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Abstract Inter simple sequence repeat (ISSR) polymor-
phism was used to determine genetic diversity and phy-
logenetic relationships in Oryza. Forty two genotypes in-
cluding 17 wild species, representing AA, BB, CC, EE,
FF, GG, BBCC, CCDD, and HHJJ genomes, two culti-
vated species, Oryza sativa (AA) and Oryza glaberrima
(AA), and three related genera, Porteresia coarctata,
Leersia and Rhynchoryza subulata, were used in ISSR
analysis. A total of 30 ISSR primers were screened rep-
resenting di-, tri-, tetra- and penta-nucleotide repeats, of
which 11 polymorphic and informative patterns were se-
lected to determine the genetic diversity. The consensus
tree constructed using binary data from banding patterns
generated by ISSR-PCR clustered 42 genotypes accord-
ing to their respective genomes. ISSR analysis suggests
that the genus Oryza may have evolved following a
polyphyletic pathway; Oryza brachyantha (FF genome)
is the most divergent species in Oryza and Oryza aus-
traliensis (EE genome) does not fall under the Officina-
lis complex. DNA profiles based on ISSR markers have
revealed potential diagnostic fingerprints for various
species and genomes, and also for individual acces
siong/cultivars. Additionally I1SSR revealed 87 putative
genome/species-specific molecular markers for eight of
the nine genomes of Oryza. The ISSR markers are thus
useful in the fingerprinting of cultivated and wild species
germplasm, and in understanding the evolutionary rela-
tionships of Oryza.
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Introduction

Rice is one of the agronomically and nutritionally impor-
tant cereal crops and is the principal staple food in devel-
oping countries. There is a remarkably rich diversity in
cultivated rice; however, a series of biotic and abiotic
stresses continue to limit its productivity. Thus there is
an urgent need to identify diverse sources of genes for
tolerance to various stresses and broaden the rice gene
pool. Wild species of Oryza are an important reservoir of
useful genes and can be exploited both to broaden the
existing narrow genetic base and enrich the existing vari-
eties with desired agronomically important traits.

The genus Oryza has two cultivated species, Oryza
sativa (2n=24 AA) is grown world wide and Oryza
glaberrima (2n=24 AA) is cultivated in a limited area of
western Africa. Oryza has 22 wild species (2n=24 or 48)
representing AA, BB, CC, BBCC, CCDD, EE, FF, GG
and HHJJ genomes (Vaughan 1989; Aggarwa et al.
1997). The Oryza species have been grouped into four
main species complexes, (1) Sativa, (2) Officindlis, (3)
Ridleyi and (4) Meyeriama (Vaughan 1989). The species
Oryza brachyantha (FF genome) does not fall into any
of these complexes.

The rice germplasm comprises 76614 accessions of
O. sativa, 1255 accessions of O. glaberrima and 2779
accessions of wild-species and their natural hybrids
(Jackson 1997). To effectively utilize wild species germ-
plasm, it is essential to determine genetic diversity and
identify a subset of alleles from the wild or exotic germ-
plasm and produce €lite breeding lines that would con-
tain only specific “wild QTLS" or “genes’. Recently,
Oryza rufipogon (2n=24 AA), one of the closest relatives
of cultivated rice, despite its overall inferior appearance
has been found to contain genes that can substantially in-
crease the yield of rice (Xiao et a. 1996). A number of
useful traits such as cytoplasmic male sterility, resistance
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to grassy stunt virus, bacterial blight, blast and brown
plant hopper, have been introgressed from wild-species
into cultivated rice (Brar and Khush 1997). Considering
the large number of wild species germplasm available, it
is difficult to choose which accession should be used in
order to maximize the chances of finding new and useful
genes. DNA profiles and genome-specific markers can
be generated to determine genetic diversity and alien in-
trogression into elite breeding lines. Morphological, iso-
zyme and molecular markers, such as RFLPs, RAPDs,
AFLPs and microsatellites, have been used to determine
genetic diversity and phylogenetic relationships in Oryza
(Tateoka 1962; Morinaga 1964: Second 1982; Dally and
Second 1990; Wang et al. 1992; Aggarwal et al 1999).

