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Genetic diversity and evolutionary relationships of 72 accessions representing six species with the B-, C-, and BC-genomes in 
the genus Oryza were investigated by seven microsatellite markers. Of four diploid species, Oryza officinalis maintained the 
highest diversity (P=71.4%, He=0.565), followed by Oryza eichingeri (P=57.1%, He=0.376), Oryza punctata (P=57.1%, 
He=0.272) and Oryza rhizomatis (P=42.9%, He=0.222). In comparison, a higher level of genetic diversity was revealed in the 
tetraploid (P=71.4%, He=0.461-0.637). UPGMA dendrograms based on genetic distance revealed an obvious genetic differen- 
tiation between Asian and African races of O. eichingeri. Three BBCC species clustered with different accessions of the dip- 
loid O. punctata, suggestive of their multiple origins. The results inferred from the dendrogram suggested that diploid 
species, O. officinalis and African O. eichingeri might be the C-genome donors for tetraploid species, Oryza minuta and O. 
punctata, respectively, while the C-genome ancestor of Oryza malampuzhaensis seemed to be either O. rhizomatis or the Sri 
Lankan O. eichingeri species. The genetic relationship among the CC and BBCC species further indicated that the tetraploid 
species with the BC-genome have originated independently, at least three times in history. In addition, we have demonstrated 
successful cross-species amplification of seven rice SSR loci across Oryza species with B-and C-genomes. 
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Rice is an economically important crop that is the staple 
food for more than one-half of the world's population. How- 
ever, intensive selection in modern breeding practices has led 
to a severe loss of genetic diversity in rice and then limited its 
productivity (Lu, 1999). In contrast to the cultivated species, 
wild relatives of rice hold abundant useful genes and can be 
exploited both to broaden the narrow genetic base and 
enrich the existing varieties with desired agronomically impor- 
tant traits (Khush, 1997; Tanksley and McCouch, 1997; Ge et 
al., 2001 ). In the rice genus (Oryza), there are approx. 23 spe- 
cies represented cytogenetically by 10 genome groups (i.e., 
the A-, B-, C-, BC-, CD-, E-, F-, G-, HJ- and HK-genomes; Ge 
et al., 1999, 2001). The species group with the B-, C-, BC-, 
CD-, and E-genomes, also called the O. officinalis complex by 
Vaughan (1989), consists of about 10 species and is well 
known for its taxonomic complexity and particularly for the 
difficulty in taxonomic treatment of the polyploids (Tateoka, 
1962; Nayar, 1973; Vaughan, 1989; Ge et al., 2001; Bao et 
al., 2005). Of three C-genome diploids, O officinalis Wall. ex 
Watt is the most common species widely distributed in south- 
ern China and South and Southeast Asia while O. eichingeri 
A. Peter is disjunctively distributed in Sri Lanka and Africa. 
The third species, O. rhizomatis Vaughan, is endemic to Sri 
Lanka. The single B-genome diploid species is O. punctata 
Kotechy ex Steud., which occurs in Africa and is sympatric to 
its tetraploid form with the BC-genome. Other BC-genome 
tetraploids include O. malampuzhaensis Krish. et Chand. con- 
fined to India and O. minuta J.S. Presl. et C.B. Presl, in South- 
east Asia and Papua New Guinea. Three CCDD species are 
distributed exclusively in Central and South America and their 
origin and phylogenetic relationships have been investigated 
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recently (Bao and Ge, 2004). The earliest divergent lineage in 
this complex is Oryza australiensis, the single E-genome dip- 
loid endemic to northern Australia (Vaughan, 1994; Ge et al., 
1999). 

