
Abstract Primer pairs flanking ten chloroplast microsat-
ellite loci, originally identified in Oryza sativa cv
Nipponbare, were evaluated for amplification and allelic
diversity using a panel of 13 diverse cultivars of rice
(O. sativa), 19 accessions of wild rice (three O. officina-
lis, five O. latifolia, five O. minuta, four O. australien-
sis, one O. brachyantha and one O. ridleyi) and eight
other Gramineae species (maize, teosinte, wheat, oat,
barley, pearl millet, sorghum and sugarcane). Amplified
products were obtained for all samples at nine out of ten
loci. Among the rice cultivars, the number of alleles per
locus ranged from one to four, with monomorphic pat-
terns observed at five loci. The average polymorphism
information content (PIC) value at the other five (poly-
morphic) loci was 0.54 among the 13 cultivars. When
wild rice and the other Gramineae species were com-
pared based on the proportion of shared alleles, their
phylogenetic relationships were in agreement with previ-
ous studies using different types of markers; however,
the magnitude of the differences based on chloroplast
microsatellites underestimated the genetic distance sepa-
rating these divergent species and genera. A sequence-
based comparison of homologous regions of the rice and
maize chloroplast genomes revealed that, while a high
level of microsynteny is evident, the occurrence of ac-
tively evolving microsatellite motifs in specific regions
of the rice chloroplast genome appears to be mainly a
species or genome-specific phenomenon. Thus the chlo-
roplast primer pairs used in this study bracketed muta-
tionally active microsatellite motifs in rice but degener-
ate, interrupted motifs or highly conserved, mutationally
inert motifs in distantly related genera.
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Introduction

Microsatellites consist of tandem arrays of simple se-
quence repeats (SSRs), such as mono-, di-, tri- and tetra-
nucleotide motifs. Simple sequence length polymor-
phisms (SSLPs), caused by variation in the number of re-
peat units, can be easily detected by PCR using pairs of
primers designed from unique sequences flanking the
microsatellite-containing regions. Microsatellites are
widely used as genetic markers because they are abun-
dant and well-distributed throughout the genomes of
most eukaryotic species and because they have a high
level of allelic diversity. Well-saturated microsatellite
maps have been developed for human (Dib et al. 1996)
and mouse (Dietrich et al. 1996), and are currently under
development in several plant species, including rice
(Temnykh et al. 2000; Chen et al. 1997; Akagi et al.
1996), maize (Senior and Heun 1993), barley (Becker
and Heun 1995), wheat (Roder et al. 1998), Arabidopsis
(Bell and Ecker 1994) and soybean (Akkaya et al. 1995).
These studies indicate that (CA/GT)n dinucleotide re-
peats are relatively abundant in mammalian genomes
while (GA/CT)n and (AT/TA)n are most abundant in
plant genomes. Microsatellite markers are also a power-
ful tool for analyzing intraspecific variation and for
DNA fingerprinting (Powell et al. 1996; Akagi et al.
1997; Olufowote et al. 1997). Application of SSLPs in
phylogenetic studies involving different species or gen-
era is more difficult because the sequence divergence
that has accumulated over evolutionary time affects the
primer-annealing regions as well as the length of the
SSR motifs themselves.

SSLP analysis has targeted the nuclear genome for
more than 10 years, but more recently, microsatellite
markers for chloroplast genomes have been identified
through computer searches of the GenBank database
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(Powell et al. 1995a). A total of 237 and 229 microsatel-
lites having more than ten repeats each were found in
complete chloroplast sequences of six plant species and
in partial sequences of other species, respectively. The
size of the chloroplast genome in plants is much smaller
than that of the nuclear genome and the AT content of
chloroplast DNA is much higher. Most chloroplast mi-
crosatellites are (A/T)n mononucleotide repeats. Using
these chloroplast microsatellites, intra- and inter-specific
variations were examined in pine trees (Powell et al.
1995a), soybean (Powell et al. 1995b, 1996) and rice
(Provan et al. 1996, 1997). Since the chloroplast genome
is more conserved than the nuclear and mitochondrial
genomes (Wolfe et al. 1987), chloroplast microsatellites
have the potential to illuminate phylogenetic studies
across greater genetic distances than nuclear or mito-
chondrial microsatellites.