Our laboratory has been engaged in inter- and intra-
specific-relationship analysis studies in the genus Oryza.
In our previous studies, we have analyzed genetic diver-
sity in rice germplasm including wild rice species and
cultivated indica and japonica rice varieties using vari-
ous types of molecular markers like microsatellites and
minisatellites (Gupta et al 1994; Ramakrishna et al 1994,
1995). Genetic variability at specific loci has also been
analyzed in the wild germplasm using Rm 122- and
knotted-1 homeobox locus specific markers (Deshpande
et al 1998; Ramakrishna et al 1998). The ISSRs (inter
simple sequence repeats) are the regions that lie within
the microsatellite repeats and offer great potential to de-
termine intra-genomic and inter-genomic diversity com-
pared to other arbitrary primers, since they reveal varia-
tion within unique regions of the genome at several loci
simultaneously (Zietkicwicz et a 1994). Several proper-
ties of microsatellites, such as high variability among
taxa, ubiquitous occurrence and high copy number in eu-
karyotic genomes (Weising et al. 1998), make | SSRs ex-
tremely useful markers. They exhibit specificity of se-
guence-tagged-site markers, but need no sequence infor-
mation for primer synthesis enjoying the advantage of
random markers. In the present study, we have exploited
the potential of these markers in genotype profiling of
members of the genus Oryza.

Materials and methods

Plant material

The material comprised 28 accessions of wild species belonging to
nine genomes, viz. AA, BB, CC, EE, FF, GG, BBCC, CCDD and
HHJJ, ten cultivars (indica and japonica), one landrace (indica)
and three related genera (see Table 1). Most of the DNA samples
used were obtained from the Plant Breeding, Genetics and Bio-
chemistry Division, IRRI, The Philippines. The DNA was isolated
following the method of Dellaporta et al. (1983) and its quality
and quantity were estimated both spectrophotometrically, as well
as visually, by ethidium bromide staining on agarose gels.

PCR-amplification and electrophoresis
A set of 100 anchored microsatellite primers was obtained from

the University of British Columbia, Canada, while decamer arbi-
trary RAPD primers were from Operon Technologies, USA.

Amplification of DNA was performed in 10 mM of Tris-HCI
pH 9.0, 50 mM of KCI, 1.5 mM of MgCl,, 0.25 mM of dNTPs,
2% formamide, 0.2 uM of primer, 0.5 mM of spermidine, 0.8 U of
Taq DNA polymerase enzyme (Banglore Genei, India) and 20 ng
of DNA per 25-ul reaction using a Double Engine thermal cycler
(MJ Research, USA) for 45 cycles. After initia denaturation for
5 min at 94°C, each cycle comprised 1-min denaturation at 94°C,
45 s annealing at 49°C, 2-min extension at 72°C with a final ex-
tension for 5 min at 72°C at the end of 45 cycles. The annealing
temperature was usually adjusted according to the Tm of the prim-
er being used in the reaction.

Amplified products were mixed with bromophenol blue gel-
loading dye and were analyzed by electrophoresis on a 2% agarose
gel using 1x Tris Acetate EDTA buffer pH 8.0 at room tempera-
ture. In general, the quality of patterns generated differed from
primer to primer. However, most of the patterns with extremely
good polymorphism and useful information were often accompa-
nied with a background smear. To reduce this smear, 2% form-
amide was used in the reaction. All the patterns generated were
repeated at least three times in order to obtain reproducible data.

Scoring of ISSR data points and construction of a dendrogram

Each fragment that was amplified using ISSR primers, was treated
as a unit character and scored in terms of a binary code (1/0=+/-).
Only those bands that were reproducible and about 0.5-mm apart
were considered for scoring. Table 1 indicates the total number of
data points scored for each sample being analyzed. The 0/1 matrix
was used to calculate similarity/genetic distance using the Dice
coefficient. The resultant distance matrix was employed to con-
struct an unweighted pair-group method with arithmetic means
(UPGMA)-phenogram (Sokal and Michener 1958) using software
packages NTSYS-PC 1.8 (FJ. Rohlf, State university of New
York, Stony Brook, USA) and PHYLIP version 3.57 C' (J. Felsen-
stein, University of Washington, Seattle, USA) to infer phyloge-
netic relationships. Bootstrapping was done using the software
program ‘Winboot’ developed at IRRI to determine the confidence
limits of the UPGMA-based dendrogram (Nelson and Yap 1996).
Molecular weights of each of the potential specific bands were
calculated using the software program “Seqid” (Rhoads and Roufa
1989).

Results

To investigate the utility of microsatellite-directed DNA
fingerprinting, 26 individual 3'-anchored (ISSR) micro-
satellite primers, two (I1SSR+ISSR) primer combinations
and two (ISSR+RAPD) primer combinations were used
for amplification. The microsatellite primers used in-
cluded dinucleotide repeats anchored at the 3' end and a
few tri-, tetra- and penta-nucleotide repeats. Of the 30
primers employed, 60% showed amplification, while,
only 40% produced polymorphic fingerprints. Mostly
dark and prominent bands were scored, although bands
of lower intensity but with high reproducibility were also
included in analysis (Table 1).

