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Abstract. The CD genome species in the genus
Oryza are endemic to Latin America, including
0. alta, O. grandiglumis and O. latifolia. Origins and
phylogenetic relationship of these species have long
been in dispute and are still ambiguous due to their
homogeneous genome type, similar morphological
characteristics and overlapping distribution. In the
present study, we sequenced two chloroplast frag-
ments (matK and trnL-trnF) and portions of three
nuclear genes (Adhl, Adh2 and GPA1) from sixteen
accessions representing seven species with the C,
CD, and E genomes, as well as one G genome
species as the outgroup. Phylogenetic analyses using
parsimony and distance methods strongly sup-
ported that the CD genome originated from a single
hybridization event, and that the C genome species
(0. officinalis or O. rhizomatis instead of O. eichin-
geri) served as the maternal parent while the E
genome species (0. australiensis) was the paternal
donor during the formation of CD genome. In
addition, the consistent phylogenetic relationships
among the CCDD species indicated that significant
divergence existed between O. latifolia and the other
two (0. alta and O. grandiglumis), which corrobo-
rated the suggestion of treating the latter two as a
single species or as taxa within species.

Key words: Origin, phylogeny, Oryza, CD genome,
matK, trnL-trnF, Adh, GPA1.

Polyploidy is an important mechanism of
speciation in flowering plants, and approxi-
mately 70% of plant species have experienced
one or more episodes of polyploidization in
history (Stebbins 1950, Wendel 2000). Because
of the potential to adapt to a wider range of
habitats and survive better in unstable climates
than their diploid progenitors, polyploid evo-
lution has been a subject of intensive study for
more than half a century (Wendel 2000). Most
crop plants are of polyploid origins and the
best studied polyploids include many of the
world’s leading crops such as cotton, wheat,
soybean, peanut, banana, etc. (for reviews, see
Gaut et al. 2000, Wendel 2000). The genus
Oryza L., to which cultivated rice belongs,
comprises approximately 24 species distributed
throughout the world (Vaughan 1989, 1994).
In this genus, more than one-third of the
species are allotetraploids with different gen-
ome combinations, including the BC, CD, HJ
and HK constitutions (Vaughan 1994, Ge
et al. 2001b). Previous phylogenetic studies
based on molecular data suggested that
allotetraploids with different genome constitu-
tions originated at different times and different
places in history (Dally and Second 1990;
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Wang et al. 1992; Ge et al. 1999, 2001b). For
example, the BC genome species exhibit sev-
eral independent origins, with their maternal
parents being either the B or the C genome,
while the CD genome species most likely
originated from a single hybridization event
(Ge et al. 1999).

Among the allotetraploids in the genus
Oryza, the CD genome species (2n=4x =48)
are endemic to Latin America, consisting of
three species, Oryza alta Swallen, O. latifolia
Desv. and O. grandiglumis (Doell) Prod. Oryza
latifolia 1s widely distributed, occurring in
Central and South America as well as the
Caribbean islands, while O. alta and O. gran-
diglumis are found only in South America,
primarily in the Amazon basin (Vaughan,
1989, 1994). Due to their homogeneous
genome type, similar morphological character-
istics, as well as overlapping distribution, the
delimitation and phylogenetic relationships of
the three species have long been controversial
(Tateoka 1962, Nayar 1973, Jena and Kochert
1991, Aggarwal et al. 1996, Fukui et al. 1997,
Buso et al. 2001). In addition, because diploid
species with the C and D genomes have not
been reported on the American continent, the
debates over possible origins of these Ameri-
can tetraploids with the CD genome have been
continued for decades (Nayar 1973, Wang
et al. 1992, Fukui et al. 1997, Li et al. 2001,
Federici et al. 2002). This issue is particularly
challenging given the fact that no diploid with
the D genome has been identified, despite
worldwide efforts (Vaughan 1989, Fukui et al.
1997).