The genus Oryza contains two cultivated species and
more than 20 wild species. Their genome constitutions
are AA, BB, BBCC, CC, CCDD, EE and FF, as well as
some unidentified genomes (Vaughan 1989). Phyloge-
netic studies using these species have been limited to
RFLP analyses of nuclear and chloroplast DNA (Dally
and Second 1990; Wang et al. 1992) and AFLP analysis
(Aggarwal et al. 1999). However, the entire chloroplast
genome of O. sativa Japonica cv Nipponbare was se-
quenced by Hiratsuka et al. (1989), and 12 SSRs were
identified in that sequence by Provan et al. (1996). Using
seven of these chloroplast microsatellites, Provan et al.
(1997) analyzed within-genome variation in Oryza.

Several major crop species belong to the family Gra-
mineae, including rice, maize, wheat and barley. Phylo-
genetic relationships among these cereals have been
studied based on conventional systematic data and on re-
striction fragment sizes of chloroplast DNA (Tateoka
1957; Vedel et al. 1980; Enomoto et al. 1985; Katayama
and Ogihara 1996; Soreng and Davis 1998). Nuclear
chromosomal synteny and collinearity were also ana-
lyzed using homoeologous RFLP probes (Ahn and
Tanksley 1993; Van Deynze et al. 1995a, b; Devos et al.
1995; Wilson et al. 1999).

In this study, rice chloroplast microsatellites were
used to examine the degree of variation or conservation
at homologous loci among a diverse set of accessions
from the genus Oryza, and eight other Gramineae spe-
cies.

Materials and methods

Plant materials

Thirteen O. sativa cultivars were selected for the evaluation of al-
lelic diversity of chloroplast microsatellite loci (see Table1). These
cultivars were simultaneously used for nuclear microsatellite anal-
ysis (Cho et al. 2000) and are the mapping parents used in rice ge-
nome analysis in China, Korea, Philippines, Japan and the United
States. For phylogenetic analysis, 19 wild rice accessions and ac-
cessions of eight other Gramineae species were used (see Table 3).
Total DNA of barley, oat, millet, sorghum and sugarcane was
kindly provided by William Wilson, and teosinte DNA was pro-
vided by Shannon Paintner, Cornell University, respectively.

DNA extraction

Total DNA was extracted from fresh leaves of a single plant by the
potassium acetate method (Dellaporta et al. 1983). The quality and
concentration of the extracted DNA were estimated using mini-gel
electrophoresis (Sambrook et al. 1989).

Chloroplast microsatellites

Twelve chloroplast microsatellites having more than ten repeats were
previously reported by Provan et al. (1996). However, two pairs of
them were located in inverted repeat regions of the chloroplast ge-
nome, indicating that these two are duplicated within the rice chloro-
plast genome. In this study, ten unique pairs of primers were de-
signed to produce specific PCR products in the range of 100–150 bp
using the PRIMER program (Version 0.5, Eric Lander, Whitehead
Institute, Cambridge, Mass). Because the chloroplast genome con-
sists of AT-rich sequences which have a low melting point, long
primers had to be designed, ranging from 20 to 28 nucleotides, to op-
timize PCR reactions (see Table 2). These primer sequences were
used to amplify all the accessions reported in this study.

PCR-amplification and silver staining

PCR was performed in 50-µl reactions containing 100 ng of tem-
plate DNA, 0.2 µM of each primer, 200 µM of each dNTP (dATP,
dCTP, dGTP and dTTP), 10 mM Tris-Cl (pH 8.3), 50 mM KCl,
1.5 mM MgCl2, 0.01% gelatin and 1 unit of Taq DNA polymerase.
Amplification was carried out in a PTC100 96U thermocycler (MJ
Research, USA) as follows: 5min at 94°C, followed by 35 cycles
of 1 min at 94°C, 1 min at 55°C, 2 min at 72°C, and 5 min at 72°C
for final extension. Amplified products were electrophoresed in
4.0% polyacrylamide gels and the banding patterns were visual-
ized using silver staining as described by Panaud et al. (1996).

Allele scoring

After silver staining of polyacrylamide gels, a cluster of 2–5 dis-
crete bands was apparent for most of the markers. The size (in nu-
cleotides) of the most-intensely amplified band for each microsat-
ellite marker was determined for each genotype based on migra-
tion relative to a Nipponbare allele standard and molecular-weight
size markers V and VIII (Boehringer Mannheim, Germany).
Nipponbare was used as a reference for allele molecular-weight
determination because the expected allele sizes of PCR products
were available for this variety based on sequences from the Gen-
Bank database.

Data analysis

The allelic diversity of chloroplast microsatellites among the 13
cultivars was calculated according to the polymorphism informa-
tion content (PIC) value described by Botstein et al. (1980) and
modified by Anderson et al. (1993) for self-pollinated species as
follows:

where pij is the frequency of the jth pattern for marker i and sum-
mation extends over n patterns.