The bands amplified using ISSR primers were in the
range of 80 bp to 4.5 kb. Table 2 gives a description of
the primers and the fingerprint patterns obtained using
30 selected primers. Of all the amplified profiles, the 11
best and highly polymorphic patterns were selected for
further analysis. A total of 302 bands were scored from
the 11 patterns and 87 were observed to be present in ei-
ther individual accessions or species/genomes (Table 3).
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Table1 List of plant material

used in this study List of samples used Accession Genome Origin -cl)-fOtba:iln r;ioS
1. O. glaberrima TOG 6216 AA AfricaViaWarda 55
2. O. glaberrima TOG 6229 AA AfricaViaWarda 52
3. O. longistaminata - AA AfricaVia CRRI, India 53
4. O. perennis 104823 AA Thailand 58
5. O. rufipogon 106424 AA Vietham 54
6. O. rufipogon 105908 AA Thailand 59
7. O. punctata (2n) 105980 BB Cameroon 57
8. O. punctata (4n) 100884 BBCC India 66
9. O. minuta 101141 BBCC Philippines 61
10. O. minuta 101125 BBCC Philippines 57
11. O. rhizomatis 105432 cC Sri Lanka 58
12. O. officinalis 100896 CcC Thailand 54
13. O. officinalis 101399 cC Vietham 50
14. O. alta 105143 CCbD Guyana 72
15. O. grandiglumis 105669 CCDD Brazil 58
16. O. latifolia 100167 CCbD CostaRica 70
17. O. latifolia 100965 CCDD CostaRica 64
18. O. australiensis 100882 EE AustrdiaviaCRRI, India 66
19. O. australiensis T-1434 EE AustraliaviaCRRI, India 62
20. O. brachyantha 101232 FF SierraLeone 59
21. O. brachyantha B98-8025 FF Africa 62
22. O. granulata 104986 GG viaCRRI India 52
23. O. granulata 106448 GG Nepal 53
24. O. longiglumis 105148 HHJJ Indonesia 46
25. O. ridleyi 100821 HHJJ Thailand 49
26. O. ridleyi 101453 HHJJ Malaysia 67
27. O. nivara - AA India 61
28. O. malampuzhaensis - BBCC India 51
O. sativa cultivars
29. IR 36 Indica AA Cultivated variety 62
30.IR64 Indica AA Cultivated variety 54
31. BG90-2 Indica AA Cultivated variety 56
32. Basmati 370 Aromatic rice AA Cultivated variety 69
33. Azucena Japonica AA Cultivated variety 62
34. Indrayani Indica AA Cultivated variety 64
35. Ambemohr Indica AA Cultivated variety 61
36. Intan Indonesian AA Cultivated variety 64
37. Khadkya Landrace AA Maharashtra, India 75
38. Waseasahi Japonica AA Cultivated variety 67
39. Hakkoda Japonica AA Cultivated variety 71
40. Porteresia coarctata Related genera Unknown  Bangladesh 54
41. Leersia Related genera Unknown  Madagascar 48
42. Rhynchoryza subulata  Related genera  Unknown  Argentina 40

Fingerprint patterns

Dinucleotide repeats (AG)g and (GA)g with a number of
anchors gave the best polymorphic and informative pat-
terns. However, Oryza granulata accession 104986,
originating from India, did not show any amplification
with (GA)g T but showed amplification when the (GA)
repeat was anchored with C or A, indicating the possibil-
ity of a (GA) repeat flanked by C or A, and not by T, in
this accession. Other dinucleotides, such as GT, TG, CA
and CT, did not generate informative patterns. The AT
repeat, irrespective of its anchor, produced smears,
which could be attributed to its abundance in the rice ge-
nome.

Figure 1 depicts fingerprints for various species of
Oryza using the dinucleotide repeat (AG)g Y T. The prim-
er revealed four potential individual-accession specific
bands, one for Oryza longistaminata (lane 3; 745 bp) and

one each for Oryza alta (105143) (lane 14; 1000 bp),
Oryza rhizomatis (105432) (lane 11; 970 bp) and O.rid-
leyi (101453) (Lane 26; 3600 bp). It also yielded five pu-
tative genome-specific bands, for the F genome (lanes
20, 21; 973 bp), the G genome (lanes 22, 23; 324 bp),
the BC genome of Oryza minuta (lanes 9, 10, 2200 bp)
and the HJ genomes (lanes 24, 25, 26; 769 bp) and one
cultivated O. sativa-specific band that occurred in indica,
japonica, the indica landrace, and their wild progenitor
Oryza nivara (lanes 27, 29-39; 821 bp). Apart from this,
the primer also produced a band that was common to the
Oryza officinalis complex, which included the B, C, BC,
and CD genomes (Lanes 7 to 17; 440 bp).

