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Abstract Inter-simple sequence repeat (ISSR) ampli"-
cation was used to analyze microsatellite motif fre-
quency in the rice genome and to evaluate genetic
diversity among rice cultivars. A total of 32 primers,
containing di!erent simple sequence repeat (SSR)
motifs, were tested for ampli"cation on a panel of 59
varieties, representative of the diversity of cultivated
rice (Oryza sativa L.). The ISSR analysis provided in-
sights into the organization, frequency and levels of
polymorphism of di!erent simple sequence repeats in
rice. The more common dinucleotide motifs were more
amenable to ISSR analysis than the more infrequent
tri-, tetra- and penta-nucleotide motifs. The ISSR re-
sults suggested that within the dinucleotide class, the
poly(GA) motif was more common than the poly(GT)
motif and that the frequency and clustering of speci"c
tri- and tetra-nucleotide simple sequence repeats was
variable and motif-speci"c. Furthermore, trinucleotide
ISSR markers were found to be less polymorphic than
either dinucleotide or certain tetranucleotide ISSR
markers, suggesting which motifs would be better tar-
gets for microsatellite marker development. The ISSR
ampli"cation pattern was used to group the rice geno-
types by cluster analysis. These results were compared
to surveys of the same varieties for ampli"ed fragment
length polymorphism (AFLP), restriction fragment
length polymorphism (RFLP) and isozyme markers.
The ISSR "ngerprint could be used to di!erentiate the
genotypes belonging to either Japonica or Indica sub-
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species of cultivated rice and to dissect "ner levels of
diversity within each subspecies. A higher percentage of
polymorphic bands was produced with the ISSR tech-
nique than the AFLP method, based on a similar PCR
reaction. Therefore, ISSR ampli"cation proved to be
a valuable method for determining genetic variability
among rice varieties and for rapidly identifying cul-
tivars. This e$cient genetic "ngerprinting technique
would be useful for characterizing the large numbers
of rice accessions held in national and international
germplasm centers.
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Introduction

Inter-simple sequence repeat (ISSR) analysis involves
the polymerase chain reaction (PCR) ampli"cation of
regions between adjacent, inversely oriented micro-
satellites using a single simple sequence repeat (SSR)-
containing primer (Zietkiewicz et al. 1994). This
technique can be undertaken for any species that con-
tains a su$cient number and distribution of SSR motifs
and has the advantage that genomic sequence data is
not required (Gupta et al. 1994; Goodwin et al. 1997).
The primer used in ISSR analysis can be based on any
of the SSR motifs (di-, tri-, tetra- or penta-nucleotides)
found at microsatellite loci, giving a wide array of
possible ampli"cation products, and can be anchored
to genomic sequences #anking either side of the
targeted simple sequence repeats (Zietkiewicz et al.
1994).

For ISSR analysis to be successful, pairs of simple
sequence repeats must occur within a short distance
(in base-pairs) that is ampli"able by a PCR reaction
which produces a band that is resolvable on standard



polyacrylamide or agarose gels (Zietkiewicz et al. 1994).
The potential supply of ISSR markers depends on the
variety and frequency of microsatellites, which changes
with the species and the SSR motifs that are targeted
(Morgante and Olivieri 1993; Depeiges et al. 1995). If
microsatellite distribution is completely random, the
length of the intervening regions between simple se-
quence repeats of the same motif are a function of their
frequency. As a result, we hypothesize that the number
of bands produced by an ISSR primer with a given
microsatellite repeat should re#ect the relative fre-
quency of that motif in a given genome and would
provide an estimate of the motif 's abundance di!erent
from library hybridization. Because of our laboratory's
interest in microsatellite mapping in rice, we also
wanted to use the ISSR technique to investigate the
organization, frequency and characteristic level of poly-
morphism of di!erent SSR motifs to help select motifs
to target for future development of new microsatellite
markers.

Another important application of the ISSR tech-
nique in rice is for the evaluation of genetic diversity.
Because the ISSR technique ampli"es large numbers of
DNA fragments per reaction, representing multiple loci
from across the genome, it is an ideal method for
"ngerprinting rice varieties and a useful alternative
to single-locus or hybridization-based methods
(Zietkiewicz et al. 1994; Goodwin et al. 1997). The ISSR
method has proven especially useful in the Gramineae
family for the analysis of nearly isogenic lines (Akagi
et al. 1996b) and varieties (Parsons et al. 1997) of rice,
inbred lines of corn (Kantety et al. 1995), populations
of "nger millet (Salimath et al. 1995), and accessions
of sorghum (Yang et al. 1996) and pearl millet
(O. Panaud, personal communication). An alternative
"ngerprinting method consists in ampli"ed fragment
length polymorphism (AFLP) analysis (Vos et al.
1995); however, previous studies have shown that
this technique only detects moderate to low levels of
polymorphism in rice (Mackill et al. 1996; Maheswaran
et al. 1997; Cho et al. 1997). E$cient molecular "nger-
printing techniques would be valuable to both rice
breeders and germplasm curators who are faced with
the enormous task of conserving, evaluating and using
over a quarter million accessions of rice that have been
preserved in international and national seed banks in
over 42 countries around the world (Jackson 1997).