Because the B-, C-, and BC-genome species possess abun- 
dant valuable genes useful for rice improvement (Jena and 
Khush, 1990; Brar and Khush, 1997; Vaughan et al., 2003), 
the germplasm identification and evolutionary relationships 
among species in this complex have been undertaken using 
morphologicaL, cytological and molecular data (see reviews in 
Nayar, 1973; Federici et al., 2002; Vaughan et al., 2003; Bao 
et al., 2005). Based on sequence data of the integrase coding 
domain of a gypsy-like retrotransposon, Shcherban et al. 
(2001) studied the diversity and phylogenetic relationships 
among species of the O. o~cinalis complex. Phylogenetic 
studies based on molecular sequences (Ge et al., 1999; Bao 
and Ge, 2003, 2004) have revealed the phylogenetic relation- 
ships of five diploid species (one BB, three CC, and one EE 
species) in this group and demonstrated that three CCDD spe- 
cies originated from a single hybridization event, while the 
BBCC species had different origins with their maternal parents 
as either the B- or C- genome. However, the polyploid specia- 
tion involving different diploids has long been in debate and 
what roles these diploids might have played in the formation 
of polyploid species are largely unclear (Ge et al., 2001 ). 

Microsatellites or SSRs (simple sequence repeats) have 
been proven to be highly informative and distributed 
throughout genomes and, as co-dominant markers, provide 
powerful markers for studying genetic variation and phylo- 
genetic relationships among species (Peakall et al., 1998; 
Alvarez et al., 2001 ; Garris et al., 2005). Although 2740 SSR 
markers have been developed for the cultivated rice 
(McCouch et al., 2002) and widely used as tools in finger- 
printing and variety identification, genetic diversity and 
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genetic mapping (e.g., Wu et al., 1993; Yang et al., 1994; 
Panaud et al., 1996; Chen et al., 1997; McCouch et al., 
1997; Temnykh et al., 2000; Garris et al., 2005), limited stud- 
ies have been undertaken toward the wild species (Federici et 
al., 2002; Gao et al., 2002; Ren et al., 2003; Zhou et al., 
2003; Nishikawa et al., 2005). In the present study, we inves- 
tigated the genetic diversity and evolutionary relationships 
among species with the B-, C-, and BC-genomes in Oryza 
using SSR markers. Our objectives are: (1) to verify the utility 
of the microsatellite markers from cultivated rice in cross spe- 
cies (genome) amplification in the species with the B-, C-, 
and BC-genomes; (2) to detect the level of genetic diversity at 
both species and genome levels; (3) to reveal the evolutionary 
relationships among the species in this group. This informa- 
tion will facilitate the collection, conservation and effective 
use of the wild rice germplasm. 

MATERIALS AND METHODS 

Plant Materials 

One hundred and twenty-three individuals from 72 

Table 1. Plant materials used in the study. 

accessions representing six species with the B-, C-, and BC- 
genomes in the genus Oryza were sampled (Table1). For O. 
punctata that has both the diploid and polyploid forms, the 
diploid and tetraploid accessions were treated separately. 
Two to four individuals from each of 33 accessions were 
selected to assess variation within accessions. One individ- 
ual was randomly sampled from each of the remaining 
accessions. All accessions were kindly provided by the Inter- 
national Rice GenBank at the International Rice Research 
Institute (Philippines) (IRRI). Identity of most accessions used 
in this study has been confirmed by chromosome counting 
and PCR-RFLP method (Bao et al., 2005). Total genomic 
DNA was extracted from 2-week-old seedlings following the 
procedure described previously by Bao et al. (2005) and 
each seedling was treated individually. 