The trinucleotide repeats, in general, produced poly-
morphism; however, the patterns were often accompa-
nied with bright background smears. The unanchored tet-
ra-nucleotide repeat (GATA), detected an extremely
polymorphic and informative fingerprinting profile, and
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Table 2 Fingerprint patterns

generated using the 30 ISSR Primers used Repeat motif Amplification pattern Amplification
primers of specific bands

807 (AG)g T Good Good

808 (AG)g C Good Good

810 (GA)g T Good Extremely good

811 (GA);C Good -

812 (GA)g A Smeared with bands -

813 (CT)8T Improper amplification -

814 (CT)8A Good Average

815 (CT8G Smeared

816 (CAS8T Improper amplification

817 (CA)BA Not polymorphic

818 (CA)8G Not polymorphic

819 (GT)8A Not polymorphic

821 (GT)8T Smeared pattern

829 (TG)8C Smeared

834 (AG)8YT Good Good

835 (AG)8YC Good Average

836 (AG)8YA Not polymorphic

841 (GA)8YC Not very polymorphic

847 (CA)BRC Smeared

848 (CA)8RG Improper amplification

850 (GT)8YC Smeared with bands

856 (AC)BYA Smeared

857 (AC)8YG Smeared with bands

868 (GAA)6 Smeared with bands

872 (GATA)4 Good Good

879 (CTTCA)3 Good Average

834+847 (AG)8Yt+(CA)8RC Good but with smear

834+807 (AG)BYT+(AG)8T Good Good

872+0pA15 (GATA)4+0pA1l5 Good Extremely good

836+0pA15 (AG)8YA+0pA15 Not reproducible

]
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Fig. 1 ISSR PCR fingerprints of 39 samples of Oryza and three
related genera using the 3'-anchored (AG)g YT primer. The lane
numbers are same as the sample numbers in Table 1. The lane
marked M shows the 1-kb ladder being used as marker. The bands
marked with white arrows are the specific bands amplified, which
have been detailed in Table 3

yielded six putative accession /genome-specific bands
(Table 3) The primer (GATA), when used in combina-
tion with RAPD primers, produced less bands, although
the amplified products were uniquely present in most of
the samples being analyzed (data not shown).

The penta-nucleotide repeat, (CTTCA);, when used
for amplification as a representative of this group of

microsatellite repeats generated informative patterns as
depicted in Fig. 2. This primer produced two putative
species-specific markers for the related genera Leersia
(lane 41; 500 bp) and Rhynchoryza subulata (lane 42;
2600 bp), and two potential genome-specific markers for
the E (lanes 18, 19; 2400 bp) and G genomes (lanes 22,
23; 370 bp). It did not give any amplification in both
accessions of O. officinalis (CC genome) (lanes 12, 13)
and one accession 100821 for O. ridleyi (HHJJ) (lane
25), indicating that these repeats are probably distantly
located in these genomes and spaced well beyond the ca-
pacity of amplification by Taq DNA polymerase.
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Table 3 Putative genome/

species/cultivar specific bands ~ Genome specific bands Genome Number of bands?
revealed through ISSR finger-
printing
O. officinalis complex B, C, 1 (834,40)
BC &CD
O. ridleyi complex HHJJ 2 (807+8345,0, 807,47)
Species/genome specific
O. nivara+all cultivars AA 1(8345,,)
O. australiensis EE 2 (872+0pA15,44, 879,410)
O. granulata GG 4 (879570, 834354, 807349, 872+0pA15;54))
O. minuta BBCC 3 (835,70, 8342500, 8724400)
O. brachyantha FF 7 (834473, 8101195 335, 807+8341100 872+0pA 15550 444,808430)
O.ridleyi HHJJ 1 (83444
O. latifolia CCDD 3 (8104436, 807495, 872+0pA1545)
O. malampuzhaensis BBCC 3 (8724y0, 980 814404)
O. glaberrima AA 1 (872+0pA154,)
Accession
O. glaberrima TOG-6229  AA 1(810;7¢0)
O. longistaminata AA 4(834 5 8721004,807353,835414)
O. perennis 104823 AA 1 (807+834,54)
O. minuta 101141 BBCC  1(872+0pA15¢y,)
O. rhizomatis 105432 CcC 4 (872+0pA 15,500, 1600, 1400:834970)
O. officinalis 100896 cC 3 (8725100,807+834 15, 872+0pA 15,550
O. officinalis 101399 CcC 1 (872+0pA155yy0)
O. latifolia 100167 CCDD 1 (810;5;)
O. lalitolia 100965 CCDD 1 (807+8344)
O. alta 105143 CCDD 7 (814523 363, 8341900 8101365 1001, 807+8342500 455)
O. grandiglumis 105669 CCDD 4 (810gg, 7g5, 872+0pA 15, 45, 80844,
O. australiensis 100882 EE 6 (8083,5, 83544, 807+8343000 8074gg, 8105000, 666)
O. australiensis T-1434 EE 1 (807+0pA154;0)
O. brachyantha B098-8025 FF 1 (8355000)
O. Longiglumis 105148 HHJJ 1 (808555)

