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Abstract Microsatellite markers containing simple se-
quence repeats (SSR) are a valuable tool for genetic
analysis. Our objective is to augment the existing
RFLP map of rice with simple sequence length poly-
morphisms (SSLP). In this study, we describe 20 new
microsatellite markers that have been assigned to posi-
tions along the rice chromosomes, characterized for
their allelic diversity in cultivated and wild rice, and
tested for amplification in distantly related species. Our
results indicate that the genomic distribution of micro-
satellites in rice appears to be random, with no obvious
bias for, or clustering in particular regions, that map-
ping results are identical in intersubspecific and inter-
specific populations, and that amplification in wild
relatives of Oryza sativa is reliable in species most
closely related to cultivated rice but becomes less suc-
cessful as the genetic distance increases. Sequence anal-
ysis of SSLP alleles in three related indica varieties
demonstrated the clustering of complex arrays of SSR
motifs in a single 300-bp region with independent vari-
ation in each. Two microsatellite markers amplified
multiple loci that were mapped onto independent rice
chromosomes, suggesting the presence of duplicated
regions within the rice genome. The availability of
increasing numbers of mapped SSLP markers can be
expected to increase the power and resolution of
genome analysis in rice.
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Introduction

Preliminary studies suggest that simple sequence length
polymorphisms (SSLP) are abundant and widely dis-
tributed in the rice genome (Wu and Tanksley 1993,
Wang and Tanksley 1994; Panaud et al. 1995). This
class of co-dominant DNA marker detects higher levels
of allelic variation than do RFLP or RAPD markers, is
easily and economically assayed by the polymerase
chain reaction (PCR), and can be efficiently distributed
throughout the world by publication of the sequences
of the PCR primers used to amplify the markers. Dense
SSLP maps already exist for both human and mouse,
with 4,000 and 2,000 markers respectively, mapped to
these species (Dietrich et al. 1994; Gyapay et al. 1994).
In plants, microsatellite markers are being successfully
used as tools in fingerprinting and variety identifica-
tion, studies of population dynamics and gene diagnos-
tics (Rongwen et al. 1995; Devos et al. 1995; Yang et al.
1994; Blair and McCouch 1995).

Two highly saturated rice RFLP maps are available
(Causse et al. 1994; Kurata et al. 1994) and provide the
foundation for molecular genetic analysis of almost any
trait of interest. Several agronomically important traits,
including pest and disease resistances, tolerance to
abiotic stress, wide compatibility, plant architecture
and yield components, have been located via linkage to
molecular markers based on interspecific or intersub-
specific crosses (Ronald et al. 1992; Mohan et al. 1993;
McCouch and Doerge 1995; Redofia and Mackill 1996;
Yanagihara et al. 1995; Cho et al. 1994; Xiao et al.
1995). However, there is a need for markers that reveal
a higher level of allelic diversity so that closely related
germplasms can be distinguished, and crosses involving
members of the same subspecies can be analyzed. The
availability of PCR-based markers would also make
genome analysis considerably more efficient and cost
effective. Microsatellite markers are highly informative
and they can be rapidly and reliably visualized using
silver staining without the use of radioisotopes. Though
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they are expensive to develop, once made available for
distribution, they are technically easy and inexpensive
to use. The usefulness of microsatellite markers in crop
improvement can be expected to increase dramatically
as saturated genetic SSLP maps become available,

The aim of our project is to develop an SSLP map of
rice for use in rice genome analysis. In this report we
present and discuss the strategy we are using to develop
our markers, present primer sequences and amplified
simple sequence repeat (SSR) motifs, map locations,
and an estimate of the polymorphism information con-
tent of 20 new markers. Characterization of individual
loci provides evidence of complex SSR motifs and
multilocus primer pairs.