Phylogenetic relationships among wild rice species, and
among the Gramineae species were studied based on the similarity
of chloroplast microsatellite allele sizes. The ratio of common am-
plified fragments was used as a similarity index, and calculated
according to the following formula:

Fij=2Bij/Aij

where Aij and Bij are the numbers of total and common fragments
observed between ith and jth varieties (Nei and Li 1979). Based
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on the ratio of common fragments, a dendrogram showing phylo-
genetic relationships among varieties was constructed by the
UPGMA method (Sneath and Sokal 1973).

In this paper, ”homology” for the amplified regions and primer
regions refers to the number of identical aligned bp divided by the
number of total aligned bp, with a score of 1 for each gap; “ho-
mology excluding gap” refers to the number of identical aligned
bp divided by the number of total bp taking no penalty for a gap.

Results

Allelic diversity of chloroplast microsatellites
among rice cultivars

Amplified products were obtained for all ten chloroplast
microsatellites with the 13 O. sativa cultivars (Table 1).
To characterize the allelic diversity and the informative-
ness of the chloroplast microsatellites, the number of al-
leles and the polymorphism information content (PIC) of
each were examined. The number of alleles per micro-
satellite ranged from 1 to 4. Those with only one allele,
i.e., monomorphic loci, were observed for five markers
(RCt1, 2, 4, 7 and 10), and the maximum of four alleles
was detected only for RCt3. PIC values ranged from 0 to
0.710 with an average of 0.267. When PIC values of the
monomorphic microsatellites (PIC=0) were excluded
from the calculation, the average PIC of the five poly-
morphic microsatellites was 0.54.

As shown in Table 2, three, two and five microsatel-
lites were located in coding, intron and non-coding re-
gions, respectively. All three microsatellites in coding re-
gions (RCt2, 4 and 7) were monomorphic among rice
cultivars, as was one each in an intron (RCt1) and in a
non-coding region (RCt10). Using the other five poly-

morphic microsatellite markers, the chloroplast genomes
of the 13 cultivars could be classified into nine types. Of
these, three types represented at least two cultivars; iden-
tical banding patterns were observed between IR36 and
IR64, between Zhai-Ye-Qing 8 and Lemont, and be-
tween Nipponbare, Gihobyeo and Milyang 23. The chlo-
roplast genomes of the other six cultivars were unique
and could be individually identified. Kasalath was the
most distinct, in that it contained a unique allele at RCt3
that was not detected in any of the other Oryza or other
Gramineae accessions evaluated in this study.

Allelic diversity of chloroplast microsatellites
among wild rice species and Gramineae species

Chloroplast microsatellites of 19 accessions of wild rice
and eight accessions of other Gramineae species were
examined using all ten pairs of primers (Table 3, Fig. 1).
Null alleles were observed at RCt8 in O. ridleyi and in
the eight Gramineae species. At the other nine loci, DNA
fragments containing microsatellite regions were ampli-
fied with the primers derived from O. sativa cv Nippon-
bare chloroplast sequences. Monomorphic patterns
across all germplasm examined were observed at two lo-
ci, RCt2 and RCt7, which were located in the coding re-
gions of chloroplast genes.

In order to clarify the phylogenetic relationships
among species and genera, the banding patterns of com-
mon chloroplast microsatellites were compared among
rice species and Gramineae species. In this study, the
genomes of the 19 accessions of wild rice were classified
as CC, CCDD, BBCC, EE, FF and an unidentified tetra-
ploid. In addition, three O. sativa cultivars having the
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Table 1 Allelic diversity of ten chloroplast microsatellites found among 13 O. sativa cultivars. Allele size was designated as nucleotide
length difference (+/– for longer/shorter) from Nipponbare allele size

Species Type Variety name Mapping Locus and size in bpb

parenta

RCt1 RCt2 RCt3 RCt4 RCt5 RCt6 RCt7 RCt8 RCt9 RCt10
103 122 129 128 143 111 126 131 143 129