O. redleyi 101453 HHI  2(808.,, 8345500
Cultivars
IR-36 AA 2 (87247, 807+834,5,)
IR-64 AA 1 (8721500)
Intan AA (8071150, 158)
Waseasahi AA 1600
* The numbers in brackets Hakkoda AA 1(80735)
indicate the UBC-anchored Related genera
mlhc_lro?ﬂtel “tg pri rrt1er_ néj_mat;ers, Porteresia coarctata - 1(872+0pA15,5)
whre te sUbscriptsindicate Leersia - 5 (814143, 472, 879500, 810515, 835,53)

the molecular weights of the

specific bands produced Rhynchoryza subulata _

2 (8793600, 872+0pA154)

3940 4 42

Fig. 2 ISSR PCR fingerprints of 39 samples of Oryza and three
related genera using the penta-nucleotide (CTTCA); primer. The
lane numbers are same as the sample numbers in Table 1. The
lane marked M shows the 1-kb ladder being used as marker. Note
the lack of amplification in lane nos. 12, 13 and 25. The bands
marked with white arrows are the specific bands amplified, which
have been detailed in Table 3

Putative genome/species/cultivar specific markers

Using various ISSR primers, 87 bands were identified,
which can be converted into accession-, genome- and
species-specific markers following further studies based
on the present observations (Table 3). In general, the pat-



1316

Fig. 3 Dendrogram for the 02 0.4

0.6

genus Oryza, obtained using
the unweighted pair group

O.glaberrima-Tog6216

method with arithmatic average
(UPGMA). The numbers at the

O.glaberrima-Tog6229

forks indicate the confidence
limits for the grouping of those
species, which are to the right
of that fork. This UPGMA

tree indicates generic affilia-

) 9l ‘
70

O.longistaminata
O.perennis Acc.104823
O.rufipogan Acc.106424
O.rufipogan Acc.105908

O.nivara

tions among members of 49

genus Oryza based on ISSR
polymorphism

86

93

L=

\ O.sativa var. IR-36
O.sativa var. IR-64
O.sativa var. BG90-2
O.sativa var. Azucena
O.sativa var. Basmati 370

96 O.sativa var. Indrayani

O.sativa var. Intan
O.sativa var. Ambemohr

O.sativa var. Khadkya
83 O.sativa var. Wascas
O.sativa var. Hakkoda
O.punctata(BB) Acc.105980

O.punctata(BBCC) Acc.100884

0. I,

haensis

O.minuta Acc.101141

97

33

76

O.minuta Acc.101125
O.rhizomatis Acc.105432
60 O.officinalis Acc.101399
O.officinalis Acc.100896.
O.alta Acc.105143
O.grandiglumis Acc.105669
O.latifolia Acc.100965

O.latifolia Acc.100167
O.anstraliensis Acc.T-1434

O.anstraliensis Acc.100882
O.granulata Acc.104986

O.granulata Acc.106448

E7

Porteresia coarctata

Leersia
O.longiglumis Acc.105148

O.ridleyi Acc.100821
O.ridleyi Acc.101453
O.brachyantha Acc.101232

—_

O.brachyantha Acc.B98-8025

tern that produced the maximum number of specific
bands (19 bands) was the one amplified using (GATA),
in combination with a RAPD primer OPA 15, thus dem-
onstrating the potential of the primer combination
system (microsatellite+RAPD) in producing putative ge-
nome specific bands. Although no two amplification pat-
terns were exactly identical, in genera the bands that
originated from the same species were similar (Figs. 1
and 2). The large number of unique bands obtained in
the present analysis signifies the power of ISSR markers
in fingerprinting and diversity analysis, especialy be-
tween closely related species. However, owing to the
large number of accessions available for each of the spe-
cies in the genus Oryza, it is important to screen the
specificity of these bands over alarge sample size before
affirming their diagnostic capacity.

