Idh1,
‘32" for Pgd2 and Idhl, and ‘21’ for Pgd2 and Pgil,
while the significant negative associations for those ga-
mete types were found in the japonica group. In other
words, the gamete types favored (in excess under the hy-
pothesis of independence) in the indica group were not
favored (in deficiency) in the japonica group. Data in
subsets 3 and 4 (Table 6) show that associations between
Lap2 and Pgd2, and Acp3 and Pgd2, were significant in
the indica group but not in the japonica group where
strong associations were detected between Lap2 and
Pgil, Me2 and Pgd2.

When the quadruplex phenotypic frequencies within
both indica and japonica groups were examined (Table 5),
geographic differentiation of isozyme variation was again
more pronounced in multilocus phenotype frequencies
than in alelic frequencies at individual loci. In the indica
group, two distinct subgroups, accessions from China and
those from South Asia, could be clearly distinguished
from each other based on the quadruplex phenctypic fre-
guencies at 12 polymorphic loci. For instance, accessions
from East Asia (China) were characterized with high fre-
guencies of phenotypes ‘2133, ‘2134 and ‘2132’ at Ph,
Sdhl, Pgd2 and Pgi2 (ABCD), ‘2221' and ‘2021’ at Est4,

Table 7 Standardized association effects (U terms) estimated from the selected models of the polymorphic isozyme loci Pgd2 (C), 1dhl
(1), Acp3 (G), Me2 (H), Lap2 (K) and Pgil (N) of the indica and japonica groups

Datasubset 1 (I, G, H and K)

Data subset 2 (C, | and N)

Association  Gamete type indica japonica Association  indica japonica
U term U term Gametetype U term Gametetype U term
HI 21 16 -2.1* Cl 31 -3.2* 31 17
11 -16 2.1* 32 3.2* 3 -17
21 14 21 =3.1x**
22 -14 22 3.Lxxx
GH 11 2.g%** 3.0%** CN 35 16 22 2.8
21 —2.9%** 3.0%** 21 2.1* 24 —3.4x**
31 =4, 1%** 34 2.4%*
IK 11 2.5%* -18 IN 12 1.6 12 3.5x**
12 —2.5%* 18 22 -1.6 22 —3.5x**
11 -0.9 11 -2.0*
21 0.9 21 2.0*
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Fig. 2 Geographic differentiation in multilocus phenotypic fre-
quencies within the japonica group

Estl, Acp3 and Me2 (EFGH), and ‘2221’, ‘2220’ and
‘2211’ for Idhl, Lapl, Lap2 and East3 (IJKL). In con-
trast, accessions from South Asia had high frequencies of
the phenotypes ‘2123, ‘2223 and ‘2222' for ABCD,
1222', 12121, *1211’ and ‘1111° for EFGH, and ‘1211’
1221’,1220' and ‘1210’ for IJKL. In al these cases, the
multilocus phenotypes abundant in China were either ab-
sent or had very low frequencies in South Asia, and vise
versa

For the japonica group, East Asia (China) was the re-
gion with all predominant japonica phenotypes, which
supported the common view that China was the center of
origin for japonica rice (Oka 1988; Wang 1990). Cluster
analysis using the genetic distances computed from the
multi locus phenotypic frequencies revedled two sub-
groups with clear geographic distributions (Fig. 2). The
major group covered accessions primarily from East
Asia, Northeast Asia, and USA (primarily from Califor-
nia). The other subgroup included accessions from South
Asia, Europe, Southeast Asia, and other regions. It isin-
teresting to note that many accessions from the Southern
US shared some unique phenotypes such as ‘3210 and
‘3211" at IJKL (Table 5) which were absent at all other
regions, while the phenotype ‘1210" was present in all
geographic regions of the japonica group but was absent
in the Southern US cultivars.