Primer Screening and Amplification of Microsatellites 

One hundred and eight SSR primer pairs which were 
developed in the cultivated rice were used for primer 
screening for their utility in O. officinalis complex, including 
72 RM and 36 OSR primers. The RM primers were 
designed using rice sequences from genomic libraries and 

Species (Genome) (Sample size) Origin Accession No. (No. of indMduals sampled) 

O. eichingeri (CC) 
6 (9)* 
O. officinalis (CC) 
29 (48) 

O. rhizomatis (CC) 
3 (5) 
O. punctata (BB) 
13 (29) 

O. malampuzhaensis (BBCC) 
8 (14) 
0 minuta (BBCC) 
3 (5) 
O. punc~ata (BBCC) 
10(13) 

Sri Lanka 105407 (1), 105413 (1), 105415 (4) 
Uganda 101422 (1), 105159 (1), 105162 (1) 
Bangladesh 102460 (3) 
Brunei 101152 (2), 105100 (1), 105103 (1) 
China 104972 (1), 105395 (2) 
India 100953 (3), 101412 (2) 
Indonesia 81796 (1), 104615 (1), 105680 (2) 
Malaysia 100180 (1), 105093 (1) 

Myanmar 80755 (2), 81943 (2), 105081 (2), 106368 (2), 106443 (1) 
Papua New Guinea 106519 (1), 106520 (1), 106522 (3), 106524 (2) 
Philippines 101115 (1), 105082 (1), 105085 (1), 105084 (3), 105120 (2) 
Thailand 105376 (1) 
Vietnam 105080 (2) 
Sri Lanka 103414 (1), 103421 (1), 105950 (3) 

Cameroon 105980 (3), 105984 (1) 
Chad 104067 (1), 105607 (1), 106292 (3) 

Kenya 101417 (3), 104974 (3), 105690 (3) 
Nigeria 104064 (3), 106304 (3) 
Tanzania 103896 (1), 103903 (2), 105180 (2) 

India 80764 (1), 80765 (1), 105223 (1), 105224 (1) 
80766 (3), 105322 (3), 80767 (2), 105328 (2) 

Philippines 101081 (1), 103874 (1), 101141 (3) 

Ghana 100937 (1), 101408 (3) 
Kenya 105158 (1) 
Nigeria 101389 (1), 104059 (1), 105154 (2) 
Zaire 105137 (1) 
Uganda 105160 (1), 105181 (1), 105182 (1) 

*Numbers out and in parentheses are the numbers of accessions and individuals sampled, respectively. Capital letters in parentheses indicate 
genome type. 
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GenBank (Panaud et al., 1996; Chen et al., 1997; Temnykh et 
al., 2000), while the OSR primers were derived from the 
DDBJ database (Akagi et al., 1996). PCR amplification was 
conducted in 10 mM Tris-HCI (pH 8.3), 2.0 mM MgCI2, 200 
I~M of each dNTP, 0.2 laM of each primer, 1 unit of Taq DNA 
polymerase (Takara, Japan) and 20 ng of template DNA per 
25-1~L reaction using a PTC-200 (PE) thermal cycler for 40 
cycles. After initial pre-amplification for 2 cycles of 1 min 
denaturation at 94~ 1 min annealing at 55~ and 1 min 
extension at 72~ followed by 38 cycles of 30 s at 94~ 30 s 
at 55~'C, 1 min at 72~ and 10 min at 72~ for final exten- 
sion. Amplified products were electrophoresed on 6% poly- 

acrylamide gels and the banding patterns were visualized using 
silver staining as described by Panaud et al. (1996). 

Statistical Analyses 
An amplification product was recorded as a genotype 

with two and four capital letters representing the genotype 
of diploids and tetraploids, respectively. Data were entered 
in the form of single-individual genotypes. Genetic polymor- 
phism for each population was assessed by calculating the 
mean number of alleles per locus (A), percentage of poly- 
morphic loci (P), mean expected heterozygosity under 
Hardy-Weinberg equilibrium (H~). The above analyses were 

Table 2. Genotype frequencies for each locus and genetic characteristics of the Oryza species with the B- and C-genomes based on seven 
microsatellite loci. 