Rhynchoryza subulata

Dendrogram: inter- and intra-species relationship

The fingerprint patterns of the 42 samples being
analyzed (Table 1) in the current study using various
ISSR primers were used for cluster analysis. This anal-
ysis, in the form of a dendrogram (Fig. 3), was used
as the basis to infer phylogenetic relationships in
the genus Oryza. The bootstrap val ues seen at the nodes
indicate that our data support phylogenetic inferences
for groupings mostly at intra-specific levels, i.e. sam-
ples carrying similar genomes, and to a reasonable
extent at inter-specific levels, and for part of the Latifo-
lia group species. However, the bootstrap values
are rather low for the rest of the inter-specific levels,
indicating weaker inter-specific relationships in the
genus Oryza.



The generation of this dendrogram (Fig. 3) has in-
volved the computation of a similarity coefficient matrix,
which was used to calculate the genetic distance for all
pairs of taxon units, and then the actual cluster analysis
was done based on these values by the unweighted pair
group method with arithmetic average (UPGMA). The
confidence limits for using the Winboot program
(Nelson and Yap 1996) to perform UPGMA-based boot-
strapping, tested the groupings produced by this method.
Two-thousand bootstrap replications were carried out as
suggested by Hedges (1992) and the values were ob-
tained in terms of the percentage of the number of times
a group would be found in the bootstrap replications. In
general, the consensus tree indicates that the species be-
longing to the same genome type group together with a
high bootstrap value (91-100%). Accessions of the same
species in most cases except O. rufipogon (70%), show
about 98-100% bootstrap values, while within cultivars
of O. sativa, the bootstrap values are much lower except
for BG90-2 and the IR64 group where the value is as
high as 98%. Apart from these observations, three major
groups are seen in the dendrogram, a group-I O. sativa
complex comprising the A-genome wild species and the
cultivated rice varieties, a group-1l O. officinalis com-
plex including BB, CC, BBCC, and CCDD genomes,
and a group-I11 which includes rest of the genomes, i.e
the diploid genomes EE, FF, GG and the tetraploid HHJJ
genome. Each of these four genomes maintains its inde-
pendent status in the dendrogram. Besides the UPGMA
analysis, parsimony analysis using Dollop (Phylip-based
program) was aso attempted (data not shown). The
groupings remained more or less the same and no major
shift in the positions of the taxons was noted. Interest-
ingly, in this analysis, al the three related genera
(Leersia, Rhynchoryza and Porteresia) grouped outside
the Oryza complex without the need to re-root the tree.

Discussion
Genome profiling using | SSR markers

In view of the large collection (80000 accessions) of ge-
netic resources of rice, and the importance of wild exotic
germplasm in future breeding programs, it is essential to
determine genetic diversity and phylogenetic relation-
shipsin Oryza species. By the use of DNA profiling, em-
ploying various molecular markers such as RFLPs,
DAFs, RAPDs and microsatellites, the genetic unique-
ness of each accession can be determined and quantified
(Brown and Kresivich 1996); however, PCR-based
markers are more suitable for large-scale analysis.
Among the PCR-based markers, microsatellites are
becoming more popular, both for genetic diversity and
breeding research. Panaud et al. (1996) have established
alinkage map in rice using microsatellites. The distribu-
tion of microsatellites in the rice genome indicates that
there are an estimated 1360 poly (GA) and 1230 poly
(GT) microsatellites per rice genome, while the number
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of poly (AC) sites has been estimated to be 1000 with
a genome size of 0.45x10° bp (Wu and Tanksley 1993;
Panaud et al. 1995). The most-frequent tetranucleotide
repeat reported to-date in rice is poly (GATA) with about
270 poly (GATA) motifs in the entire rice genome
(Panaud et al. 1995). Our finding that the most polymor-
phic pictures have been obtained using poly (GA) or
(AG) microsatellites, irrespective of the anchors at the 3'
end, and that the most useful tetra-nucleotide repeat is
(GATA),, supports this microsatellite distribution. Also
earlier studies in our laboratory (Ramakrishna et al.
1994) have demonstrated that (GATA), is the most use-
ful tetra-nucleotide repeat for fingerprinting in rice, once
again supporting our present observation. However, poly
(GT) or (TG) and poly (CA) or (AC) microsatellites
have not given good profiles in our analysis (Table 2),
which may be due to the distribution of these repeats in
the rice genome being beyond the range of amplification
by Tag DNA polymerase.