Materials and methods

Library construction

Rice DNA (cv. IR36) fragments of 300-600 bp in length were ob-
tained by mechanical shearing through a hypodermic needle fol-
lowed by partial digestion with DNase L. The blunt- ended DNA
fragments were ligated with EcoRI adaptors (5-AATTCGGCAC-
GAG-3, 5-CTCGTGCCG-3} into a Lambda-Zap 1I/EcoRI vector.
The library was amplified in the E. coli host strain X1.1-Blue MRF,
selected using X-Gal/IPTG, and titered (Stratagene, La Jolla, Calif,
USA).

Isolation of clones containing microsatellite repeats

The small-insert library was screened by plaque and colony hybrid-
ization. Plaque lifts were made using Hybond N + nylon filters
{Amersham, Arlington Heights, I1L.). Filters were hybridized in hy-
bridization buffer [0.5 M sodium phosphate pH 7.2, 7% SDS (so-
dium dodecyl sulfate}, 1% BSA (albumin)], and probed with four
different oligonucleotides that contained microsatellite motifs rep-
resenting a range of melting temperatures (T,) as described in
Panaud et al (1996). Poly(CGG), and poly(GA), , (Pharmacia) were
labeled with [a-*?P] dCTP using the random hexamer priming
method (Feinberg and Vogelstein 1983) and poly(ATC), and
poly(ATT), were labeled with [y->*P] dATP using the end-labelling
method (Sambrook et al, 1989). Filters were washed twice in
2x88C, 0.5% SDS, for 15min each at the appropriate melting
temperature as described by Panaud et al. (1995). Positive clones
were identified by autoradiography. The process was followed by
two more rounds of purification, after which all clones showed
a positive hybridization signal. pBluescript phagemids were re-
covered from the Zapll phage clones by in vivo excision using the
Exassist/SOLR system (Stratagene), and plasmid DNA was pre-
pared using an alkali lysing procedure, followed by a resin purifica-
tion step. The resin used was Celite 545 (Fluka, catalog number
22140) prepared in guanidine hydrochloride pH 5.5, according to
the Merlin Miniprep protocol (Gopher Molecular Biology News
Network).

Prescreening of microsatellite-containing clones

After we had encountered cases of clones that contained a micro-
satellite repeat too near to one of the cloning sites to permit the
design of flanking PCR primers, a preliminary screening step was
introduced to save the cost of sequencing clones where this problem

would occur. This prescreening was a modification of that reported
in Dietrich et al. (1994) and was used in this study only for clones
containing a poly(GA), motif, allowing us efficiently to target the
most abundant class of microsatellite in rice (Panaud et al. 1996).
The procedure was based on four primer combinations: (1) M13
Forward (5-TGTAAAACGACGGCCAGT-3) and “Internal For-
ward” (§-CCCGGATCC(GA)-3"); (2) M13 Forward and “Internal
Reverse” (5'-CCCGGATCC(CT)e-3), (3) M13 Reverse (5-CAG-
GAAACAGCTATGACC-3") and “Internal Forward”, and (4) M13
Reverse and “Internal Reverse”. PCR was performed in 50 pl reac-
tions containing 0.2 pM of each primer, 200 uM deoxyribonucleo-
tides, 50 mM K.Cl, 10 mM TRIS-Cl pH 8.3, 1.5 mM MgCl,, 0.01%
gelatin, and 1 unit of T'ag polymerase. The PCR profile was: 94° for
5 min (denaturation), followed by 35 cycles of 94° for 1 min, 55° for
1 min, 72° for 2 min, and finally by 5 min at 72° for final extension.
The PCR reaction was performed in PTC100 96U thermocycler (MJ
Research, Watertown, Mass). The products of the four prescreening
reactions were run on 2% agarose gels in order to eliminate clones in
which the microsatellite motif was located less than 100 bp from
either cloning site and, of those remaining, to determine the best
orientation for sequencing. Clones that generate the shortest ampli-
fication products (but > 100 bp) in reaction (1) or (2) were sequenced
using the T7 primer (corresponding to M 13 Forward), and those for
which the shortest amplification product appeared in reactions (3) or
(4) were sequenced with the T3 primer (corresponding to M13
Reverse).