Recently, low-copy nuclear genes in com-
bination with PCR-cloning have proven very
effective for addressing allopolyploidization at
the species level, because the homoeologous
DNA regions or loci in allopolyploids can be
casily identified and characterized, and their
sequences may then be included in the phylo-
genetic analysis (Sang and Zhang 1999, Doyle
et al. 2000, Baumel et al. 2002). In particular,
combined analyses of biparentally inherited
nuclear genes and maternally inherited regions
such as chloroplast fragment in most flowering

plants enable us to unravel polyploid speci-
ation and to identify maternal parents (Small
et al. 1998, Ge et al. 1999, Popp and Oxelman
2001). The alcohol dehydrogenase (Adh) gene
is the most widely used low-copy nuclear
gene, whereas chloroplast genes such as matK
gene, trnL intron and truL-trnF spacer are
widely used in phylogenetic studies (Soltis and
Soltis 1998, Sang 2002). GPAl encodes a G
protein o subunit, and functions in various
systems of signal transduction in diverse
tissues or cells in flowering plants (Ma 1994,
Fujisawa et al. 1999). Because of its features
such as single copy in higher plants, and its
well-characterized gene structure and chromo-
some location (Fujisawa et al. 1999), GPAl is a
potentially useful system for phylogenetic
reconstruction. In the present study, we uti-
lized two chloroplast fragments (matK and
trnL-trnF) and three nuclear gene fragments
(Adhl, Adh2 and GPAl) to infer the phyloge-
netic relationships among the three allotetra-
ploids. The specific goal of the study is to
reveal the origin and the parental lineages of
the CD genome species. Such information may
contribute to a better delimitation of species
and understanding of speciation and evolution
in the genus Oryza.

Materials and methods

Plant materials. Sixteen accessions representing
seven species with the C, CD and E genomes were
sampled, including four accessions for O. eichingeri
A. Peter (CC), one accession for O. australiensis
Domin. (EE) and two accessions for each of two
CC species (0. officinalis Wall ex Watt and
O. rhizomatis Vaughan) and three CCDD species
(Table 1). In addition, one accession of O. granu-
lata Nees et Arn. ex Watt. (GG) was used as an
outgroup because evidence showed that this species
is the earliest diverging lineage in the genus Oryza
(Wang et al. 1992, Ge et al. 1999). Seeds of these
accessions were kindly provided by the Interna-
tional Rice Genebank at the International Rice
Research Institute (Manila, Philippines). All seeds
were firstly treated at 50 °C for five days to break
dormancy. The dehulled seeds were suspended with
a fungicidal liquid, washed thoroughly, and
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immersed in warm water (30-35 °C) before germi-
nation. Two week-old seedlings were transplanted
into pots in the greenhouse. Total DNA was
isolated from fresh leaves of individual plants by
the CTAB method (Doyle and Doyle 1987).

PCR amplification, cloning and sequencing. To
amplify the chloroplast matK and trnL intron and
trnL-trnF spacer, and nuclear Adhl, Adh2 and
GPA1, polymerase chain reactions (PCR) were
performed in a 25-ul reaction with 10-20 ng
template DNA, 10 mM Tris-HCI (pHS8.3), 2.0
mM MgCl,, 200 uM each dNTP, 5 pM each
primer, and 0.75 units of Taq polymerase (Takaya).
All amplifications were performed in a PTC-200
(PE) thermocycler.

Primers for amplifying matK and #rnL intron
and trnL-trnF spacer followed those in Ge et al.
(1999) and Taberlet et al. (1991), respectively.
Amplification program includes 30 cycles of 1
min denaturation at 94 °C, 1 min annealing at
55 °C, and 1.5 min extension at 72 °C. Two Adh
genes were amplified with primers AdhF1 and
AdhlbR for Adhl, and AdhF1 and Adh2RR for
Adh2, respectively (Ge et al. 1999). Amplification
was accomplished using a program of 30 cycles of
denaturation at 94 °C for 1 min, annealing at 55 °C
for 1 min, and extension at 72 °C for 1.5 min,
followed by a final 10-min extension at 72 °C.
Nuclear gene GPAl was amplified with primers
GAPIFF and GAPI-14R. These two primers,
which are located on exon 9 and exon 14 of the
gene, respectively, were designed based on se-
quences that are conserved across three divergent
genera of the grass family, Oryza (GenBank
accession number 1.35844), Hordeum (AF267485)
and Zea (AF055471). The PCR procedure includes
30 cycles of 1 min denaturation at 94 °C, 1 min
annealing at 52 °C, and 1.5 min extension at 72 °C
and a final 10-min extension at 72 °C . Two
internal sequencing primers were also used for the
matK and Adh fragments. All of the primers used
for amplification and sequencing in this study are
listed in Table 2.