The speci"c objectives of the research presented here
were to determine the relative abundance and level of
polymorphism of di!erent ISSR loci in the rice genome,
to compare 5@- and 3@-anchored ISSR primers of di!er-
ent simple sequence repeat motifs, to use the ISSR
technique to "ngerprint a wide sample of rice cultivars
and to evaluate the ISSR and AFLP techniques for this
purpose.

Materials and methods

Plant material

Fifty-nine genotypes previously selected to represent the
diversity of cultivated rice and analyzed with 150 restriction frag-
ment length polymorphism (RFLP) probes (G. Second, personal
communication) were used in this study (information on accession
number, cultivar origin and marker genotypes is available in
the RiceGenes database, http://probe.nalusda.8300). A subset of
the same cultivars was also analyzed by Glaszmann (1987) for
isozyme markers and by Wang and Tanksley (1989) for additional
RFLPs. Seed for these varieties was kindly provided by G. Second
from his original study performed at the International Rice Research
Institute (IRRI), and DNA was extracted as a pooled sample from
freshly harvested leaves of 20 plants according to Causse et al. (1994).

ISSR and AFLP ampli"cations

A total of 32 primers were tested for ISSR ampli"cation in the rice
genome (Table 1). Six of the primers were anchored at the 3@ end, 26
primers were anchored at the 5@ end. For anchoring to the 3@ border
1 selective nucleotide di!ering from the repeat motif was used. The
six 3@-anchored primers (Integrated DNA Technologies) were all
19-mers containing a single dinucleotide motif, either GA or GT
repeated nine times, with 1 selective nucleotide (A, C or T) following
the repeat motif. For anchoring to the 5@ border of the simple
sequence repeat, a tail consisting of the bases GATC was incorpor-
ated into the design of the primers. The 5@-anchored primers
(Genosys) ranged from 22 to 36 nucleotides in length, and were
designed for four dinucleotide motifs, eight trinucleotide repeats, 11
tetranucleotide repeats and three pentanucleotide repeats.

A single primer was used in each PCR reaction, which was carried
out in a total volume of 25 ll containing 1 ll of genomic DNA
(100 ng) and 2 ll of primer (diluted to 10 lM concentration), 2.5 ll
of 10]bu!er (0.1 M TRIS pH 8.3; 0.5 M KCl; 7.5 mM MgCl

2
; 0.1%

gelatin), 1.0 ll of 100 lM dNTPs and 1.0 unit of ¹aq polymerase.
PCR ampli"cations were performed in 96-well plates on a PTC100
(MJ Research) Thermal Cycler under the following conditions: a hot
start of 943C for 5 min; followed by 35 cycles of denaturing at 943C
for 1 min; annealing at 553C for 1 min; extension at 723C for 2 min;
and product extension for 4 min at 723C. The ISSR ampli"cation
products were mixed with a loading bu!er (98% formamide, 10 mM
EDTA, 0.005% each of xylene cyanol and bromophenol blue as
tracking dyes), denatured at 903C for 2 min, run for 2.5 h on 4%
denaturing polyacrylamide gels at a constant 70 W and detected by
silver staining (Promega, Madison, Wis.). The molecular-weight size
ladders, Markers V and VIII (Boehringer Mannheim, Indianapolis,
Ind.) were used for band sizing.

A subset of 54 of the 59 varieties were genotyped with the AFLP
technique. The digestion and ligation of genomic DNA with
PstI/¹aqI adaptors and PCR ampli"cation to prepare the template
were as described by Cho et al. (1996). Three PCR reactions were
performed using one of three ¹aq primers, TQ1 (TGAGTCCT-
GACCGA-ACC), TQ2 (TGAGTCCTGACCGA-ACA) or TQ3
(TGAGTCCTGACCGA-CAA), all with 3 selective nucleotides (in-
dicated after the hyphen), and one of two Pst primers, PS1 (GAC-
TGCGTACATGCAG-A), with only 1 selective nucleotide or PS2
(GACTGCGTACATGCAG-AC), with 2 selective nucleotides (Vos
et al. 1995). Three primer combinations, sampling the "ve possible
primers, were used: PS1/TQ1, PS2/TQ2 and PS2/TQ3, with an
annealing temperature of 603C. PAGE separation and silver staining
were performed as described above.

781



Table 1 Inter-simple sequence repeat (ISSR) primers: their sequence,
GC content and melting temperature (T

.
), the number and size

range of bands that they produce and the level of polymorphism and

average genetic similarity between rice varieties that they detect
(n.a. not available)

Primer Sequence! GC T
.
" Total Total Total MW size Average

type content (3C) no. of no. of polymorphism range# similarity
(%) bands monomorphisms (%) index$

3@-anchored primers
di-nt (GA)9-A 47.4 53.1 63 3 95.2 200}1200 32.5

(GA)9-C 52.6 55.3 54 1 98.1 100}940 25.6
(GA)9-T 47.4 53.1 55 3 94.5 165}1500 39.1
(GT)9-A 47.4 53.1 14 0 100.0 500}1600 22.7
(GT)9-C 52.6 55.3 19 0 100.0 270}1500 26.5
(GT)9-T 47.4 53.1 5 0 100.0 600}1100 n.a.