Sequencing

Minipreps were sequenced by the Cornell Sequencing Facility using
an Applied Biosystem 373A machine. Based on the results of pre-
screening, a single reaction using either the T3 or T7 primer was
initially obtained. Sequencing from both ends was required for
approximately 50% of clones, due to the inability of the sequencer
reliably to read through the microsatellite motif.

Primer design and evaluation

PCR primer sequences consisting of 18-24 bp on either side of the
microsatellite repeats were selected using the PRIMER program
(Eric Lander, Whitehead Institute, Cambridge, Mass). Primers were
synthesized by Research Genetics (2130 Memoral Parkway SW,
Huntsville, AL 35801; e-mail address: krushing@gesgen.com) and
can be obtained by requesting them directly from Research Genetics.
All primer pairs were tested for PCR amplification using 0. sativa, cv
IR36 DNA (100 ng) as template. PCR conditions were identical to
those used for the prescreening step.Of the 25 primer pairs used in
germplasm analysis in this study, 20 are reported here for the first
time, and five primer pairs were selected from among the nine
previously published by Wu and Tanksley (1993).

Mapping of SSLP

Primers showing amplification of a single fragment on a 2% agarose
gel were evaluated for polymorphism on denaturing polyacrylamide
gels using DNA from the parents of two mapping populations. The
first population was a backcross population of 113 individuals
derived from an interspecific cross between O. sativa (cv. BS 125) and
O. longistaminata {acc. WL02) (hereafter this population will be
referred to as the “SL pop™), which has been used for the develop-
ment of a high density RFLP map (Causse et al. 1994). The parental
survey for this population was made with DNA from BS125 and its
F1 hybrid (BS125/W1L02). The second population was a doubled
haploid population of 135 individuals derived from an intersub-
specific cross between the rice varieties IR64 (indica) and Azucena



(tropical japonicay (hereafter referred to as the “DH pop”) (Guide-
rdoni et al. 1992; Huang et al. 1994). If both parental pairs showed
polymorphism, markers were preferentially mapped onto the back-
cross population, for which the map is most highly saturated. All the
individuals of the mapping population were genotyped using the
conditions described for the parental survey. Up to five polymorphic
markers were multiplexed on a single polyacylamide gel for scoring
of segregation: each marker was loaded separately, starting with the
one with the lowest molecular weight and run 5 min to allow DNA
to penetrate into the gel before subsequent loading.

Non-radioactive detection

PCR products were run on 4% polyacrylamide gels containing 7 M
urea, using a sequencing gel apparatus (Owl Scientific, Woburn,
Mass). Prior to casting the gel, one glass plate was treated with the
binding reagent bind silene (Promega, Madison, Wis.) The other
plate was treated with a repelling agent, sigmacote (Sigma Chemical,
St. Louis, Mo). The gel was prerun for 1 h to warm it up to 40-60°.
Before loading the sample, the PCR products were first denatured at
70-90° for 2 min. After electrophoresis, both plates were separated.
Bands were revealed using a silver staining procedure (Promega).
The plate on which the gel was bound was treated for 20 min with
10% acetic acid with gentle shaking, then washed three times for
2min each with distilled water. After incubating for 30 min in
staining solution (0.2% w/v silver nitrate, 0.05% formaldehyde) the
plate was immersed in distilled water for 10s and transferred to
developing solution (6% w/v sodium carbonate, 0.05% formalde-
hyde, 0.0002% sodium thiosulfate).