All PCR products were electrophoresed on
1.5% agarose gels. The amplified DNA fragments
corresponding to the expected size were cut from
the gel and purified with DNA Purification Kit
(Pharmacia) according to the manufacturer’s man-
ual. Purified products of chloroplast marK and
trnL-trnF were sequenced directly. Nuclear Adh of
diploid species was sequenced directly, while cor-

responding fragments of tetraploid species were
inserted into pGEM-T-easy vectors (Promega) for
cloning. Ge et al. (2001a) developed a rapid and
reliable method to identify all of the 10 genomes in
Oryza. Based on this method, two homeologous
loci contributed by diploid parents could be
distinguished efficiently from allotetraploid species
by restriction enzyme EcoRI and Af/II, and then
were sequenced separately.

Data analysis. Sequences were aligned with
CLUSTAL W (Thompson et al. 1994) and refined
manually. Phylogenetic analyses were conducted
using the parsimony and distance methods as
implemented in PAUP* version 4.0 (Swofford
1998). Maximum parsimony (MP) analyses were
performed by heuristic search with MULPARS,
tree bisection-reconnection (TBR) branch swap-
ping, and RANDOM stepwise addition with 1000
replicates. The sequence data were also analyzed
with a neighbor-joining (NJ) method using the
Jukes-Cantor and Kimura two parameter distance
estimates (Kimura 1980, Saitou and Nei 1987).
Topological robustness was assessed by bootstrap
analysis with 1000 replicates using simple taxon
addition (Felsenstein 1985). Topological congru-
ence of two cpDNA (matK gene and trnL intron
and trnF-trnL spacer) trees, two Adh (Adhl and
Adh2) trees, and Adh and GPA1 trees was accessed
with partition-homogeneity test as implemented in
PAUP (Johnson and Soltis 1998). Phylogenetic
analyses combining two chloroplast regions and
combining three nuclear genes were then per-
formed, when no significant incongruence was
found between them.

Results

Sequence characteristics. Approximately 4.2
kilobase pairs (kp) of nuclear DNA fragments
from three different regions, and 2.4 kb of
cpDNA from two regions were sequenced for
at least one accession from eight species
including three CC species, one EE species
and three CCDD species, as well as one GG
species as the outgroup. Each of the sam-
pled sequences is characterized in Table 3.
Phylogenetically informative characters were
observed in all of the regions with the percent-
age varying from 0.4 % (matK) to 9.5 %
(Adh1).
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Table 2. Primers used for PCR and sequencing

59

Primer Sequence Reference
matK Ge et al. 1999
matKF1 5-TAATTAAGAGGATTCACCAG-3’
matKF2 S-ATTGCCTTTCCTTGATATCG-3’
matKR2 5-ACTACTCGAATTGGAATAG-3
maKR1 5-ATGCAACACCCTGTTCTGAC-3
trnL-trnF Taberlet et al. 1991
c SY-CGAAATCGGTAGACGCTACG-3
f 5-ATTTGAACTGGTGACACGAG-3
Adhl Ge et al. 1999
AdhF1 5-CACACCGACGTCTACTTCTG-3
AdhF2 5S-AGAGTGTTGGAGAGGGTGTGAC-¥
AdhlR2 5-ACTCACAGCAAGGCCTACAGC-3
Adh1bR 5-TCAGCAAGTACCTAAATTATC-3’
Adh2 Ge et al. 1999
AdhF1 5-CACACCGACGTCTACTTCTG-3’
AdhF2 5-AGAGTGTTGGAGAGGGTGTGAC-3’
Adh2R2 5-ACAGCAAGGCCAACAGCTCC-3
Adh2RR 5’-CCACCGTTGGTCATCTCAAT-3
GPAl This paper
GPAIFF 5-GCAAGAGTACGGACAAATGGTG-3
GPA114R 5-GCTTGCTGCTCTGGAAGTAG-%