5@-anchored primers
di-nt CCCGGATCC(GA)9 59.3 65.8 66 6 90.9 150}1000 39.1

CCCGGATCC(CT)9 59.3 65.8 67 8 88.1 150}1500 44.1
CCCGGATCC(GT)9 59.3 65.8 47 11 76.6 210}1500 61.2
CCCGGATCC(CA)9 59.3 65.8 55 10 81.8 200}800 49.5

tri-nt GATC(CGG)9 93.5 82.2 17 7 58.8 690}1200 76.7
GATC(TGG)9 64.5 70.3 31 14 54.8 350}1400 71.4
GATC(GAG)9 64.5 70.3 16 9 43.8 690}1200 79.8
GATC(CAG)9 64.5 70.3 0 n.a. n.a. n.a. n.a.
GATC(ATC)10 35.3 59.8 31 26 16.1 700}1500 94.3
GATC(TTG)10 35.3 59.8 21 7 66.7 200}1500 62.6
GA(TCT)10 34.4 58.5 15 2 86.7 350}1400 27.9
GATC(ATT)10 5.9 47.7 0 n.a. n.a. n.a. n.a.

tetra-nt GATC(GAGG)7 71.9 73.8 4 0 100.0 500}1200 13.9
GATC(GTAG)7 50.0 64.9 30 0 100.0 200}1400 25.4
GATC(AGTG)7 50.0 64.9 23 2 91.3 180}1500 38.2
GATC(TTCG)8 50.0 66.6 3 1 66.7 240}1200 9.9
GATC(TCTG)8 50.0 66.6 28 20 28.6 200}1400 88.8
GATC(GACA)7 50.0 64.9 0 n.a. n.a. n.a. n.a.
GATC(GATC)7 50.0 64.9 0 n.a. n.a. n.a. n.a.
GATC(TTAG)8 27.8 57.5 0 n.a. n.a. n.a. n.a.
GATC(TATC)7 28.1 55.9 0 n.a. n.a. n.a. n.a.
GATC(TATG)8 27.8 57.5 0 n.a. n.a. n.a. n.a.
GATC(GATA)7 28.1 55.9 0 n.a. n.a. n.a. n.a.

penta-nt GA(TCTAG)6 40.6 61.0 0 n.a. n.a. n.a. n.a.
GAT(CTATG)6 39.4 61.0 0 n.a. n.a. n.a. n.a.
GATC(TTTTC)6 23.5 54.9 0 n.a. n.a. n.a. n.a.

!The motif of the primer is highlighted in bold
"McConaughy equation taken from Biochemistry 8 : 3289-3295 (1969): T

.
"60#41(G#C)/L!500/L (where L"length of primer)

#Size range in nucleotides, based on 1% agarose and 4% polyacrylamide gels
$Average Jaccard's genetic similarity index across all variety comparisons

Data analysis

Polymorphic bands from the ISSR and AFLP analysis were scored
qualitatively for presence (1) or absence (0) in each variety. The
genetic associations between varieties were evaluated by calculating
the Jaccard similarity coe$cient for pairwise comparisons based on
the proportion of shared bands produced by the primers. Similarity
matrices were generated using the &&simqual'' subprogram of the
software NTSYS-PC (Numerical Taxonomy System) (Rohlf 1992)
and were compared by calculating the product-moment correlation
(r) between matrices and the Mantel (Daniel's) test statistic (Z) of
signi"cance (Manly 1997) using the &&mxcomp'' subprogram. The
similarity coe$cients were also used for cluster analysis of the
varieties, performed using the &&sahn'' subprogram of NTSYS-PC,
and to build dendrograms by the unweighted pair-group method
with arithmetic average (UPGMA).

Results

ISSR "ngerprint complexity is based on the anchoring
of the primers and the repeat motif

ISSR bands could be clearly distinguished on 4% de-
naturing polyacrylamide gels (Fig. 1). PCR ampli"ca-
tion using the six 3@-anchored dinucleotide repeat ISSR
primers produced varying numbers of DNA fragments
depending on their SSR motif (Table 1). The primers
that were based on the poly(GA) motif produced signif-
icantly more bands on average (57.3$4.9) than the
primers based on the poly(GT) motif (12.6$7.1)
(paired t-test, P"0.006). The same 4.5-fold di!erence
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Fig. 1 Inter-simple sequence
repeat (ISSR) banding pro"le
on silver-stained 4%
polyacrylamide gels for
8 numbered rice varieties
[lanes 1 &IR64', 2 &IR42',
3 &IR36', 4 &DGWG' (Indicas),
5 &Palawan', 6 &Moroberakan',
7 &Rexmont' and 8 &Lemont'
(Japonicas)] for representative
3@-anchored primers with the
GA and GT motifs, and for the
5@-anchored primers with di-
nucleotide motifs (GA, GT, CT
and CA), tri-nucleotide motifs
(TGG and TTG) and tetra-
nucleotide motif (GATG). Size
standard (leftpanel) is the
combination of molecular-
weight markers V and VIII
(Boehringer-Mannheim), and
the size is indicated in base-
pairs
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in the numbers of bands was observed with automated
#uorescent or radioactive (o33) detection of ISSR bands
(data not shown) as with detection by silver staining
(Fig. 1). The number of bands produced with the di!er-
ent selective nucleotides (A, C or T) varied more with
the poly(GT) primers than with the poly(GA) primers.
Ampli"cation using the four 5@-anchored dinucleotide
repeat ISSR primers produced an average of 58.7
($9.4) bands over all the genotypes. No signi"cant
di!erences were observed between the number of
bands produced by the complementary primer pairs,
poly(GA) and poly(CT) or poly(GT) and poly(CA), nor
between the average of these pairs.