0 eichingeri 0 officinalis O. rhizomatis O. malampuzhaensis O. minuta O. punctata O. punctata 
Locus (CC) (CC) (CC) (BBCC) (BBCC) (BBCC) (BB) 

6 (9)* 29 (48) 3 (5) 8 (14) 3 (5) 10 (13) 13 (29) 

OSR16 

a 0.667 0.271 

b 0.333 0.375 0.423 

c 0.354 0.600 

d 1.000 O.5OO 

e 0.500 0.400 0.577 0.931 

f 0.069 

OSR32 

a 0.135 0.533 0.400 0.635 0.897 

b 0.219 0.167 0.300 0.034 

c 0.069 

d 1.000 0.604 1.000 0.300 0.300 0.365 

e 0.042 

OSR34 

a 0.115 0.448 

b 0.271 O.O38 

c 0.115 0.167 0.019 

d 0.833 0.021 0.800 0.367 0.404 0.034 

e 0.167 0.594 0.200 0.300 0.017 

f 0.467 0.300 0.308 0.500 

g 0.200 

h 0.200 0.115 
RM10 

a 0.125 0.100 0.103 

b 0.594 0.1 O0 0.154 0.690 

c 0.333 0.188 0.733 0.600 0.538 0.207 

d 0.667 0.094 0.900 0.267 0.300 0.308 

RM215 

a 0.167 0.698 0.867 0.800 0.385 1.000 

b 0.333 0.500 0.192 

c 0.231 

d 0.500 0.302 0.500 0.133 0.200 0.192 

P 57.1% 71.4% 42.9% 71.4% 71.4% 71.4% 57.1% 

He 0.376 0.565 0.222 0.461 0.609 0.637 0.272 

A 1.71 2.71 1.43 2.00 2.00 2.71 2.14 

*Numbers out and in parentheses are the numbers of accessions and individuals sampled, respectively. Capital letters in parentheses indicate 
genome types. 
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calculated with the BIOSYS-1 software (Swofford and 
Selander, 1981). The genetic distance measures of Tomiuk 
and Loeschcke (1995) for codominant alleles was imple- 
mented with software PPOPDIST, Version. 1.1.0 (Guld- 

brandtsen et al., 2000). Relationships among accessions and 
species were then inferred using the UPGMA clustering 
method on the genetic distance with the PHYLIP3.6 soft- 
ware (Felsenstein, 2004). 

Figure 1. UPGMA dendrogram based on genetic distance showing the genetic relationships among the accessions of diploid Oryza species with 
the B- and C-genomes. 
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RESULTS 

Microsatellite Polymorphisms and Genetic Diversity 

After screening 108 primer pairs against 35 samples of 11 
accessions representing all the six species with the B-, C-, 
and BC-genomes, seven primer pairs that produced clear 
bands of the predicted sizes were chosen for further acces- 
sion screening. The seven loci were dispersed in rice chro- 
mosomes 3, 5, 6, 7, 9, and 12, respectively. ]-he number of 
alleles varied widely among the seven loci with a total of 30 
alleles identified (Table 2). The most variable locus was 
OSR34 that had 8 alleles, followed by OSR16 (6 alleles), 
OSR32 (5 alleles), RM215 (4 alleles), and RM10 (4 alleles). 
Two loci (OSR22 and RM238B) had only one allele across 
the 123 samples. 

Five alleles were found unique to species. Two alleles 
(OSR16-f and OSR32-c) were specific for diploid O. punc- 
tara, one (OSR32-e) for O. officinalis, one (OSR34-g) for O. 
minuta, and one (RM215-c) for tetraploid O. punctata (Table 
2). Two alleles (OSR34-g in O. minuta and RM215-c in tet- 
raploid O. punctata) were found exclusively in tetraploids 
(Table 2) and might result from the limited samples for the 
diploid ancestors. Additionally, four alleles were specific for 
genome, with OSR16-e and OSR34-f being unique to B- 
genome, while OSR32-d and RM215-d were unique to C- 
genome (Table 2). 