O. sativa Japonica Nipponbare J 0 0 0 0 0 0 0 0 0 0
O. sativa Japonica Gihobyeo K 0 0 0 0 0 0 0 0 0 0
O. sativa Japonica Jing-Xi 17 Ch 0 0 –1 0 0 0 0 0 1 0
O. sativa Tropical Japonica Azucena P 0 0 –1 0 0 –1 0 –1 1 0
O. sativa Tropical Japonica Lemont T 0 0 –1 0 0 0 0 –1 1 0
O. sativa Japonica/Indicac Milyang 23 K 0 0 0 0 0 0 0 0 0 0
O. sativa Indica IR36 Co 0 0 1 0 –1 –1 0 –1 2 0
O. sativa Indica IR64 P 0 0 1 0 –1 –1 0 –1 2 0
O. sativa Indica N22 Co 0 0 1 0 0 –1 0 –1 2 0
O. sativa Indica Zhai-Ye-Qing 8 Ch 0 0 –1 0 0 0 0 –1 1 0
O. sativa Indica Teqing T 0 0 1 0 –1 0 0 0 2 0
O. sativa Indica Kasalath J 0 0 2 0 0 –1 0 –1 2 0
O. sativa Indica BS125 Co 0 0 0 0 0 0 0 0 2 0

No. of alleles 1 1 4 1 2 2 1 2 3 1
PIC 0.000 0.000 0.710 0.000 0.355 0.473 0.000 0.497 0.639 0.000

a Parental variety of mapping population developed in Cornell
University, USA (Co), Texas A & M University, USA (T), Rice
Genome Program, Japan (J), National Institute of Science and Ag-
ricultural Technology, Korea (K), Academia Sinica, China (Ch),
and International Rice Research Institute, The Philippines (P)

b Expected size in Nipponbare
c Derived from a Japonica/Indica cross
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AA genome, i.e., Nipponbare (Japonica), Lemont (tropi-
cal Japonica) and IR36 (Indica), were included in the
comparison. The proportion of common bands among all
these germplasm samples was used as a similarity index,
and a dendrogram was constructed (Fig. 2). As exempli-
fied by the pattern at RCt6 in Fig. 1, alleles of similar
size ranges tended to be observed among members of the

same clade in this survey of grasses; a 100-bp allele is
observable in the Panicoideae, maize, teosinte, sorghum,
sugarcane and pearl millet; a 107-, 108-, 109- or 110-bp
allele is present in Oryza species; and a 128-bp allele,
suggestive of an insertion event, is observable in two of
the Pooideae, wheat and barley. Oat represented an ex-
ception at this locus, because it shared a 107-bp allele

Table 2 Rice chloroplast microsatellite information

Locus Other namea Locationb Repeat Primer sequence Size (bp) in
(gene) (5´–3´) Nipponbare

RCt1 Oscp3536 Intron (A)10 CATCCTTTTCAATCCAAAATCA 103
(trnK) TGCCTGATGTAGGGAAAAGC

RCt2 Oscp29138 Coding region (A)11 CTGGGGGGGATTATACCTGT 122
(rpoC2) ATATCTCTCATTTCCGACGCA

RCt3 Oscp43899 Intergenic (A)10 TAGGCATAATTCCCAACCCA 129
region CTTATCCATTTGGAGCATAGGG

RCt4 Oscp49274 Coding region (T)12 ACGGAATTGGAACTTCTTTGG 128
(psbG) AAAAGGAGCCTTGGAATGGT

RCt5 Oscp75969 Intergenic (T)10 ATTTGGAATTTGGACATTTTCG 143
region ACTGATTCGTAGGCGTGGAC

RCt6 Oscp76221 Intergenic (A)10 GAATTTTAGAACTTTGAATTTTTTACCC 111
region AAGCGTACCGAAGACTCGAA

RCt7 Oscp76527 Coding region (T)10 GTGTCATTCTCTAGGCGAAC 126
(infA) AAATATGACAGAAAAGAAAAATAGG

RCt8 Oscp78412 Intron (T)17 ATAGTCAAGAAAGAGGATCTAGAAT 131
(rpl16) ACCGCGATTCAATAAGAGTA

RCt9 Oscp80599 Intergenic (T)10 ATAAGGTTATTCCCCGCTTACC 144
region AAATTGGGGGAATTCGTACC

RCt10 Oscp89568 Intergenic (T)10 TCTTCATTTGGAATCTGGGC 129
region CTATTGATGCAAACGCTGTACC

RCt11 Oscp124451 Intergenic (A)10 – –
(=RCt10) region –
RCt12 Oscp134510 Intergenic (A)10 – –
(=RCt9) region –

a Locus name after Provan et al. (1996)
b Information on microsatellite location is from Hiratsuka et al. (1989) and the GenBank database (CHOSXX)

Fig. 1 Silver-stained polyacry-
lamide-gel electrophoresis pat-
terns showing simple sequence
length polymorphism at the
RCt6 locus among rice species
and Gramineae species. M=mo-
lecular-size marker; 1 IR36;
2–4 O. officinalis; 5–9 O. lati-
folia; 10–14 O. minuta; 15–18
O. australiensis; 19 O.
brachyantha; 20 O. ridleyi; 21
maize; 22 teosinte; 23 wheat;
24 oat; 25 barley; 26 pearl mil-
let; 27 sorghum; 28 sugarcane
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with O. ridleyi, differentiating it from the other Pooideae
surveyed here.