The size of the bands ampli"ed by dinucleotide-
based primers ranged from 100 bp to 1500 bp with
a peak concentration around 700 bp, although the spe-
ci"c pattern varied depending on the primer (Fig. 1).
The individual bands produced by 5@-anchored dinuc-
leotide ISSR primers showed variable intensity and
stuttering, a common feature of SSR ampli"cation
caused by strand slippage during DNA replication
(Dow et al. 1995). The bands produced by the 3@-an-
chored ISSR primers were easier to score than those
produced by the 5@-anchored primers because they were
of a sharper intensity with less stuttering.

The eight trinucleotide, ten tetranucleotide and three
pentanucleotide motif ISSR primers did not amplify as
many bands as the best dinucleotide motif primers
(Table 1). Tri- and tetra-nucleotide-containing primers
produced on average 16.4 ($11.9) and 8.8 ($12.7)
bands, respectively, while none of the pentanucleotide
primers showed any ampli"cation. The average
number of bands produced by ISSR primers with
motif classes was negatively correlated (r"!0.911,
P(0.005) with the number of nucleotides in the re-
peating unit of the motif.

The success in amplifying bands was more variable
with ISSR primers that contained tri- or tetra-nucleo-
tide repeats and depended greatly on the speci"c se-
quence of the motif. For example, the ISSR primers
containing trinucleotide motifs produced 15 or more
bands each, except for those based on poly(ATT) and
poly(CAG), which produced no bands under the PCR
conditions used in this study. Among the tetranucleot-
ide motif ISSR primers, those that were GC-rich (con-
taining 50% or more guanidine and cytosine bases)
ampli"ed an average of 14.7 bands, while those that
were AT-rich produced no bands at all.

The possibility that these di!erences in ampli"cation
were due to the optimum annealing conditions of the
oligonucleotides used as ISSR primers (Panaud et al.
1995) was evaluated by using a range of temperatures
for annealing } from 453 to 553C for AT-rich primers
and from 503 to 653C for GC-rich primers } without
modifying the other conditions or times of the PCR
program. Because the ISSR primers used in this study
were relatively long (27}31 bases), the predicted melting
temperatures (T.) were 553C or higher for all of the

AT-rich primers and 653C or higher for all the GC-rich
primers (Table 1). The primers with 75% or greater AT
content (i.e. those based on ATT, TATG, TTAG,
TATC, GATA and TTTTC) gave no ampli"cation at
either 453C or 553C annealing temperatures. Mean-
while, the ISSR primers with greater than one-half GC
content produced the same reproducible bands at
either 503C or 653C annealing temperatures. Larger
motif ISSR primers that would dimerize were not used
except for one based on poly(GATC) which formed
a ladder of ampli"cation products di!ering in 4 bp that
was assumed to be template-independent ampli"cation
(data not shown).

The size range of bands produced by speci"c tri-
and tetra-nucleotide ISSR primers was variable and
depended on the overall number of bands produced.
Primers amplifying many bands produced them over
a wide range of molecular weights, visible as a "nger-
print of fragments down the length of the polyacryl-
amide gel, while primers amplifying few bands
produced mainly bands more than 700 bp long (Fig. 1).

Frequency of ISSR polymorphism in
the variety analysis

The ISSR technique produced enough polymorphic
bands to distinguish all 59 varieties from each other
based on a single PCR reaction. When all of the ISSR
primers were considered together, the rate of polymor-
phism averaged 78.0% across all the varieties (Table 1).
The 3@-anchored primers based on poly(GA) and
poly(GT) motifs produced high average polymorphism
rates of 95.9% and 100%, with low average similarity
indices of 32.4% and 24.6%, respectively. Among the
5@-anchored primers, the dinucleotides as a class had
the highest average polymorphism rate (84.4%$6.4),
the trinucleotides had the lowest (54.5%$23.6),
with the tetranucleotides being intermediate
(77.3%$30.5). The average similarity index was nega-
tively correlated (r"!0.836, P(0.001) with the level
of polymorphism across all the ISSR primers. Corre-
spondingly, the tetranucleotides had a lower average
similarity index (35.3%$31.9) than either the dinuc-
leotides (48.5%$9.5) or trinucleotides (68.8%$22.6).