At species level, all the genetic parameters ranged greatly 
with O. rhizomatis being the lowest (P=42.9%, He=0.222, 
A=1.43) and the tetraploid O. punctata being the highest 
(P=71.4%, He=0.637, A-2.71). In general, a higher level 
of genetic diversity was revealed in tetraploid than in diploid 
species (P: 71.4% vs.42.9%-71.4%, He: 0.461-0.637 vs. 
0.222-0.565, A: 2.0-2.71 vs.1.43-2.71) (Table 2), suggesting 
the heterozygous nature of the allotetraploid species. Of 
four diploid species, the widespread O. officinalis exhibited 
the highest level of polymorphism (P=71.4%, He=0.565, 
A--2.71), while the other three species maintained compa- 
rable levels of diversity (Table 2). Among three tetraploid 
species, O. punctata (He=0.637, A-2.71) and O. minuta 
(He=0.609, A-2.0) had significantly higher diversity than 
O. malampuzhaensis (He--0.461, A-2.0) that  was confined 
to a small area of India. 

Relationships among Accessions and Species 

A cluster analysis with the UPGMA based on average 
genetic distance of diploid samples was constructed. All the 
diploid samples were clustered into two distinct groups cor- 
responding to their genome constitutions, i.e., the B- 
genome group (O. punctata) and the C-genome group (O. 
eichingeri, O. officinalis, and O. rhizomatis). All the acces- 
sions from the same species were grouped together and 
formed distinct clusters except for the accessions of O. rhi- 
zomatis, which were also grouped together but included 
within the cluster of O eichingeri. In this cluster, accessions of 
O. eichingeri from Sri Lanka were grouped with the acces- 
sions of O. rhizomatis, while those of from Uganda were 
grouped separately. Of three diploid species, O. eichingeri 
and O. rhizomatis seemed more closely related (Fig. 1). 

In order to detect the origin of the tetraploids and the 
relationships among all the diploid and tetraploid species, 

an UPGMA dendrogram consisting of all the 123 individuals 
from 72 accessions was generated. It was evident that the 
relative positions or relationships among accessions of the 
diploid species were the same as those in the diploid den- 
drogram where two main groups were present. It was note- 
worthy that two types of samples were found for each of the 
three tetraptoid species (O. malampuzhaensis, O. minuta, 
and O. punctata) with one type of samples forming a cluster 
with the B-genome group while the other type with the C- 
genome group. For example, two individuals (one acces- 
sion) from the tetraploid O. punctata clustered with the B- 
genome group while the other 11 individuals representing 
nine accessions from the same species were nested in the 
C-genome group. Similarly, 11 individuals (seven accessions) 
and three individuals (one accession) of O. malampuzhaen- 
sis formed clusters with the B- and C- genome accessions, 
respectively. Although only five individuals from three acces- 
sions were screened for O. minuta in this study, both the B 
and the C types of accessions were also detected (Fig. 2). 

Because there were three diploid species with the C- 
genome, Figure 2 provided additional insights into the origin 
of the tetraploid species. In the C-genome cluster, acces- 
sions of the tetraploid O. punctata clustered with the O. 
eichingeri accessions from Uganda, whereas accessions of O. 
malampuzhaensis clustered with the accessions of O. rhi- 
zomatis and O. eichingeri from Sri Lanka, suggesting that the 
two allotetraploid species originated independently with dif- 
ferent C-genome diploid species as one of their ancestors. It 
was also evident that the O. minuta accessions nested into 
the cluster of O. officinalis accessions, indicating O. officinalis 
might be the C-genome donor in the formation of O. 
minuta. In the B-genome cluster, two allotetraploid species 
clustered with the different accessions of the diploid O 
punctata, with all O. malampuzhaensis accessions clustering 
with three diploid O. punctata accessions but the tetraploid 
O. punctata accessions clustering with the other accessions 
of diploid O. punctata (Fig. 2). This suggested that O. 
malampuzhaensis and the tetraploid O. punctata might be 
formed independently with different populations as their B- 
genome donors. 