Rice germplasm and pedigree analysis

Seed from 20 rice cultivars and four wild rice species (Table 1) was
provided by the International Rice Germplasm Collection at the
International Rice Research Institute {Los Banos, Philippines, IRRI)
and the USDA Small Grains Germplasm Collection at Aberdeen,
Idaho. DNA was extracted from young leaves of plants grown in the
Guterman Greenhouse at Cornell University, and used as template
for amplification of 25 microsatellite markers. The lines selected for
this work included landrace material used as sources of genetic
diversity in the early variety development programs (1940-50} in
Indonesia, the Philippines, Taiwan, and later at the IRRI, as well as
improved varieties from both indica and japonica subgroups. PCR
products were run on a sequencing gel using the procedure described
above and alleles were scored according to their migration distance
on the gel, using the molecular weight markers V and VIII (Boehrin-
ger Mannheim, Indianapolis, Ind). In order to compare the allelic
diversity of SSLP and RFLP markers, RFLP data consisting of
scores at 87 loci on 13 of the germplasm accessions indicated by
a asterisks in Table 1 were extracted from a dataset generated at
IRRI by G. Second [CENARGEN, Brasilia, Brazil, personal com-
munication; and available over the RiceGenes database (anonymous
FTP: probe.nalusda.goy directory/pub, or WWW: HTTP://
probe.nalusda.gov:8000)]. For both microsatellite and RFLP
markers, the Polymorphism Information Content (PIC) value was
computed according to Anderson et al. (1993}

i=1

where P;; is the frequency of the jth pattern for marker i and the
summation extends over n patterns. This computation takes into
account both the number of alleles detected by a marker at a given
locus and the respective frequency of each of the alleles in the subset
of germplasm tested. It is therefore a measurement of how informa-
tive the markers are.
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Table 1 Species evaluated for SSLP using 25 microsatellite primer
pairs

Species Variety Accession
Oryza officinalis - IRGC 101150
Oryza rufipogon - IRGC W 1185
Oryza nivara - IRGC 103838
Oryza glaberrima - IRGC 100127
Oryza sativa Rexoro PI 389995
Oryza sativa Sinawpagh® C1 5094
Oryza sativa Bluerose® IRGC 151
Oryza sativa Supreme Bluerose CI 5793
Oryza sativa Texas Patna® CI 8321
Oryza sativa Kitchii-samba® IRGC 49796
Oryza sativa GEB 24° IRGC 4898
Oryza sativa Latisail® IRGC 8340
Oryza sativa Cina® P1 220755
Oryza sativa Slo-17% IRGC 637
Oryza sativa CP 231 CI 8993
Oryza sativa Bluebonnet CI 8322
Oryza sativa Benong? IRGC 13530
Oryza sativa DGWG* IRGC 123
Oryza sativa Peta® PI 233289
Oryza sativa Sigadis IRGC 611
Oryza sativa CP-SLO* CI 9535
Oryza sativa IR 8 IRGC 10320
Oryza sativa IR 127 IRGC 11374
Oryza sativa IR 24 IRGC 19907
Oryza sativa IR 64 -

Oryza sativa Azucena IRGC 328

2 Varieties for which RFLP data was retrieved from the RiceGenes
database and used to estimate PIC values

Fig. 1 Allelic diversity
at RM21 in the pedigree of
rice cultivar IR8

3" Latisail

4 DGWG

Cina Q
Peta Q

The stability of microsatellite marker alleles was assayed by fol-
lowing their inheritance within the pedigree of rice variety IR8. This
pedigree is shown in Fig. 1. The first cross in the pedigree was made
in the early 1930s (Partharsarathy 1972) and IR8 was released in
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1966 (IRRI 1966).Seed of IR8 has been amplified regularly in the
hybridization nursery and as a check in yield trials (IRRI 1994),
providing a test of the genetic stability of microsatellite loci that
spans a 50-60 yr period.

Sequence homology

To identify sequence homology of the newly identified rice micro-
satellites with previously reported sequences, a database search was
conducted using the Basic Local Alignment Search Tool (BLAST)
(Altschul et al. 1990). Sixty or more bp of sequence flanking the SSR
in the 20 clones identified in this study was used to search the PDB,
GenBank and EMBL databases using default settings.

Results
Development of SSLP markers

After three rounds of plaque screening with a labeled
poly(GA)1s oligonucleotide, 358 positive poly(GA)-
containing clones were excised and minipreped. One
hundred and forty-four of these clones were eliminated
during the prescreening phase and DNA from the other
214 was sequenced. Primers were designed for 144/214
(67%) of these SSR. Forty-five (31%) of these primer
pairs gave a PCR amplification product in the expected
MW range and 18 poly(GA)-containing microsatellite
markers (Table 2) have currently been mapped and
characterized for allelic diversity on the 26 Oryza acces-
sions listed in Table 1. The remaining primer pairs gave
high levels of background, observed as multiple ampli-
fication products in the high MW range on poly-
acrylamide gels.