Two distinct types of sequences were iden-
tified at each of two Adh and one GPAIl genes
for all of CCDD species. One type is similar to
the sequences of C genome diploids, and the
other is similar to that of the E genome diploid.
Adh genes sequenced include five introns and
five exons. The aligned sequences of Adhl were
1867 bp long, of which 195 nucleotide sites

were variable and 178 were phylogenetically
informative. The Adh2 data set contained 1666
nucleotide sites, of which 160 nucleotide sites
were variable and 144 were phylogenetically
informative. Approximately twice as much
polymorphism was found in introns as in
exons (data not shown). The percent of GC
content is higher in exons (50-61.5%) than in

Table 3. Characteristics of chloroplast and nuclear DNA fragments sequenced

Sequence Aligned Variable Parsimony % % mean
length sites informative informative GC contents
sites sites
CpDNA
matK 1552 21 6 0.4 33.5
trnL-trnF 892 37 7 0.8 34.4
Nuclear DNA
Adhl 1867 195 178 9.5 41.3
Adh2 1666 160 144 8.6 43.9
GPAl 826 68 42 5.1 38.5
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introns (28.2-49.5%) for both Adh genes.
GPAl genes sequenced include five introns
and four exons. The aligned sequences of
GPA1 were 826 bp long, of which 68 nucleotide
sites were variable and 42 (5.1%) were phylo-
genetically informative (Table 3).

As expected (Table 3), cpDNA 1is less
variable than nuclear low-copy genes. Of three
single copy nuclear genes, two Adh genes
provided significantly higher parsimony infor-
mation than GPA1.

Phylogenetic analysis of the chloroplast
matK and trnL intron and trnL-trnF spacer. A
single most parsimonious tree was obtained for
both matK (CI=0.98, RI=0.89) and trnl-
trnF sequences  (CI=0.96, RI=0.90)
(Fig. 1A). Three CC species formed a mono-
phyletic group sister to the clade consisting of
three CCDD species. The EE species was at the
basal position on both trees. By partition-
homogeneity test, two data sets of matK and

A O. officinalisis (CC)
matK

O. rhizomatis (CC)

O. eichingeri (CC)

trnT-trnF - were  statistically  congruent
(p=1.00). Therefore, phylogenetic analysis
based on the combined data set was con-
ducted, which generated one most par-
simonious tree with CI of 0.97 and RI of
0.90 (Fig. 1B). In the combined tree, the E
genome species (O. australiensis) was at the
basal position and the remaining species
formed a highly supported clade (96% boot-
strap). Within the clade, three CC and three
CCDD species formed two monophyletic
groups with the bootstrap values of 70% and
97%, respectively. For three CCDD species,
0. alta and O. grandiglumis were more closely
related.

Phylogenetic analysis of the Adh genes. Two
most parsimonious trees for Adhl and one
most parsimonious tree for Adh2 were ob-
tained in the study. Strict consensus trees of
Adhl (CI=0.91 and RI=0.95) and Adh2
(CI=092 and RI=0.95) were shown in

O. officinalis (CC)

trnL-trnF

O. rhizomatis (CC)

84

0. grandiglumis (CCDD) —

92

63 0. alta (CCDD)

7— O. eichingeri (CC)

5= O. alta (CCDD)

0. grandiglumis (CCDD)

0. latifolia (CCDD)

O. australiensis (EE)

0. granulata (GG)

97 0

= 0. latifolia (CCDD)

37

T O. australiensis (EE)

O. granulata (GG)

Fig. 1. Phylogenetic trees inferred from cpDNA data sets. A Left, the single most parsimonious tree based on
matK gene sequences (Tree length =45, CI =0.98, RI=0.89); Right, the single most parsimonious tree based on
trnl intron and #rnlL-trnF spacer sequences (Tree length=28, CI=0.96, RI=0.90). B The single most
parsimonious tree based on the combined marK and frnl-trnF data sets. Numbers above branches indicate
bootstrap values above 50 % and those below branches indicate nucleotide substitution. Boldface indicates

allotetraploid species
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Fig. 2A. Almost identical topologies with two
monophyletic clades were demonstrated on
two Adh trees. One clade included three CC
species and the C-like copies of three CCDD
species with high bootstrap supports (100%
for both Adh genes), while the other clade
comprised the EE species and the D-like copies
of the CCDD species with 99% (Adhl) and
100% (Adh2) bootstrap supports, respectively.
Partition-homogeneity test indicated that two
data sets were not incongruent (p=1.00), and
then they were combined for further phyloge-
netic analysis. One most parsimonious tree
(CI=0.91 and RI=0.95) was obtained based
on the combined data sets. Similarly, the
combined tree was split into two main clades
with 100 % bootstrap values (Fig. 2B). In the
first clade, diploid O. officinalis and O. rhizo-
matis were clustered together (92% bootstrap),