Microsynteny between rice and maize
in microsatellite-containing regions of chloroplasts

The entire sequence of the maize chloroplast genome is
available in the GenBank database (CHZMXX) (Maier
et al. 1995). This provided an opportunity to compare the
regions of the rice and maize chloroplast genomes where
the rice microsatellites had been detected. Table 4 shows
the nucleotide sequences of microsatellite regions in
maize, and from this information we were able to calcu-
late the expected maize allele sizes (in nucleotides) cor-
responding to the ten homologous microsatellites in rice.
At eight out of ten loci, the predicted sizes of maize al-
leles coincided precisely with those estimated by poly-
acrylamide-gel electrophoresis. At RCt10, a 1-bp differ-
ence was observed between expected and detected allele
sizes. This might be explained by the intraspecific varia-
tion in Zea mays, as different accessions were used for

the sequence analysis by Maier et al. (1995) and the mi-
crosatellite analysis presented in this study. At the RCt8
locus, allele sizes could not be compared because maize
showed a null allele. Though a high level of sequence
similarity (93.3%) was observed in primer sequences at
this locus, one of the primers had a mismatch at the third
nucleotide from the 3´-end, with the last two nucleotides
containing thymine and adenine bases which produced
weaker hydrogen bonds between DNA strands than the
guanine and cytosine bases. This might explain why no
PCR-amplification occurred at this locus.

According to the nucleotide sequences of rice and
maize, small insertions/deletions were observed in all
seven loci that were located in non-coding regions or int-
rons. In order to examine the proportion of base substitu-
tions occurring in the amplified microsatellite-containing
regions of these two grass genera, sequence similarity
was calculated excluding the regions differentiated by
insertion/deletion events. Sequence similarity ranged
from 87.8 to 98.4%, with an average of 92.6% (Table 4).
Especially high similarity values were observed at the
three loci in coding regions (RCt2, 4 and 7) and at the

Table 3 Allelic diversity of ten chloroplast microsatellites found among19 accessions of wild rice species and eight accessions of Gra-
mineae speciesa

Species Genome Acc. no. Origin Locus and size in bp

RCt1 RCt2 RCt3 RCt4 RCt5 RCt6 RCt7 RCt8 RCt9 RCt10
103 122 129 128 143 111 126 131 144 129

O. officinalis CC 100896 Thailand –1 0 –10 0 –1 –2 0 0 3 –1
O. officinalis CC 105315 India 0 0 –1 0 –2 –1 0 –3 0 –1
O. officinalis CC 105365 Thailand –1 0 –10 0 –1 –1 0 –2 4 –1
O. latifolia CCDD 100914 Mexico –1 0 –14 0 –1 –1 0 –2 2 –1
O. latifolia CCDD 100963 Guatemala –1 0 –12 0 –1 –1 0 –2 3 –1
O. latifolia CCDD 103787 Colombia –1 0 –12 0 –1 –1 0 –2 1 –1
O. latifolia CCDD 104985 Cuba –1 0 –12 0 –1 –1 0 –1 1 –1
O. latifolia CCDD 105142 Costa Rica –1 0 –12 0 –1 –1 0 –2 1 –1
O. minuta BBCC 101082 Philippines 0 0 0 0 –2 –1 0 –2 0 –1
O. minuta BBCC 101089 Philippines 0 0 0 0 –2 –1 0 –1 0 –1
O. minuta BBCC 101094 Philippines 0 0 0 0 –2 –1 0 –2 0 –1
O. minuta BBCC 101125 Philippines 0 0 0 0 –2 –1 0 –2 0 –1
O. minuta BBCC 101141 Philippines 0 0 0 0 –2 –1 0 –2 0 –1
O. australiensis EE 101397 Australia –1 0 1 0 –2 –3 0 –5 4 –1
O. australiensis EE 101410 Australia –1 0 1 0 –2 –3 0 –5 4 –1
O. australiensis EE 103318 Australia –1 0 1 0 –2 –3 0 –5 4 –1
O. australiensis EE 105267 Australia –1 0 1 0 –2 –3 0 –5 4 –1
O. brachyantha FF 101232 Sierra Leone –2 0 –1 0 –3 –3 0 –7 4 –2
O. ridleyi –b 100877 Thailand –2 0 –3 0 –3 –4 0 N –1 –2