A smaller number of poly(ATT), poly(ATC), and
poly(CGG)-containing clones was screened in this
study, and based on that effort, the efficiency of marker
development from sequenced clones was between
0-20%. From the 20 sequenced poly(ATT)-containing
clones described in Panaud et al. (1995), 11 primer pairs
were designed. Seven of these gave high background
or no amplification under the PCR conditions
tested. Of the remaining four, two were redundant
(identical to RM20), and two were monomorphic on all
germplasm tested; they could not be mapped and there-
fore are not reported here. The poly(ATC) marker
(RM19) was identified in a minisurvey in which only
five poly(ATC)-containing clones were obtained.
Primers were designed for three of them, but only
RM19 gave reliable amplification. Of the nine
poly{CGG)-containing clones identified in Panaud
et al. (1995), primers were designed for only two be-
cause highly degenerate CG-rich motifs flanking the
SSR prohibited reliable primer design. Neither of the
two primer pairs bracketing poly(CGG) microsatellites
gave reliable amplification and therefore are not re-
ported here.

The number of SSR repeat motifs in the 20 markers
characterized in this study varied from 10 to 27, with an
average of 17.4. Most of the sequences also revealed
degenerate di- or trinucleotide repeats near the major
SSR and variation in these adjunct repeats may con-
tribute to the allelic variation detected at these loci.

Allelic diversity

Table 3 summarizes the number of alleles detected in
cultivated and wild Oryza germplasm for each of the 20
new microsatellite primer pairs and five previously
reported by Wu and Tanksley (1993). All 25 markers
amplified clearly on 20 varieties of O. sativa (Asian
cultivated rice) listed in Table 1, on O. glaberrima (Afri-
can cultivated rice), and on the wild species most close-
ly related to O. sativa (0. rufipogon, and O, nivara, both
having the AA genome), while all but four of the
markers also amplified on the more distantly related O.
officinalis {a perennial CC genome species). Of the 21
primer pairs that amplified fragments in O. officinalis,
RM3 and RM22 produced fainter amplification prod-
ucts than the other primers, though both the level of
intensity and the molecular weights of those fragments
were consistent in multiple experiments. The number of
alleles detected in 20 Asian cultivars (indica and japon-
ica subspecies) varied from two to nine, with an average
of five. The three wild species and the African cultivar
(0. glaberrima) contributed an average of 2.7 new alleles
per locus to the diversity represented by Asian rice
cultivars, raising the average number of alleles detected
from five to eight at these microsatellite loci. When new
alleles were detected in species outside of the indica-
Jjaponica germplasm group, they were detected at 65%
of the loci in the AA genome species, O. rufipogon, O.
glaberrima, and O. nivara, and at 81% of the loci in O.
officinalis (Table 3). Therefore, crosses between any of
these AA genome species with indica or japonica var-
ieties appear equally likely to transmit new alleles, and
as expected, crosses with more genetically distant ma-
terial are likely to contribute a greater amount of allelic
diversity. No correlation was observed between the
number of different alleles detected in this set of germ-
plasm and the number of SSR repeats in the original
IR36 clone.

To understand the molecular basis of allelic diversity
at a single microsatellite locus, amplification products
of RM16 were cloned and sequenced from the three
indica varieties IR24, DGWG, and IR127. The com-
plete sequence information is presented in Fig. 2. The
RM16 clone was originally selected because it con-
tained a poly(GA)n motif, but the sequence information
revealed the presence of a poly(TCG)n, a poly(ACG)n,
and a poly(CG)n repeat in addition to a poly(GA)n in
the region amplified by the RM16 primer pairs for all
three genotypes. The sequence information also re-
vealed that allelic variation at the RM16 locus was the
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Table 3 Allelic variation in cultivated and wild relatives of rice