Among the individual 5@-anchored primers, several
based on di- or tetra-nucleotide motifs (GA, GAGG,
GATG and AGTG) produced over 90% polymorphic
bands. While the 5@-anchored dinucleotide primers
produced high rates of polymorphism, the comple-
mentary primers based on poly(GA) and poly(CT)
detected signi"cantly more polymorphisms on average
(89.5%$2.0) than the complementary primers based
on poly(GT) and poly(CA) (79.2%$3.7) (paired t-test,
P"0.037). The rates of polymorphism and levels of
similarity among the individual tri- and tetra-nucleo-
tide ISSR primers were much more variable than
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Fig. 2 Comparison of the
banding pro"les of a subset of
18 varieties for AFLPs, using
the primer pair PS2/TQ3, and
for ISSR, using the 5@-anchored
(GA) motif primer. Bands were
resolved on 4% polyacrylamide
gels and detected with silver
staining. Arrows mark PCR
fragments which are
polymorphic (right of panel) or
monomorphic (left of panel) for
the varieties shown. The
molecular weights (in base-
pairs) of the size standard used
are indicated to the left of the
gels

among the dinucleotide primers, ranging from 16.1%
for the poly(ATC) primer to 100% for the poly(GATG)
and poly(GAGG) primers.

The clearest ISSR bands were scored for presence or
absence among the varieties and used for the cluster
analysis. The complete data set was based on a total of
473 bands (370 polymorphisms), consisting of 132
bands (129 polymorphisms) for the 3@-anchored dinuc-
leotide primers and 131 (116), 125 (62) and 85 (63)
bands (polymorphisms) for the 5@-anchored di-, tri- and
tetra-nucleotide primers, respectively. The data sets for
each individual and each class of ISSR primers were
analyzed separately and in combination.

AFLP "ngerprint pattern and level of polymorphism

The AFLP technique produced bands which were of
generally uniform intensity and which had none of
the stutter bands characteristic of 5@-anchored ISSRs
(Fig. 2). This was important because of the large num-
ber of bands per lane and the short separation between
bands. PCR ampli"cations based on the PstI primer
PS2 (with 2 selective nucleotides) and ¹aqI primers

(with 3 selective nucleotides) produced many easily
readable bands in rice compared to ampli"cation based
on the PstI primers PS1 and the ¹aqI primer TQ1 (with
1 and 3 selective nucleotides each, respectively), which
produced many faint bands that were di$cult to score.
The primer combinations PS2/TQ2 and PS2/TQ3 pro-
duced 98 and 106 bands, respectively. Peak fragment
concentration on PAGE gels appeared to be at approx-
imately 700 bp, regardless of the primer pair used.
However, because of the density of closely spaced
bands in AFLP gels, it was di$cult to individ-
ually distinguish bands above 750 bp with 4% PAGE
gels.

Approximately half of the AFLP bands were mono-
morphic across all the varieties for the enzyme combi-
nation PstI/¹aqI used in this study. We used a PstI
digestion in our AFLP analysis hoping that it would
sample the same part of the genome as the RFLP
markers used in the previous diversity study of the
same varieties (G. Second, personal communication)
which were derived from PstI-digested DNA. Two
primer combinations (PS2/TQ3 and PS2/TQ2) were
required to produce enough polymorphic bands to
uniquely distinguish each of the 59 varieties tested. The
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Table 2 Correlation of similarity matrices! between ISSR motif
classes and between 5@- and 3@-anchored, GA- and GT-based primers

(A) (B) (C)

Between Classes
3@ Di-nt (A) } } }

5@ Di-nt (B) 0.801*** } }

5@ Tri-nt (C) 0.424*** 0.505*** }

5@ Tetra-nt (D) 0.448*** 0.447*** 0.414***

Between 5@ and 3@
5@-GA (A) } } }

3@-GA (B) 0.733*** } }

5@-GT (C) 0.532*** 0.526*** }

3@-GT (D) 0.009 0.000 0.000

Signi"cant correlations at *P"0.05, **P"0.01 and ***P"0.001
levels based on the Mantel Test statistic
!Similarity matrices based on Jaccard coe$cient and all pair-wise
comparisons between 59 rice varieties

combination of PS2 and TQ3 primers produced 75
readable bands in the range of 100}600 bp, of which 36
(48.0%) were polymorphic, while the combination of
PS2 and TQ2 primers produced 50 readable bands in
the same size range, of which 26 (52.0%) were polymor-
phic. The complete AFLP data set was based on a total
of 125 bands, of which 62 were polymorphic.

Diversity analysis and correlation of genetic pro"les

The "ngerprinting patterns were used to determine
genetic similarity matrices, which were then compared
to each other. Signi"cant correlations were found be-
tween the similarity matrices generated for all four
classes of ISSR primers (Table 2). The highest correla-
tion was found between similarity matrices for the
combined data sets based on 3@- and 5@-anchored dinuc-
leotide motif primers, while the correlations between
similarity matrices derived from di-, tri- or tetra-
nucleotide-based primers were lower but still signi"-
cant. Within the motif classes some individual ISSR
primers were more divergent than others. Notably,
although the similarity matrices of 3@-anchored
poly(GT)-A and poly(GT)-C primers were correlated,
they were not signi"cantly correlated with those of the
other dinucleotide-based primers. Among the 5@-an-
chored dinucleotide primers the correlations were
signi"cant, while among the individual 5@-anchored tri-
and tetra-nucleotide primers they were low or not sig-
ni"cant (data not shown). The similarity matrices for
the complete AFLP and ISSR data sets were signi"-
cantly correlated (r"0.411, P(0.001), as were the
two primer combinations used in AFLP analysis
(r"0.324, P(0.001).