The primers used in our analysis are anchored at their
3' end, to ensure that the annealing of the primer occurs
only at the 3' end of the microsatellite motif, thus obviat-
ing internal priming and smear formation. The anchor
also allows only a subset of the targeted inter-repeat re-
gions to be amplified, thereby reducing the high number
of PCR products expected from the priming of dinucle-
otide inter-repeat regions to a set of about 10-50 easily
resolvable bands. Pattern complexity can be tailored
by applying different primer lengths and sequences
(Zietkiewicz et al. 1994).

Thus, owing to their better specificity and the back-
ground information available on the distribution of re-
petitive DNA in the rice genome (Panaud et al. 1995),
3'-anchored microsatellites, i.e. ISSRs, were exploited in
the present study. To the best of our knowledge, this is
the first report where the entire range of Oryza genomes
and their related genera are compared using ISSR mark-
ers. The identification of inter- and intra-species poly-
morphism, obtained using | SSRs, opens up the possibili-
ty of using these as multilocus DNA markers and also
for generating species/genome-specific markers. The
unique bands can be converted into STS markers. Such
specific markers would be of great value to detect alien
introgression and to serve as DNA fingerprints for the
characterization of the genetic resources of rice. Several
duplicates could be eliminated and genetically diverse
accessions from each species/genome could be selected
for use in a breeding program.

Evolutionary implications

Apart from establishing the usefulness of 1SSR markers
for DNA profiling, the similarity/ diversity observed in
the patterns of related species has enabled us to infer
evolutionary relationships in the genus Oryza. The
UPGMA-based dendrogram obtained from the binary
data deduced through fingerprints of the 42 samples ana-
lyzed adds a new dimension to the perspectives generat-
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ed for the evolution of the genus Oryza by other molecu-
lar markers such as isozymes, RFLPs, AFLPs and chlo-
roplast DNA probes, as well by different morphological
markers. The ISSR analysis has revealed a new under-
standing about the relationship at inter-species/intra-ge-
nomic levels with high bootstrap values, but is weak in
respect of the inferences related to higher level inter-
group relationships.

Evolution of the A genome

The genus Oryza consists of nine genomes, amongst
which only the A genome has been domesticated over
the years. The common rice O.sativa and the African
rice O. glaberrima are thought to be an example of par-
alel evolution in crop plants (Oka 1991). O. rufipogon
is considered to be the wild progenitor of Asian rice
O. sativa, which shows a range of variation from peren-
nial to annua types, while that of O. glaberrima is
Oryza barthii, which is an annual grass endemic to
West Africa. In our analysis we find that O. rufipogon
and O. glaberrima form two separate clusters. O. lon-
gistaminata, which is geographically known to be an
African rice, shows more similarity with O. glaberrima
than with O. rufipogon. Similar to the earlier observa-
tions based on AFLP markers (Aggarwal et al. 1999),
among the A genomes the African forms are the most
distant and do not align with O. rufipogon/Oryza perennis,
but fall in the A-genome group of Asian species.

Wild progenitors of cultivars

O. rufipogon is distributed from Pakistan to China and
Indonesia, and varies between perennial and annual
types, which differ markedly in life-history traits (Oka
1988). The variation between perennial and annual
types is nearly continuous. It has been suggested that
some intermediate perennial-annual populations, which
regenerate by both ratoon and seed, are most likely to be
the immediate progenitors of cultivated rice, because
they have a high evolutionary potential as shown by
their rich genetic variability, a moderately high seed
productivity and tolerance for habitat disturbance (Sano
et al. 1980; Oka 1988). The consensus tree obtained
from our data using the ISSR markers, supports this the-
ory, as the cultivars form a clear grouping with O. niv-
ara, the annual form of O. rufipogon, and then cluster
with the perennial forms including accessions of O. ru-
fipogon and O. perennis. The clustering of genotypes in
the A-genome (O. sativa) complex and the diversity be-
tween O. nivara and other accessions of O. rufipogon
and O. perennis may support the proposition made by
Sastry and Sharma (1965) that O. rufipogon needs to be
divided into two categories.

Indica- japonica differentiation fromwild progenitors

Differentiation of O. sativa into two types, indica and
japonica, is an interesting feature in the evolution of rice.
There are two schools of thought regarding the evolution
of these two plant types, monophyletic evolution and di-
phyletic evolution. A number of evidences are available
in favor of each of these evolutionary paths. The diphy-
letic path was proposed by Chinese workers (Oka 1988),
and was supported by Wang et al. (1992), while mono-
phyletic evolution was supported by a number of lines of
evidence (Ting 1957; Oka and Morishima 1982; Wang et
al. 1984; Glazmann 1987; Oka 1988, 1991). The indica
japonica clusters first join together and then group with
O. nivara (the annual form of O. rufipogon) before join-
ing the cluster of O. rufipogon/O. perennis, thus suggest-
ing evolution of indica-japonicarice to be monophyletic.
Interestingly Fig. 1 has yielded a single band that was
shared by al the cultivars and their wild progenitor O.
nivara, which seems to be missing in the other forms of
the A genome, supporting the above observation to some
extent.