Marker Number of alleles PIC value Amplification in wild species® Total

locus in 20 cultivars® number
O. rufipogon 0. glaberrima 0. nivara 0. officinalis  of alleles

RM 1 7 0.75 A*(b) B* Cc* D* 11

RM 2 4 0.66 A B* A* D* 6

RM 3 5 0.76 A* B* C* D* 9

RM 4A&B 7 0.57 A* B* C* D#* 11

RM S 6 0.77 A B C* D#* 8

RM 6 4 0.66 A* B* C* D#* 8

RM 7 5 0.77 A B* C* D 7

RM 8 3 0.6 A* B* C D* 6

RM 9 9 0.85 A* B* C* D* 13

RM 10 5 0.75 A* B C* D* 8

RM 11 5 0.75 A* B* C* D* 9

RM 13 6 0.76 A* B C* D* 9

RM 14 5 0.74 A B* C D* 7

RM 16 5 0.66 A* B C* - 7

RM 17 2 0.38 A* B* C D* 5

RM 18 4 0.63 A* B* C D* 7

RM 19 9 0.83 A B* C - 10

RM 20A 7 0.75 A* B* C* D* 11

RM 20B 4 0.62 A* B* C* D* 8

RM 21 8 0.85 A B* C ~° 9

RM 22 6 0.65 A* B* B* D* 7

RM 122 6 0.65 A B A D* 7

RM 148 3 0.56 A* A C* -° 4

RM 164 4 0.73 A* A C D* 6

RM 167 6 0.55 A* B C* D* 9

RM 168 5 0.76 A B¥ Cc* D* 8

Average 527 +£033 0.692 + 0.02 7.96 4+ 1.95

2 Cultivars are listed in Table 2

® Asterisks indicate that the wild species allele was not detected in cultivars

¢ Dashes indicate no amplification

Fig. 2 Sequence of RM16
amplification products obtained
from the three rice varieties IR24,
DGWG, and IR127

IR24 CGCTAGGGCAGCATCTAAAATCTAATCAGCGTCGTCAATG(TCG)5(GA)16ATTAACGCATTAATT
CAGCCATGTCCTGGAGACAACTACTCCTGGCGCIACG)4GGTCGGGAGA(CG)gTACCTGCTGTGTT

DGWG CGCTAGGGCAGCATCTAAAATCTAATCAGCGTCGTCAATG(TCG)g(GAY 4ATTAACGCATTAATT

CAGCCATGTCCTGGAGACAACTACTCCTGGCGC(ACG)YGGTCGGGAGA(CG)sTACCTGCTGTGTT

IR127 CGCTAGGGCAGCATCTAAAATCTAATCAGCGTCGTCAATG(TCG)5(GA)34ATTAACGCATTAATT
CAGCCATGTCCTGGAGACAACTACTCCTGGCGC(ACG)4GGTCGGGAGA(CG)gTACCTGCTGTGTT

result of independent changes in copy number for three
of the four microsatellite motifs (no variation was ob-
served for the poly{ACG)n repeat in these three indica
varieties). When SSLPs for IR24 and DGWG were
compared, the DGWG allele was 3 bp longer than the
IR24 allele. From the sequence information, this was
determined to be the result of 3 additional poly(TCG)
repeats, in combination with 2 fewer poly(GA) and
1 fewer poly(CG) repeat in DGWG compared with
IR24. The sequence information also demonstrated
that while rice variety IR127 had the same number of
poly(TCG) and poly(CG) repeats as IR24, it had more
than twice the number of poly(GA) repeats (34 as com-
pared to 16).

A PIC value of 0.692 was calculated for the micro-
satellite markers based on data from 20 cultivars

(Table 3). To compare the information content of
microsatellite and RFLP markers, data for 150 RFLP
markers was retrieved from the RiceGenes database.
RFLP data was available for a subset of 13 of the 20
cultivars evaluated with microsatellites (Table 1), and
only probes that were polymorphic for these cultivars
were included in this analysis (87/150 polymorphic
probes). The data available in the database was based
on information derived from a single restriction en-
zyme per probe as is customary for large germplasm
surveys. Using RFLPs, two to four alleles were detected
in the 13 varieties, with an average of 2.24 alleles/locus.
When PIC values for 25 microsateilite and 87 RFLP
markers were compared on the same 13 rice varieties,
the value for microsatellites was 0.692 (the same as
when 20 cultivars were analyzed), while that computed



for RFLPs was 0.397. This clearly demonstrates the
greater power of resolution offered by microsatellite
markers and underscores their usefulness for rice
genome analysis.