Cluster analyses were used to group varieties and to
construct dendrograms based on the ISSR (Fig. 3) and
AFLP (Fig. 4) data sets. The Jaccard similarity index

scale is consistent between the two "gures to facilitate
comparison of the estimates of relatedness between
varieties. With both methods, none of the variety com-
parisons yielded 100% similarity. However, the AFLP
analysis was less able to discriminate between varieties
and showed higher average similarity (73.3%) than the
ISSR analysis (55.5%). Both genome scanning methods
produced a classi"cation of the germplasm that was
comparable to that based on isozymes (Glaszmann
1987) or single-locus RFLP markers (Wang and
Tanksley 1989).

The genotypes belonging to either of the two main
branches representing the Indica (isozyme group I) and
Japonica (isozyme group V and VI) subspecies of culti-
vated rice could clearly be di!erentiated. The improved
varieties from IRRI, &IR8', &IR24', &IR36', &IR42' and
&IR64', were all identi"ed as Indica genotypes. As ex-
pected, two IRRI sister lines (IR56381A and IR56381B)
were very similar. Another cluster below the main In-
dica branch of the ISSR tree corresponded to some of
the varieties from India (&BP176', &CO18', &DA9',
&JC120', &JC117' and &SLO17'). Below the Japonica
branch, subgroups could be discerned with both
genome scanning methods. Varieties belonging to
isozyme group V (&Basmati 370', &Pankhari 203', &Dom
So"d') formed a distinct cluster that included &JC157',
which has an unknown isozyme status. Three long-
grain varieties from the southern USA (&Texas Patna',
&Lemont' and &Rexmont') clustered together. This
group was classi"ed near other tropical Japonicas from
isozyme group VI, including traditional cultivars from
the Philippines (&Azucena', &Binulawan' and &Palawan')
and from Thailand (&Hawm Om' and &Dam'). The tem-
perature Japonicas from Japan and China (&Aichiasahi',
&Shan Kiu Ju', &Ta Hung Ku', &Haifugoya' and
&Taichung 65') also clustered together, but separately
from the tropical Japonicas. Because of the choice of
varieties used in this study, the Indica and Japonica
subspecies appeared equally diverse. An intermediate
cluster between the two subspecies consisted of the
south Asian varieties &Aswina', &Chinsurah Boro II',
&Dular', &DV85', &Nakhi', &Bamoia 341', &Jhona 349' and
&Fr13a', which have previously been classi"ed as mem-
bers of isozyme group II and III (Glaszmann 1987).

Discussion

ISSR analysis predicted the frequency and
polymorphism of SSR motifs

The number of bands produced by ISSR primers with
di!erent di-, tri- and tetra-nucleotide repeat motifs
correlated well with what is known about microsatel-
lite frequency in the rice genome. The types of
simple sequence repeats found in rice cDNA and
genomic libraries have been characterized during the
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Fig. 3 Dendrogram derived from a UPGMA cluster analysis using
the Jaccard's similarity coe$cient based on 370 polymorphic ISSR
bands showing the associations among 59 rice varieties with their

isozyme group designations, accession numbers from the Inter-
national Rice Germplasm Collection and geographical origin. n.a.
not available
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Fig. 4 Dendrogram derived from a UPGMA cluster analysis using
the Jaccard's similarity coe$cient based on 62 polymorphic bands

generated by AFLP analysis showing the associations among 54 rice
varieties and their isozyme group designations (I, II, III, V or VI)
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construction of framework microsatellite maps (Chen
et al. 1997; Panaud et al. 1996; Wu and Tanksley 1993)
and the screening of expressed sequences in databases
(Akagi et al. 1996a; Y. G. Cho, personal communica-
tion). From these studies it is evident that dinucleotide
simple sequence repeats are more common in the rice
genome than any of simple sequence repeats with larger
units. Predictably, dinucleotide motif primers were
more amenable to ISSR analysis in rice, while primers
based on the more infrequent, trinuclotide and tetra-
nucleotide simple sequence repeats produced fewer
bands. Indeed, pentanucleotide repeats were so dis-
persed or uncommon in the rice genome that no ISSR
bands were produced by primers containing this motif.
In comparison, dinucleotide motifs made the best ISSR
primers in wheat (Nagaoka and Ogihara 1997), regard-
less of whether the genotype was diploid, tetraploid or
hexaploid; while in maize, primers with trinucleotide
and tetranucleotide motifs were also valuable for ISSR
analysis (Gupta et al. 1994; Kantety et al. 1995).

The poly(GA)-containing 3@-anchored ISSR primers
produced on average almost "ve times as many bands
as those with the poly(GT) motif. This di!erence may
re#ect the low frequency of the poly(GT) motif in the
rice genome or a lack of clustering of these microsatel-
lites. Wu and Tanksley (1993) found a 3 : 1 greater
abundance of GA versus GT microsatellites during
hybridization of a 15-kb insert library. They estimated
that GA blocks and GT blocks occurred individually
every 225 kb and 480 kb, respectively, in the rice
genome and that they were rarely clustered together.
Recent results based on the screening of a small insert
genomic library supports the conclusion that poly(GT)
is signi"cantly less abundant than poly(GA) in rice (S.
Temnykh, personal communication). Many other plant
species also have a greater abundance of microsatellites
with the GA motif compared to the GT motif (Depeiges
et al. 1995; Morgante and Olivieri 1993). This can
explain why in wheat poly(GA)-based ISSR primers
were more useful and produced twice as many bands as
poly(GT) primers (Nagaoka and Ogihara 1997).