O. officinalis 99
0. officinalis-1 88
O. rhizomatis-1

Adhl 57

O. rhizomatis

0. alta-1

0. gr(:nad;tgalumis:'L 2l
0. latifoli
0. zzttg;;l -
O. eichi i-s1 100
L 0 ctmgerrs — |
O. eichingeri-ul 100
|

0. altal

100

O. australiensis

O. granulata

and then formed a clade with the C-like copies
of three CCDD species (91% bootstrap). Four
accessions of O. eichingeri formed a moder-
ately-supported group (63%). In the second
clade, the D-like copies of three CCDD species
formed a highly supported monophyletic clade
with the EE species O. australiensis (100%
bootstrap). It is interesting to note that in
contrast to the CC species where accessions
from same species were clustered together,
either C or D-like copies from O. alta and O.
grandiglumis were mixed together (Fig. 2B).
Trees generated by Neighbor—joining (NJ)
method had topologies identical to the most
parsimonious trees based on either separate or
combined data sets (not shown).

Phylogenetic analysis of nuclear GPAI gene
and combined nuclear Adh and GPAI genes.
Strict consensus tree of two most parsimonious

B &E O. officinalis
92 n 5 O. officinalis-1
4 98 = O. rhizomatis
Adk2 o1 ? 5 O. rhizomatis-1
4 83 ¢ O.alta
2 98 15— O. alta-1
57 TEZ O. grandiglumis
11(3]3 ’ LE 0. latifolia
100 } = O. latifolia-1
100 3 O. eichingeri-s1
63 T-C3 O. eichingeri-s

100 75— O eichingeri-u
11

;

3— O. eichingeri-ul

7— 0. alta-1

>|$

% 63 100 ' N
100 O. grandiglumis 99 - m O. grandiglumis
b67
100 0. alta 94 100 ——— 0O.dlta
42
99 100 0. latifolia-1 73 100 100 100 5 O. latifolia
0. latifolia % L 0. tatifotia-1

79

O. australiensis

0

5

O. granulata

Fig. 2. Phylogenetic trees inferred from two Adh data sets. A Left, the strict consensus of two most
parsimonious trees based on Adhl sequences (Tree length=465 CI=0.91, RI=0.95). Right, the single
most parsimonious tree based on Adh2 sequences (Tree length=406, CI1=0.92, RI=0.95). B The single most
parsimonious tree based on the combined Adhl and Adh2 data sets (tree length =870, CI=0.91, RI=0.95).
Numbers above branches indicate bootstrap values above 50 % and those below branches indicate nucleotide
substitution. Dashed lines indicate the branch with bootstrap lower than 50%. Boldface indicates allotetraploid

species
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trees for GPAI gene (CI=0.92 and RI=0.93)
was shown in Fig. 3. Three CC species and the
C-like copies of three CCDD species formed a
monophyletic group with 100% bootstrap
support, although the relationships of three
CC species were not determined because of low
resolution. The other clade consisted of the EE
species and the D-like copies of the CCDD
species with 99% bootstrap support. Partition-
homogeneity test indicated that two Adh data
sets and one GPAI data set were not incon-
gruent (p=0.68) and then were combined for
further phylogenetic analysis. One most parsi-
monious tree (CI=0.93 and RI1=0.94) was
obtained based on the combined data sets
of three nuclear genes, showing the same
topological structure as the combined Adh
tree (Fig. 4A). Two monophyletic clades were
supported by 100% bootstrap with CC species

O. officinalis

O. rhizomatis

O. eichingeri-s
100

O. eichingeri-u

0. alta
62

97 O. grandiglumis

O. latifolia

0. alta

92

0. grandiglumis

99

O. latifolia

O. australiensis

0. granulata (GG)