Discussion

Indica-japonica differentiation and maintenance
of isozyme variation in rice

While it is generally agreed that the indica-japonica
differentiation in O.sativa at the phenotypic level was
largely attributable to their adaptation to very different
environments such as temperature and water conditions,
it is not clear what caused such differentiation at the iso-
zyme level (Second 1982; Glaszmann 1987; Oka 1988).
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We found that the indica-japonica differentiation was as-
sociated with large alelic-frequency differentiation at
many isozyme loci, but more significantly with the for-
mation of completely different multilocus phenotypes.
Furthermore, considerable non-random associations be-
tween or among alleles at many isozyme loci were orga-
nized in a non-hierarchical pattern. According to Bishop
et a. (1975), a non-hierarchical pattern of non-random
associations among alleles at multiple loci could be re-
lated to the concept of ‘synergism’, which may suggest
possible epistatic relationships among the alleles at some
isozyme loci. Linkage does not explain the frequency
distributions of the multilocus complexes involving
the eight loci (Ph, Sdhl, Pgd2, Pgi2, Est4, Estl, Acp3
and Me2) because they are unlinked (Wu et al. 1988;
Kinoshita and Takahashi 1991). Furthermore, we note
that the sampled indica and japonica accessions consist
of approximately equal numbers of land races and mod-
ern semidwarf cultivars which share the same predomi-
nant multilocus isozyme phenotypes within the same
group, and the predominant multilocus indica and japon-
ica isozyme phenotypes were positively correlated fit-
ness characters in the same environments (Li 1989). The
tendency of predominant multilocus indica and japonica
isozyme phenotypes to recover quickly under no appar-
ent selection after being broken completely by recombi-
nation has been experimentally demonstrated in proge-
nies from indicaxjaponica crosses (Oka 1988; Sato
1990). These results suggest that epistasis is the intrinsic
force in maintaining the integrity of these predominant
indica and japonica multilocus gene complexes and that
the indica and japonica differentiation at the isozyme
level was due primarily to disruptive selection on the
multilocus isozyme phenotypes.

Pronounced multilocus frequency differentiation at
isozyme loci has been reported in several other plant
species, including barley and corn (Allard et a. 1993;
Allard 1996). The observation that natural and/or artifi-
cial selection operates primarily on alele combinations
rather than on individual alleles at isozyme loci, suggests
the presence of epistatic relationships between or among
loci which jointly influence fitness traits (Allard 1996).
Direct evidence has been obtained recently in a QTL
mapping study in which fitness traits of the progeny
from an indica-japonica cross were found to be deter-
mined by large numbers of complementary (epistatic) lo-
ci (Li etal. 1997a, b). Thus, epistasis may have played a
key role in the evolution of predominantly selfing plant
species such as rice, where the shifting balance process
operates in its most extreme form for more-pronounced
epistasis at multiple loci and the subdivision of popula-
tions by inbreeding (Wright 1931).

Our results indicate that the among-population varia-
tion, including the subspecific differentiation and the
macro-geographic differentiation within cultivar groups,
accounts for 42% of the total isozyme variation in O.
sativa, which is consistent with that in most other self-
pollinated plant species (Hamrick and Godt 1989). This
proportion of isozyme variation in rice appeared to be
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maintained primarily by epistasis and selection as dis-
cussed above. However, the within-population (country)
variation still accounts for a greater portion of the total
isozyme variation (58%). We noted that absolute within-
country gene diversity in each of the groups was corre-
lated with ecological variability and environmental het-
erogeneity rather than geography. For instance, maxi-
mum isozyme diversity areas (the new group) and South
Asia of the indica group were along the Himalayas
where the environments were most heterogeneous. Also,
the highest gene diversity corresponded with remarkable
ecotype differentiation in indica, the new group, and
japonica (Chinese accessions). The observation that
maximum isozyme diversity parallels the maximum vari-
ability for many morphological and life-history charac-
ters in the accessions from ‘diversity centers' has been
reported previously in rice (Chang 1976; Oka 1988) and
in many other selfing plant species (Brown and Burdon
1987; Hamrick and Godt 1989). Direct correlations be-
tween allozyme polymorphisms with environmental fac-
tors have also been detected in many plant species
(Clegg and Allard 1972; Kahler et a. 1980; Nevo and
Ben-Shlomi 1984; Nevo and Krugman 1988; Allard et
al. 1993; Allard 1996). Mutations apparently contribute
little to the maintenance of isozyme variation in O. sat-
iva since isozyme alleles present in O. sativa were also
present in its presumed direct ancestor, O. rufipogon
populations (Oka 1988). Natural and artificial selection,
inbreeding and genetic drift during domestication have
not eliminated most wild-species alleles at these isozyme
loci. These results suggest that the majority, or at least
part, of the within-population variation at the isozyme
loci in rice has been maintained by both spatial and tem-
poral variation with selection.