Species Common name RCt1 RCt2 RCt3 RCt4 RCt5 RCt6 RCt7 RCt8 RCt9 RCt10

Zea mays Maize 0 0 –15 0 (13) –11 0 N (24) –2
Zea diploperennis Teosinte 0 0 –15 –3 (13) –11 0 N (24) –2
Triticum aestivum Wheat 0 0 1 –3 –1 (17) 0 N (12) –2
Avena sativa Oat 0 0 –10 –3 –5 –4 0 N (12) –2
Hordeum vulgare Barley 0 0 0 –3 –2 (17) 0 N (12) –2
Pennisetum glaucum Pearl millet 0 0 –15 3 –3 –11 0 N (12) –2
Sorghum bicolor Sorghum 0 0 0 9 0 –11 0 N 0 –2
Saccharum officinarum Sugarcane 0 0 –15 9 (15) –11 0 N 2 –2

a Allele size was designated as nucleotide length difference (+/-
for longer/shorter) from Nipponbare allele size. Number in paren-
thesis indicates approximate nucleotide length. N: null allele (no
amplification)

b Unidentified tetraploid



two loci occurring in inverted repeat regions of the chlo-
roplast genome (RCt9 and 10). When the microsatellite
primer-annealing regions (forward and reverse primer re-
gions; 41–48 bp) were compared specifically between
rice and maize, the homology was similar to that of the
amplified regions calculated without the insertions/dele-
tions.

Discussion

Using the same 13 cultivars examined here, Cho et al.
(2000) studied 300 rice nuclear microsatellites, 171 de-
veloped from a library of random genomic clones and
129 from DNA sequences extracted from GenBank.
They revealed that the average number of alleles per lo-
cus was 5.13 for microsatellites from the genomic library
and 2.78 for those from GenBank, with an average PIC
value of 0.68 and 0.39, respectively. These values were
higher than those of chloroplast microsatellites; 1.80 and
0.267 for the average allele number and the average PIC
value, respectively. These figures confirm that chloro-

plast SSLPs detect less diversity than nuclear microsatel-
lites. Provan et al. (1996) reported that chloroplast mi-
crosatellites were more informative than nuclear micro-
satellites. In their calculations of diversity, they pooled
information from six polymorphic chloroplast microsat-
ellites using 20 A-genome accessions (14 cultivars and
six wild accessions). However, the average diversity val-
ue for an individual chloroplast locus was lower than the
average of eight nuclear microsatellites reported by Wu
and Tanksley (1993) using the same set of plant ma-
terials.

A low PIC value for an individual chloroplast micro-
satellite is the consequence of the conservative nature of
the chloroplast genome which shows uniparental (mater-
nal) inheritance, a lower mutation rate, and contains a
higher proportion of coding regions than the nuclear ge-
nome (Wolfe et al. 1987; Hiratsuka et al. 1989). The rice
chloroplast genome consists of a circular DNA molecule.
The size of the molecule is about 135 kbp (Hirai et al.
1985) and there are 20–200 molecules in a single chloro-
plast (Palmer 1987). Since the chloroplast genome has a
prokaryotic structure, polymorphisms occurring in mi-
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Fig. 2 A dendrogram showing
genetic relationships among
rice species and Gramineae
species based on the chloro-
plast microsatellite analysis



crosatellite regions are likely to be the result of mis-rep-
lication or intermolecular recombination in repeated se-
quences. In this study, ten chloroplast microsatellite loci
were surveyed on 13 rice cultivars and no heterogeneous
genome constitution was found.

As shown in Table 2, three, two and five microsatel-
lites are located in coding, intron and non-coding re-
gions, respectively. All three microsatellites in coding re-
gions (RCt2, 4 and 7), one in an intron (RCt1) and one in
a non-coding inverted repeat sequence (RCt10), were
monomorphic in the 13 rice cultivars. The mechanism
underlying the observed sequence conservation is un-
known, but is probably due to the fact that variation in
the length of a simple sequence repeat motif would cause
a change in the protein product if it occurred in the open
reading frame. Similarly, such changes might affect the
splicing activity if they occurred in an intron, and would
likely disrupt the symmetry and function of the inverted
repeat sequences, and therefore would tend to be sup-
pressed in the chloroplast genome. Further, the three mi-
crosatellites in coding regions (RCt2, 4 and 7) showed
monomorphism among 19 accessions of wild rice spe-
cies, indicating a strong selective pressure against length
variation at these loci in the genus Oryza.