DISCUSSION 

Transferability of Microsatellite Markers in Wild Rice 

Because of their hypervariability, codominant trait, ease of 
assay by PCR, and distribution throughout the whole 
genome, microsatellite markers have become a powerful 
tool for addressing a variety of genetic and evolutionary 
questions, including the gene mapping, DNA fingerprint- 
ing, population genetics and evolutionary relationships of 
the cultivated rice and its wild relative (Yang et al., 1994; 
Chen et al., 1997; McCouch et al., 1997; Temnykh et al., 
2000; Ishii et al., 2001 ; Gao et al., 2002; Ren et al., 2003; 
Zhou et al., 2003; Garris et al., 2005). However, ascertain- 
ing microsatellite markers that are sufficiently polymorphic 
in a previously unexamined species presents a challenge 
because the development of novel microsatellite markers is 
a laborious and costly exercise, in particular if more than 
one species are the target of study. An alternative is cross- 
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Figure 2. UPGMA dendrogram based on genetic distance showing the genetic relationships among all ! 23 accessions of the Oryza species with 
the B- and C-genomes. *, Indicates the tetraploid O. punctata; **, The tetraploid O malampuzhaensis; ***, The tetraploid O. minuta. 

species amplification, i.e., microsatellite primers developed 
for one species can be used to detect polymorphism at 
homologous sites in related species (Peakall et aL, 1998; 
Rossetto, 2001). The availability of SSRs in certain groups of 

species has increased interests in primer transferability 
across closely related taxa. For example, Chambers et al. 
(2004) screened 47 human-derived markers to assess their 
utility in the white-handed gibbon. AIvarez et al. (2001) 
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tested 17 microsatellite loci from tomato on nine species of 
the genus Lycopersicon. Using soybean SSR flanking prim- 
ers, Peakall et al. (1998) have successfully amplified micro- 
satellite loci from several legume genera. 

tn rice, a total of 2740 confirmed microsatellite markers 
have been released (McCouch et al., 2002). However, few 
markers have been used for cross-amplification on wild rice. 
Ren et al. (2003) used 27 SSR primer pairs to estimate 
genetic relationships of the A-genome species. Using 21 and 
10 polymorphic rice microsatellite loci, respectively, Gao et 
al. (2002) and Zhou et al. (2003) investigated the genetic 
structure of the Chinese wild populations of Oryza ruff- 
pogon, the most closely related wild species to the culti- 
vated rice. However, fewer studies have been undertaken 
on more phylogenetically distinct species in Oryza. 

In the present study, a total of 108 primer pairs have been 
examined and clear amplification has been obtained from 7 
primer pairs on the B-, C- and BC-genome species. There- 
fore, the percentage of successful amplification (6.5%) is low 
when microsatellite primers developed for the Asian culti- 
vated rice used for species with the B-, C- and BC-genomes. 
In our previous study on O. rufipogon, an A-genome species 
closely related to O. sativa, Zhou et al. (2003) found that 10 
out of 134 primers produced clear bands. Recently, some 
authors (Bautista et al., 2006) screened 551 SSR primers 
derived from O. sativa on selected C-genome accessions 
and found 12 (2.2%) were useful for cross amplification. The 
low rate of successful cross-species amplification of micro- 
satellite in these studies might reflect the genetic affinity 
between the target species and the species from which SSRs 
were developed. Panaud et al. (1996) found that amplifica- 
tion in wild rice was reliable in species most closely related 
to cultivated rice but became less successful as the genetic 
distance increased. This decline of amplification success 
with increase of genetic distance was also observed in other 
groups. Kutil and Williams (2001) found 100% microsatellite 
transfer rates from Pinus taeda to Pinus palustris, a close rela- 
tive in the same subsection of Pinus, but only 47% successful 
rate to Pinus halepensis in a different subsection. In spite of 
low marker transferability among rice species with B-, C- 
and BC-genome in this study, cross-species amplification is 
an alternative and useful method for studies of population 
genetics and evolutionary relationships of wild rice species. 