Evolution of other genomes

O.officinalis complex. This is the second major complex
in the genus Oryza and is the most divergent since it in-
cludes diploid BB, CC and EE genomes, and tetraploid
BBCC and CCDD species (Vaughan et al. 1989). How-
ever, the dendrogram (Fig. 3) constructed with ISSRs,
suggests that the EE genome may not be a part of the of-
ficinalis complex and has its own independent status in
the genus Oryza. A putative O. officinalis-complex spe-
cific band was observed in one of our fingerprint profiles
(Fig. 1), obtained using primer (AG)g YT, which is pres-
ent only in the four genome types BB, CC, BBCC and
CCDD, and absent in the EE genome of Oryza australi-
ensis.

In the officinalis complex, the BB, CC, and BBCC
genomes form one cluster while the CCDD genomes
form a second cluster (Latifolia group). Within the first
cluster, it is observed that Oryza punctata and Oryza ma-
lampuzhensis (both BBCC genomes) are closer to the
BB genome than to the CC genome. The closer proxi-
mity of O. punctata (BBCC) to O. malampuzhensis
(BBCC) is in agreement with previous observations
made by Wang et al. (1992).

The tetraploid species representing the the CCDD ge-
nome, viz. Oryza latifolia, O. alta, and Oryza grandi-
glumis, form two groups within them as suggested by
Wang et al. (1992). O. alta and O. grandiglumis (belong-
ing to Guyana and Brazil, respectively) are more closely
related to each other than to O. latifolia, while the two
accessions of O. latifolia (both from Costa Rica) cluster
together. This observation is consistent with that made
by Wang et al. (1992) using RFLPs and by Aggarwal
et al. (1997, 1999) using whole-genome hybridization
and AFLP analysis, respectively. The diverse nature



of the CCDD-genome types may be due to the unique
DD-genome component, the origin of which is dtill a
mystery. It has been widely proposed that the D genome
originated from other diploid members of the genus
Oryza. Our results, however, are unable to provide any
clear indication on this proposal, as the CD-genome
members are almost equidistant from them.

Other genomes. These include the diploid genomes
O. granulata (GG genome), O. australiensis (EE ge-
nome) and O. brachyantha (FF genome) and tetraploid
genome O. ridleyi (HHJJ genome). Our data are not
quite in agreement with the previous reports regarding
the distribution of these genomes in the phenograms of
the genus Oryza. As suggested by Wang et al. (1992),
O. brachyantha (FF genome) stands as an independent
species but has no affinity with the A genome (O. sativa).
However, our results indicate that O. brachyantha is the
most-diverse genome and forms a separate group. This
isin agreement with the AFLP analysis of Oryza, which
also suggests O. brachyantha to be the most divergent
species (Aggarwal et a. 1999). Similarly the EE ge-
nome has often been grouped with the officinalis com-
plex in a number of previous reports (e.g. Wang et al.
1992) and has always been proposed to be a possible
progenitor of the D genome, while Tateoka (1962) pro-
poses the EE genome to have a separate status. Our
analysis supports the latter view. The “G genome” main-
tained its individua status, which is in accordance with
Aggarwal et a. (1999) and Wang et al. (1992). The
HHJJ genome is one of the newly designated genome
like the G genome (Aggarwal et al. 1997). The complex
consists of O. ridleyi accessions and O. longiglumis, and
shows a clear separate group formation in our cluster
analysis, thus supporting its separate biosystematic sta-
tusin the genus Oryza.

The three related genera/species, Porteresia coarct-
ata, R. subulata, and Leersia, align with different Oryza
groups in distance-based UPGMA analysis, but with ab-
solutely non-significant bootstrap values; however, in
parsimony analysis all three species lie outside the Oryza
complex.

In summary the ISSR markers provide a powerful
tool for the generation of potential fingerprinting diag-
nostic markers for genomes/species/cultivars. Also phy-
logenetic analysis on the basis of the ISSR-derived
phenogram supports polyphyletic evolution in the genus
Oryza, wherein multiple lineages underwent independent
divergence after separation from a common ancestor.
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