Using the five polymorphic microsatellite markers, the
chloroplast genomes of 13 cultivars were classified into
nine different types. According to Ishii and Tsunewaki
(1991) who made RFLP analysis on chloroplast DNA us-
ing six restriction enzymes, only five chloroplast genome
types were observed among 68 O. sativa local varieties
from 15 Asian countries. Compared to RFLP markers,

microsatellites provide a higher resolution for identifying
and classifying chloroplast genome types. This result sug-
gests that simple sequence repeat length variation occurs
more frequently than base substitutions or insertion/dele-
tion events in the chloroplast genome.

Among the 19 accessions of wild rice and eight other
Gramineae species surveyed in this study, null alleles
were observed only at RCt8. All eight Gramineae acces-
sions and one wild rice accession (O. ridleyi) carried the
null allele at RCt8. Previously, 24 nuclear microsatellites
were examined in the same set of plant materials using
the primer pairs designed from the nuclear sequences of
rice cultivar IR36 by Chen et al. (1997). Amplified prod-
ucts from all wild rice species were obtained with only
six pairs of primers (25%) and no amplified products
were observed for any of the Gramineae species with
these nuclear-derived primers (data not shown). This
suggests that many wild rice species (specifically those
that do not share the AA genome of O. sativa) and most
other Gramineae species have diverged sufficiently from
cultivated rice species to have accumulated mutations in
the primer regions flanking nuclear microsatellites, thus
inhibiting the potential for PCR-amplification and subse-
quent comparative genome analysis. This is supported by
the recent sequence analysis by Chen (1999). For this
reason, it is difficult to use nuclear microsatellite mark-
ers to study the evolution of homologous loci in species
with different genomes.

In contrast to nuclear microsatellite markers, chloro-
plast microsatellite primers did amplify alleles in wild
rice species having different genomes and in the even
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Table 4 Homology of nucleotide sequences between rice and maizea in chloroplast microsatellite regions

Locus Size (bp) Microsatellite Homology (%) No. of gaps Total size Homology Homology
constitution of gap (bp) excluding gap of primer 

sequences

RCt1 Rice 103 (A)10G 3 3
Maize 103 (A)11 83.0 2 3 88.0 84.1

RCt2 Rice 122 (A)11 0 0
Maize 122 (A)10T 95.1 0 0 95.1 97.6

RCt3 Rice 129 (A)10 0 0
Maize 114 (A)5C(A)4 83.7 3 15 94.7 95.2

RCt4 Rice 128 (T)12GT 0 0
Maize 128 (T)14 93.8 0 0 93.8 97.6

RCt5 Rice 143 (T)10 1 13
Maize 156 (T)5AC(T)3 81.4 0 0 88.8 88.1

RCt6 Rice 111 TAG(A)10 0 0
Maize 100 CAb 82.0 1 11 91.0 87.5

RCt7 Rice 126 (T)10 0 0
Maize 126 (T)10 94.4 0 0 94.4 93.3

RCt8 Rice 131 (T)17 0 0
Maize 107 (T)2(C)2(T)6(G)2

c 71.8 4 24 87.8 93.3
RCt9 Rice 144 (T)10 3 24

Maize 168 (A)2(T)4G(T)3 80.4 0 0 93.8 93.2
RCt10 Rice 129 (T)10 1 1

Maize 128 (T)7Gd 96.2 1 2 98.4 97.6

a Complete nucleotide sequences of maize chloroplast genome are
from Maier et al. (1995) and GenBank database (CHZMXX)

b, c and d: 11-, 5- and 2-bp gaps were observed in maize homolo-
gous regions, respectively



more-distantly related Gramineae species. As a result, a
dendrogram could be constructed, as shown in Fig. 2. It
is of interest that the magnitude of differentiation among
the three O. sativa cultivars (based on the percentage of
common bands) is almost the same as that between the
four wild rice species, O. officinalis, O. latifolia, O. min-
uta and O. australiensis, and the other eight Gramineae
species. The explanation for this apparent divergence
from evolutionary reality stems from the fact that the
amplified products generated with a pair of primers con-
tain the microsatellite motif and the regions bordering
the SSR, so that the length polymorphisms detected here
were not always due to variation only in the number of
simple sequence repeat units. In fact, several alleles were
smaller than the original Nipponbare allele by more than
the ten bases that comprised the entire microsatellite mo-
tif, indicating that small insertion/deletion events had oc-
curred very near the SSR.