Origin of indica and japonica subspecies

Severa points can be made concerning the origin of O.
sativa. First, the observation that indica and japonica
subspecies consisted of distinct multilocus phenotypes,
suggesting that the origin of the indica and japonica rice
accessions studied were parallel in the sense that japon-
ica did not evolve from indica, as presumed previously
(Ting 1957). Second, significant differences in allelic
frequency at some isozyme loci and distinctive multilo-
cus phenotypes of Chinese indica accessions from those
of South Asia (India), suggest the dual origins of indica
rice. Third, our results support the common view that
China was the primary center of origin for japonica rice
(Oka 1988; Wang 1990). Fourth, the differentiation of
most accessions from Southeast Asia and South Asia
from the primary japonica group in their multilocus phe-
notypes plus their unique morphology and ecological
niches (Chang 1976), strongly suggest the presence of
two ecotypes, ‘temperate japonica’ and ‘tropical japon-
ica’ (or ‘javanica’), within the japonica subspecies, and
possible multiple origins of japonica rice. It is noted that
most accessions from the Southern US have some multi-

locus phenotypes which are absent or in low frequency
in other regions and constitute a unique subgroup within
the japonica group. Similar results based on RAPD
markers have been reported (Mackill 1995). However,
the difference at the isozyme level between the Southern
US cultivars and the temperate japonica accessions from
China and Northeast Asia appears to be less pronounced
than that between the traditional temperate japonica and
javanica ecotypes. Finally, the maximum differentiation
at the isozyme level between indica and japonica rices
from China detected here, as well as several recent ar-
cheological discoveries which revealed 70009000 years
of rice culture history and the occurrence of mixed
(indica-like and japonica-like types) ancient rice grains
in China (Wang 1990; Yiu 1990), suggest that China was
the place where rice (both indica and japonica) was first
domesticated.

We speculate that O. sativa could have originated
from some populations of the presumed direct ancestor,
annual Asian Oryza rufipogon, which might have be-
come spread in most tropical and subtropical areas in
Asia. Local O. rufipogon populations had become differ-
entiated more or less depending upon the environments
they were subjected to and therefore were mixtures of
numerous more or less indica-like and japonica-like
phenotypes before domestication, as suggested by sever-
al archaeological discoveries (Yiu 1990). Considerable
genetic variation at all levels within O. rufipogon popu-
lations could have been maintained jointly by varied se-
lection, due to variable epistasis among alleles at multi-
ple loci and to both spatial and temporal variation in en-
vironments, interacting with genetic drift and limited
outcrossing. When the seeds of those populations were
harvested by the earliest people and carried to different
and more-extreme environments, they may have become
more differentiated under different selection pressures.
In other words, the formation of indica and japonica ric-
es was the direct product of natural selection and domes-
tication. This hypothesis is much the same as that pro-
posed by Oka (1988) and Wang (1990), except that origi-
nal indica-like and japonica-like allelic or character as-
sociations in the O. rufipogon populations were assumed
to have been established primarily by natural selection
rather than by founder events. Initial allele or character
associations in those O. rufipogon populations were at a
lower level (predominant pairwise associations) and
maintained by weak selection varying both spatially and
temporally, as suggested by a large body of evidence
from previous studies (see Oka 1988).
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