The 5@-anchored poly(GT) primer produced more
bands than the 3@-anchored poly(GT) primer. This
might be expected because the 5@-anchored primer
lacks selective nucleotides at the critical 3@ end. How-
ever, this was not the case for the poly(GA) primers,
which produced equivalent numbers of bands using
5@- or 3@-anchored primers. One explanation for these
anomalous results is that PCR ampli"cation with 5@-
anchored primers imposes selection for long simple
sequence repeats that bind along the entire length of
the primer (59 repeat units, or 18 bp), while ampli"ca-
tion with 3@-anchored primers would not impose selec-
tion for repeat length. Therefore, the use of 3@-anchored
primers, while providing an overview of the overall
frequency of a motif, may detect a higher frequency
of short simple sequence repeats than 5@-anchored
primers. The average number of repeating units

is thought to be lower in poly(GT) simple sequence
repeats than in poly(GA) simple sequence repeats
(S. Temnykh, personal communication). This would
explain why the poly(GA) and poly(GT) primers
produced similar numbers of bands when anchored at
the 5@ end but di!erent numbers of bands when anchor-
ed at the 3@ end. It would be interesting to study
whether 3@-anchored ISSR primers based on com-
plementary reverse sequences, such as poly(GA) and
poly(CT) or poly(GT) and poly(CA), also detected these
di!erences.

Poly(AT) dinucleotide repeats are suggested to be
very frequent in rice (Akagi et al. 1997) and are thought
to be among the most abundant motifs in plant species
(Depeiges et al. 1995; Morgante and Olivieri 1993;
Lagercrantz et al. 1993). However, neither poly(AT) nor
poly(GC) microsatellites were targeted in this study
because ISSR primers based on these motifs are self-
annealing, due to sequence complementarity, and
would form dimers during PCR ampli"cation.

Among the trinucleotide-based ISSR primers, those
containing the following repeat motifs, TGG, ATC,
TTG, CGG, GAG, TCT, CAG and ATC, produced
sequentially fewer bands in rice. The ISSR ampli"ca-
tion based on the poly(CGG) motif was not as produc-
tive as might have been expected from the results of
Zhao and Kochert (1992), which suggested that this
motif was common in the rice genome. In a study by
Parsons et al. (1997), in which ISSR primers were used
with poly(AAG), poly(CGG) and poly(CAG) trinuc-
leotide motifs anchored at the 3@ end by 2 selective
nucleotides produced 5}11 bands in rice, similar to
results reported here based on 1 selective nucleotide.
The relative abundance of trinucleotide motifs appears
to be di!erent in rice than in other plant species (De-
peiges et al. 1995; Kantety et al. 1995; Nagaoka and
Ogihara 1997).

The ten tetranuclotide motif ISSR primers tried were
very variable in their ability to amplify bands: those
with poly(GATG), poly(AGTG) and poly(TCTG)
motifs produced many bands, those with poly(GAGG)
and poly(TTCG) produced few bands, and those with
the poly(GACA) motif or the A-T rich motifs (TTAG,
TATC, TATG or GATA) produced no bands. We were
interested in some of these tetranucleotide repeats be-
cause of reports of their high frequency and clustered
distribution in peas (Lu et al. 1996) maize (Gupta et al.
1994) and rice (Ramakishana et al. 1994). However,
Southern hybridization experiments (unpublished
work, this laboratory) support the view that these
motifs are uncommon in the rice genome.

In the case of infrequent SSR motifs, the conditions
used for PCR ampli"cation, such as the duration of the
extension step, can be modi"ed to favor the production
of larger ISSR bands (Parsons et al. 1997). However
longer PCR products can only be analyzed on agarose
gels stained with ethidium bromide, a system which has
both lower resolving power and DNA sensitivity than
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the silver-stained polyacrylamide gels used in this and
other ISSR studies (Charters et al. 1996; Fang and
Roose 1997).