Genetic Diversity 

Despite many SSR studies on the cultivated rice and its 
closely related wild species (McCouch et al., 1997; Ishii et 
al., 2000; Gao et al., 2002; Zhou et al., 2003; Garris et al., 
2005), relatively few studies have been undertaken on the 
population genetics of the B- and C-genome species using 
SSRs (Gao and Zhang, 2005). Of the four diploid species in 
this study, O. officinalis maintained the highest diversity 
(P-71.4%, A=2.71, He-0.565), folk)wed by O. eichingeri 
(P=57.1%, A=1.71, He=0.376), O. punctata (P=57.1%, 
A=2.14, He=0.272) and O. rhizomatis (P=42.9%, A=1.43, 
He=0.222) (Table 2). However, this level of diversity is rela- 
tively lower than that found in other wild rice species. For 
example, Zhou et al. (2003) revealed much higher level of 
genetic diversity in the Chinese populations of the A- 
genome O. rufipogon using 10 SSR primers (P-100%, 

A=10.6, He=0.787). Recently, Gao and Zhang (2005) 
applied six and seven SSR loci to investigate the genetic 
structure of six populations throughout the range of the Chi- 
nese O. rufipogon and O. officinalis, respectively. They 
found that O. rufipogon possessed higher levels of genetic 
diversity (P=100%, He=0.580) than O. officinalis (P=57.1%, 
He=0.283). Similar results have also been obtained by our 
previous allozyme studies although lower level of potymor- 
phism associated with allozyme was expected. Gao et al. 
(2000, 2001) analyzed the genetic diversity and population 
genetic structure of the Chinese populations of the A- 
genome O. rufipogon and the C-genome O. officinalis using 
allozyme technique, and found that O. rufipogon main- 
tained much higher diversity (P=22.7%, A=1.33, He= 
0.068) than O. officinalis (P=I 2.5%, A=1.13, He=0.029) at 
population level. 

Significantly higher diversity of the tetraploid species 
(P-71.4%, A=2.0-2.71, He=0.461-0.637) is expected 
because all of them are allotetraploids and maintain genetic 
diversity from both parental lineages (Nayar, 1973; Ge et al., 
1999). It is noteworthy that the genetic diversity of O. offici- 
nails is about twice times higher than that of the other dip- 
Ioids and is comparable to those of the tetraploids (Table 2). 
The higher genetic diversity within O. officinalis may derive 
from its wider geographical distribution given the fact that 
O. rhizomatis is endemic to Sri Lanka and O eichingeri is 
disjunctly distributed in small areas in Sri Lanka and Africa. 
However, many other life history characters, such as mating 
system, population size and gene flow may contribute to the 
difference in the levels of genetic diversity for the B- and C- 
genome species. Further population genetic study with 
more extensive sampling is needed to clarify the population 
pattern and dynamics of these species. 

Relationships among Species and Speciation of the 
AIIotetraploids 

The genetic relationship of the diploid species revealed by 
SSR loci is consistent with the species genomic constitutions, 
with three C-genome species forming one cluster distinct to 
the cluster of the B-genome species (Fig. 1). All the acces- 
sions from the same species were generally formed a cluster 
except for O. eichingeri. In O. eichingeri, the accessions 
from Sri Lanka were not clustered with their African coun- 
terparts but instead formed a cluster with the accessions of 
O. rhizomatis, which was indigenous to Sri Lanka. In their 
phenogram developed based on sequences of a gypsy-like 
retrotransposon, Shcherban et al. (2001) found that O. eich- 
ingeri from two continents fell into different clusters, and 
suggested that O. eichingeri was more closely related to the 
ancestral species of the complex. RFLP analysis (Federici et 
al., 2002) and mukigene phylogenetic study (Bao and Ge, 
2003) also detected high degree of differentiation between 
the two geographical races. In fact, the taxonomic status of 
O. eichingeri confined to Sri Lanka has been a subject of 
controversy (Bor, 1960; Tateoka, 1962; Nayar, 1973; Vaughan, 
1990). This species was originally described as O. sativa var. 
collina by Trimen (1889), subsequently was included in O. 
officinalis (Roschevicz, 1931), and Bor (1960) and Tateoka 
(1962) included it under the African species O. eichingeri. 
However, Sharma and Shastry (1965) proposed a specific 