Fig. 3. Strict consensus of two most parsimonious
trees inferred from GPAl sequences (Tree
length=124, CI1=0.92, RI=0.92). Numbers above
branches indicate bootstrap values above 50%, and
boldface indicates allotetraploid species

and the C-like copies of CCDD species as one
clade, and the EE species and the D-like copies
of CCDD species as the other clade. In
addition, the C-like copies of the CCDD
species clustered first with O. officinalis-O.
rhizomatis clade and then with O. eichingeri
in the C genome clade. As for the CCDD
species, O. alta and O. grandiglumis were
closely related to each other on either C
genome clade (95% bootstrap) or D (E)
genome clade (100% bootstrap). Trees gener-
ated by Neighbor—joining (NJ) method had
topologies identical to the most parsimonious
trees (not shown). NJ tree based on the
combined data set of three genes also resulted
in two highly supported monophyletic clades
corresponding to the C and D (E) genome
clusters, respectively (Fig. 4B).

Discussion

Traditional genome analysis through assess-
ment of chromosome pairing in an interspecific
hybrid has contributed greatly to plant taxo-
nomy and classification, particularly for eco-
nomically important groups such as Triticum,
Hordeum, Oryza, Avena, Brassica, and Gossy-
pium. By studying the meiotic pairing of
hybrids between Oryza species, Morinaga
(1939, 1943) identified five different genomes
with the A, B, C, D, and E genomes in diploids
and BC and CD genomes in tetraploids.
Although many previous studies indicated that
the CD genomes originated from a single
hybridization event (Jena and Kochert 1991,
Wang et al. 1992, Aggarwal et al. 1996, Ge
et al. 1999, Buso et al. 2001), the diploid
donors of CD genome species have remained
unclear. Besides supporting the single origin of
the CD genome species, the present study was
in good agreement with the previous recogni-
tion that the C genome served as the maternal
parent of these tetraploids (Ge et al. 1999,
Buso et al. 2001). Wang et al. (1992) found
that O. eichingeri of Africa is the closest living
relatives of the CD genome tetraploids. Our
data, however, indicated that O. officinalis and
O. rhizomatis other than O. eichingeri were
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A —7— O. officinalis (CC)

— O. rhizomatis (CC)

4 0 75— O. alta (CCDD)
5
3
100 — 0. grandiglumis (CCDD)
100 10
144 '———— O. latifolia (CCDD)

T O. eichingeri-s (CC)

— O. eichingeri-u (CC)

—— 0. alta (CCDD)
100

322 100
40

1 ;)50 ——7— 0. latifolia (CCDD)

— O. grandiglumis (CCDD)

57 O. australiensis (EE)

0. granulata (GG)

— O. officinalis (CC)
B 95

— O. rhizomatis (CC)

62

96| [ ©- alta (CCDD)

10§ |L 0. grandigiumis (CCDD'
100

0. latifolia (CCDD)

— O. eichingeri-s (CC)

75
— O. eichingeri-u (CC)

O. alta (CCDD)
100

100 O. grandiglumis (CCDD)

100 0. latifolia (CCDD)

O. australiensis (EE)

O. granulata (GG)
— 0.005 changes

Fig. 4. Phylogenetic trees inferred from the combined Adhl, Adh2 and GPAIl data sets. A The single most
parsimonious tree (Tree length =916, C1=0.93, R1=0.94). B Neighbor joining tree. Numbers above branches
indicate bootstrap values above 50 % and those below branches indicate nucleotide substitutions; Boldface

indicates the allotetraploid species

more closely related to the CD genome species
(Fig. 2 and Fig. 4).

The other donor of the CD genome is the
most controversial issue and have long been
the subject of dispute because no diploid
species carrying the D genome has been
identified thus far (Jena and Kochert 1991,
Fukui et al. 1997, Li et al. 2001). To date,
several hypotheses have been proposed. The
most common explanation is that the D
genome is extinct and remains only in the
CCDD species (Jena and Kochert 1991). An
alternative explanation for the origin of D
genome, as proposed by Gopalakrishnan and
Sampath (1967), is that the genomes C and D
are closely related and the D may be merely a
variant of the C genome (Nayar 1973). Using
genomic in situ hybridization (GISH), Fukui et
al. (1997) found that the overall nucleotide
sequence homology between the B and C
genomes was less than that between the C