Trinucleotide repeat ISSR primers as a class pro-
duced the lowest rates of polymorphism and the high-
est similarity index among all the rice varieties
analyzed. In contrast, ISSR analysis with dinucleotide-
based primers provided the highest rates of polymor-
phism observed for any multi-locus marker system in
rice. In maize, on the other hand, trinucleotide ISSR
primers based on poly(GCT) and poly(AGC) motifs
revealed more polymorphisms than dinucleotide
primers based on poly(CA) or poly(GT) motifs (Kan-
tety et al. 1995). Although all the dinucleotide motif
ISSR primers produced high levels of polymorphism,
some variability was observed. The 5@-anchored dinuc-
leotide-based ISSR primers detected more monomor-
phic bands than the 3@-anchored primers. Among the
5@-anchored dinucleotide-based primers the poly(GT)
and poly(CA) motifs detected lower rates of polymor-
phism than the poly(GA) and poly(CT) motifs. These
results agree with diversity surveys conducted with
microsatellites containing these motifs in which
poly(GT) loci tend to have 30}50% fewer alleles than
poly(GA) loci (Y. G. Cho personal communication).
Since rice microsatellite loci are often made up of com-
pound perfect repeats of two or more di!erent motifs
(Chen et al. 1997) which can vary in size independently
for each di!erent allele (Panaud et al. 1996), changes in
the composition or size of compound simple sequence
repeats could be an important source of ISSR poly-
morphisms. The polymorphism at ISSR loci detected
with 5@-anchored primers can arise from the elimina-
tion of a #anking simple sequence repeat that leads
to the loss of a priming site, the expansion and con-
traction of the #anking simple sequence repeat or
insertion/deletions between the priming sites that lead
to a change in the size of the ISSR allele (Zietkiewicz
et al. 1994). Therefore, the lower rate of polymorphism
at ISSR loci detected with the poly(GT) motif might
result from their location in more static regions of the
genome than ISSR loci detected with the poly(GA)
motif.

Patterns of rice diversity and predictions
of variety relationships

The patterns of diversity revealed by the di!erent types
of ISSR primers were similar in the majority of com-
parisons as indicated by the signi"cant correlations
between most similarity matrices. This means that most
of the ISSR primers, especially members of the 5@-
anchored dinucleotide class, could be freely inter-
changed with no loss in the power to distinguish var-
ietal diversity. However, the similarity matrices of ISSR
primers that produced fewer than 10 polymorphic
bands were not correlated with those of the other, more

productive ISSR primers. Therefore, while only one
5@-anchored dinucleotide based primer was su$cient to
di!erentiate among and classify the rice varieties, sev-
eral of the tri- and tetra-nucleotide-based ISSR primers
would need to be used in combination to achieve the
same precision for the cluster analysis of rice varieties.
These results suggest that the use of various ISSR
primers would enable the assay of much of the genetic
diversity of rice.

The genome scanning techniques used in this study
proved useful for the classi"cation of rice accessions.
The cluster analysis performed for the ISSR and AFLP
data sets easily di!erentiated the isozyme groups deter-
mined by Glaszmann (1987). In comparison, RFLP or
random ampli"ed polymorphic DNA (RAPD) markers
can distinguish Indica and Japonica subspecies of culti-
vated rice but detect only modest amounts of genetic
variability within these gene pools (Ishii et al. 1995;
Mackill 1995; Wang and Tanksley 1989; Yu and
Nguyen 1994; Zhang et al. 1992). In this study, the
ability to distinguish between closely related cultivars
within a subspecies was greater for ISSR than for
AFLP analysis.

The overall predictions of rice variety relationships
generated from the "ngerprinting with either the ISSR
or the AFLP techniques were similar, as indicated by
the correlations between the genetic similarity matrices.
However, the cluster representing isozyme groups II
and III was more closely identi"ed with Japonica var-
ieties in the AFLP analysis and with the Indica varieties
in the ISSR analysis. When cluster analysis was per-
formed for each of the classes of ISSR primers, the
dinucleotide motif ISSR loci identi"ed isozyme group
II varieties as an Indica sub-cluster, while the tri-
nucleotide ISSR loci identi"ed this group as a Japonica
sub-cluster. Parsons et al. (1997) found a similar diver-
gence for isozyme group II when using centromeric
versus distal markers in their cluster analysis. If di!er-
ent markers were distributed unevenly, it could explain
the split identity of isozyme group II in this study.

Members of isozyme group II were a mixture of
traditional landraces and improved lines from the
Indian subcontinent that have been categorized as
&&Aus'' and &&Boro'' rices; these are considered to be part
of the Indica subspecies (Glaszmann 1987). This
isozyme group, along with group III (Deepwater rices)
and V (Basmati rices) from South Asia, exhibit many
distinguishing characteristics, including unusual grain
quality traits, deepwater growth habit, resistance genes
with novel biotype or race speci"cities and tolerances
to hot or cold weather. These unique traits, as well as
the molecular di!erences commented upon in this
work, suggest that these rice groups may represent
mixtures of Indica and Japonica genomes possibly high-
lighted with introgressions from wild rice species. ISSR
markers diagnostic for these varietal di!erences could
be used to facilitate the deployment of these traits in
rice breeding.
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In this study, the ISSR technique was successfully
applied to two important aspects of genetic analysis.
First, it was shown that this technique can be used to
study the frequency of simple sequence repeats in
a given genome, without the time-consuming and
costly steps of library construction, DNA hybridiza-
tion, subcloning or sequencing typical of previous
methods of estimating frequency. Data about frequency
are crucial for deciding which microsatellite motifs to
target for marker development (Panaud et al. 1996).
Second, ISSR "ngerprinting was found to be a rapid,
e$cient and cost-e!ective, whole-genome scanning
technique for rice that detected more polymorphisms
than the AFLP technique and had the added advant-
ages of requiring only one primer and a single PCR
ampli"cation step to carry out. ISSR "ngerprinting of
rice genotypes could be used to characterize the large
numbers of rice accessions held in national and interna-
tional germplasm centers, to prioritize the collection
and conservation of diversity and to manage breeding
populations e!ectively.
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