346 Bao et al. J. Plant Biol. Vol. 49, No. 5, 2006 

status for this race (O. collina). Our present result indicates 
that gene flow may exist between O. eichingeri and O. rhi- 
zomaits in Sri Lanka to some extent. The result consists with 
the study by Bautista et al. (2006). Using RAPD and SSR 
markers, Bautista et al. (2006) studied the genetic diversity 
of A- and C-genome species in southern South Asia and 
found that one O. rhizomatis accession clustered with the O. 
eichingeri accessions. Nevertheless, further investigations 
using multiple approaches are needed to clarify the genetic 
relationships between the two species and verify the taxo- 
nomic status of the two races of O. eichingeri. 

As a codominant marker, microsatellites provide some 
lights on the origin of polyploid species. Bernardo et al. 
(2000) analyzed the parental contribution and coefficient of 
coancestry among maize inbreds by comparing RFLP and 
SSR data and confirmed that SSR markers were superior to 
RFLP markers for estimating genetic relationships. Moretz- 
sohn et al. (2004) reported that SSR data was useful for 
identity of the ancestor progenitor species of cultivated pea- 
nut, an allotetraploid species. In the genus Oryza, the origin 
of the allotetraploids with BC-genome has long been in 
debate (Wang et al., 1992; Aggarwal et al., 1999; Ge et al., 
1999), because the modern distribution patterns of the tet- 
raploids have not always consisted with the distributions of 
their parental diploids. By generating and comparing two 
nuclear gene (Adhl and Adh2) trees and a chloroplast gene 
(marK) tree of all Oryza species, Ge et al. (1999) revealed 
that the BBCC species had different origins, with their 
maternal parents being either a B- or C-genome. Wang et 
al. (1992) indicated that the B-genome donor of three 
BBCC species was the diploid O. punctata, but their closest 
C-genome diploid accessions were found in different loca- 
tions and close to the locations of the corresponding BBCC 
species, suggesting that there was a possibility of indepen- 
dent origins of the C-genome of BBCC species. In the 
present study, the closely affinities among diploid O. punc- 
tara and three BC-genome tetraploid (Fig. 2) also suggests 
that the diploid O. punctata is the B-genome donors of all 
BC-genome species. Importantly, three BC-genome species 
clustered with different accessions of the diploid O. punc- 
tara, implying that three tetraploids might originate indepen- 
dently. For example, O. malampuzhaensis clustered with 
accessions pu103896, pu10141 7 and pu105180 of the dip- 
loid O. punctata, whereas the tetraploid O. punctata clus- 
tered with other accessions of this diploid species (Fig. 2). 

The genetic relationship between the C-genome diploids 
and the BC-genome species (clade C in Fig. 2) further sug- 
gests the independent origins of the BC-genome species. It 
is evident that the putative C-genome donors of O. minuta 
and the tetraptoid O. punctata were O. officinalis and the 
African O. eichingeri, respectively, while the C-genome 
ancestor of O. malampuzhaensis was either O. rhizomatis or 
the Sri Lanka O. eichingeri (Fig. 2). Therefore, it is reason- 
able to assume that the tetraploid species with the BC- 
genome have originated independently, at least three times 
in history. The multiple and independent polyploidization 
events in the genus Oryza supports the previous argument 
that the present estimates of frequency of multiple origins 
were low and that multiple origins of polyploid might be a 
rule rather than an exception (Soltis and Soltis, 1993). 
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