and D genomes, thus supporting a C-genome
origin of the D genome. Based on nuclear
RFLP data, Wang et al. (1992) found that the
CD genome species had smaller genetic dis-
tances with C and E genome species than with
other diploid species, and suggested that the E
genome was related to the D genome and
might have played a role in the formation of
CCDD species. Ge et al. (1999) investigated
the phylogenetic relationship among 23 Oryza
species using sequence data from two nuclear
Adh genes and a chloroplast matK gene. Their
Adh gene trees presented clearly that two
distinct types of copies were found for each
of three CD genome species and one of the
copies formed a monophyletic group with the
EE species with 100% bootstrap support (Ge
et al. 1999). Our present study, based on three
nuclear gene sequences with more accessions
representing the C, CD and E genome species,
strongly supported the close affinity between
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the D and E genomes, with the E genome as
the paternal donor during the formation of
CCDD species (Figs. 1-4). Therefore, the
hypothesis that the D genome is merely a
variant of the C genome is less likely according
to the evidence available.

Recently, Li et al. (2001) conducted a
GISH study on O. officinalis complex and
suggested that the E genome might not be the
direct donor of the CD genome because the E
genome was closer to the C than to the D
genome. It should be noted, however, that the
above results of both Fukui et al. (1997) and Li
et al. (2001) were exclusively based on total
genomic in situ hybridization (GISH), which
presents technical limitations when used for
phylogenetic study on allopolyploids. This is
because GISH, with total genomic DNA as a
probe, provides information about similarities
between repetitive DNA from related species
(Belyayev et al. 2000). As evidenced by Bely-
ayev et al. (2000) in allotetraploid Triticum
dicoccoides (AABB), the ancestral B-genome
sequences have spread throughout the AB
tetraploid genome to a greater extent than
the ancestral A-genome sequences, because of
interlocus concerted evolution and (or) colo-
nization. Consequently, GISH experiments
evidently reflect general tendencies of intrapo-
lyploid repetitive sequence interaction (Bely-
ayev et al. 2000), and may be less useful for
phylogenetic reconstruction in this particular
case.

Whether the three CCDD species should be
treated as separate entities or just a single
species has been disputed for decades (Nayar
1973, Jena and Kochert 1991, Aggarwal et al.
1996, Buso et al. 2001). In his comprehensive
review on Oryza species, Roschevicz (1931)
treated these American tetraploids as two
separate species (0. grandiglumis and O. lati-
folia). The third species O. alta, which had
been known as O. latifolia var. grandispiculis
(Chevalier 1932), was described by Swallen
(1936) (see the review by Nayar 1973). These
treatments have been kept by many later
workers (Chatterjee 1948; Tateoka 1962;
Vaughan 1989, 1994, Lu 1999). However,

accumulating morphological, cytogenetic and
distribution data suggested that the three
species are better considered as conspecific
(Nayar 1973). Tateoka (1962) pointed out that
spikelet length could separate O. latifolia
from the other two tetraploids (O. alta and
O. grandiglumis), but the variation on sterile
lemmas between O. grandiglumis and O. alta
was not stable. Much closer relationships
between O. alta and O. grandiglumis have been
demonstrated from previous molecular data
(Wang et al. 1992; Aggarwal et al. 1996, 1999;
Ge et al. 1999; Federici et al. 2002). Based on
total genomic hybridization, for example, Ag-
garwal et al. (1996) showed that O. latifolia
was the most divergent among three CCDD
species, and O. alta and O. grandiglumis were
more similar to each other. Federici et al.
(2002) conducted a RFLP analysis on the
Oryza officinalis complex and found that
O. alta and O. grandiglumis had almost iden-
tical hybridization patterns and were clearly
separated from O. latifolia. In this study, we
found that O. alta and O. grandiglumis were
always mixed together on both nuclear Adh
and GPA1 trees, but they were all separated
clearly from O. latifolia. These data demon-
strated that O. alta and O. grandiglumis are
very closely related genetically but O. latifolia
can be distinguished from the former two.
Therefore, we suggest that O. alta and
0. grandiglumis should be better treated as a
single species (O. grandiglumis), and O. latifo-
lia remains a separated species, in agreement
with the treatment of Roschevicz (1931).
However, a valid taxonomic treatment should
be further conducted based on a comprehen-
sive revision with combined morphological,
cytological and molecular evidence.
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