In the genus Oryza, prominent size differences within
the genus were not detected among alleles at any of the
loci except in the case of the CC- and CCDD-genome
species at the RCt3 locus. Therefore, allele size differ-
ences in rice were inferred to be caused mainly by the
microsatellite length polymorphisms. According to the
dendrogram, the three wild species, O. latifolia (CCDD),
O. minuta (BBCC) and O. australiensis (EE), showed a
low level of within-species variation, and were differen-
tiated equally from each other. O. officinalis (CC)
showed the largest amount of within-species variation of
any of the wild species evaluated. Two accessions had
allele patterns similar to O. latifolia, while the rest of the
accessions clustered with O. minuta. Although relatively
few accessions have been analyzed here, these data sug-
gest that the cytoplasms of O. latifolia and O. minuta
might have been independently derived from O. officina-
lis (CC). The cluster consisting of Oryza brachyantha
(FF) and O. ridleyi (tetraploid – genome unknown) was
located far from the main cluster of other Oryza species,
indicating that these two species had diverged widely
from the other species in the genus Oryza. Provan et al.
(1997) also analyzed relationships among rice genomes
using two-dimensional plots based on the size differ-
ences at two of the most informative loci. In this study,
these loci were designated RCt9 and RCt12, but as they
were both located at the end of inverted repeat sequences
in the chloroplast genome, their microsatellite regions
and most of the flanking sequences were identical.
Therefore, the sequence information derived from RCt9
and RCt12 was redundant and did not cover the whole
chloroplast genome.

In the Gramineae species, allele sizes differed from
the Nipponbare allele by a greater number of base pairs
than those found in Oryza species. Although the ampli-
fied products in the Gramineae were obtained with prim-
ers derived from rice cv Nipponbare sequences, their
length polymorphisms were likely to be caused by small
insertion/deletion events in addition to, or possibly in-
stead of, microsatellite expansion and contraction.
Among the eight non-rice Gramineae species examined

here, complete chloroplast sequence information was
available only for maize (Maier et al. 1995). The rice
chloroplast microsatellite regions and their homologous
regions in maize were compared in Table 4. Small inser-
tions/deletions, often involving a few base pairs at each
of several locations, were found in seven out of ten loci,
and base substitution events were also observed within
the mononucleotide repeat regions as well as in the
flanking regions. The three loci located in coding regions
(RCt2, 4 and 7) were highly conserved, containing no in-
sertions/deletions throughout the amplified regions. Fur-
ther, no base substitutions were detected in the (T)10 re-
peat at RCt7 and only a single base-pair substitution was
observed in the microsatellite motifs at RCt2 and RCt4.
In this comparison, these homologous regions in maize
still contained SSRs consisting of ten or more repeats,
suggesting an ancient origin of these repeats that pre-
dates the divergence of the grasses, estimated to have oc-
curred approximately 60 million years ago. Due to the
highly conserved nature of these three SSR loci, they did
not contribute to the length differences between rice and
maize.

If the rice-maize comparison serves as an example,
it can be concluded that less than half of the rice
chloroplast microsatellites (10 bp or longer) detected in
Nipponbare are retained in other Gramineae species, and
when they are, they tend to be highly conserved, show-
ing little or no variation. This observation explains why
the comparison among distantly related Gramineae spe-
cies based on chloroplast microsatellite allele sizes com-
pressed the magnitude of differentiation. Length poly-
morphisms between diverse genera represent an accumu-
lation of different kinds of mutation events, with base
substitution and insertion/deletion events representing
significantly lower mutation rates than microsatellite ex-
pansion/contraction. Thus, the magnitude of the size dif-
ferences of amplified products does not provide a reli-
able measure of evolutionary distance because it is im-
possible to distinguish how many or what kind of events
have contributed to the size differences.

In conclusion, the overall stability and high level of
microsynteny among chloroplast genomes in diverse
members of the grass family makes it possible to amplify
orthologous loci using common sets of primers across a
broad spectrum of Gramineae genera. However, while
the primer pairs used in this study bracketed several mu-
tationally active A/T-rich mononucleotide microsatellite
motifs in rice, they amplified degenerate, interrupted
motifs in distantly related genera. Thus, the occurrence
of length variation due to the expansion/contraction of
microsatellite motifs in specific regions of chloroplast
genomes appears to be a species- or genome-specific
phenomenon and should not be confused with length
variation due to insertion/deletion events in homologous
regions of distantly related genera. As a result, analysis
based on length variation using the chloroplast microsat-
ellite primers presented in this study offers a useful indi-
cator of evolutionary divergence for within-genome
comparisons, but sequence-based analysis will be re-
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quired to obtain reliable estimates of divergence across
larger evolutionary distances.
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