Mapping of SSLP markers

The 20 polymorphic markers identified in this study
revealed 22 independent loci. Sixteen loci were mapped
using the interspecific backcross population and six
were mapped onto the IR64/Azucena doubled-haploid
population. To confirm the map positions and to reveal
the existence of possible chromosomal rearrangements
of these highly variable loci in the interspecific cross,
fifteen markers initially mapped on the interspecific
backcross population were remapped onto the
IR64/Azucena doubled-haploid population. All fifteen
markers mapped to identical positions on both popula-
tions. The 22 mapped SSLPs are located on eight of the
12 rice chromosomes and show good distribution
throughout the genome (Fig. 3).

Five markers (RM3, RM7, RM9, RM20A, and
RM21) appeared to be monomorphic when BS125 (the
cultivated indica parent) was surveyed with its inter-
specific hybrid. Because we were using a BC popula-
tion, it was not possible to determine whether this
apparent monomorphism was the result of amplifica-
tion of fragments of identical mw in these O. sativa and
0. longistaminata accessions, or due to a lack of primer
amplification in the genetically divergent O. longis-
taminata parent (WL02). To clarify this issue the
primers were used to amplify DNA from WL02, which
is a highly heterozygous outcrossing species (Causse
and Ghesquiere 1991). Amplification was observed in
all cases (data not shown) for the five markers appear-
ing to be monomorphic, and a band that was identical
in molecular weight to that of BS125 appears to have
been transmitted to the progeny. As illustrated in
Fig. 4, multiple alleles, suggesting heterozygosity, were
often observed in WL02 and not all of these were
polymorphic with respect to BS125.

The markers RM4 and RM20, containing a poly
(GA);5s and a poly(ATT),4 motif, respectively, each
amplified multiple loci with a single pair of primers.
When RM20 primers were used to amplify DNA, four
strong bands were visible in inbred rice varieties and
two of the bands cosegregated at each locus (Fig. 4).
RM20B segregated in both the SL and the DH map-
ping populations, while RM20A bands were polymor-
phic only in the DH population. RM20B was mapped
to the distal portion of chromosome 11, and RM20A
was mapped distally on chromosome 12. A similar
situation was observed for RM4, except that both loci
could be mapped on the SL as well as the DH popula-
tion. As shown in Fig. 3, RM4B and RM20B and
RM4A and RM20A are closely linked on chromo-
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somes 11 and 12, respectively. Allele frequencies were
estimated for each of the loci detected by RM4 and
RM20 using a Chi-square test. Only RM4A deviated
significantly from the expected 1:1 frequency (y* = 8.16,
P < 0.005), with an overrepresentation of the japonica
(Azucena) allele at this locus.

Pedigree analysis

Using the IR8 pedigree (Fig. 1), it was possible to
unequivocably trace the ancestral origin of IRS alleles
to a single ancestor at 15 of the 26 microsatellite loci
evaluated. As summarized in Table 4, microsatellite
alleles appearing in IR8 were arbitrarily assigned an
allele designation of “1”. Parental lines received a desig-
nation of either “1” (if they had the same MW allele as
IR8) or “2” (if the MW of their allele differed from TR8).
The grandparent generation received designations of
either 1, 2, or 3 by the same rule. The immediate
parental origin (Peta or DGWG]) of the allele carried by
IR8 could be determined for 21 of the 26 loci presented
in Table 4. For five loci, Peta and DGWG alleles were
identical, suggesting that these two indica parents may
carry alleles that are identical by descent. RM20B was
unique among all markers evaluated in this study in
that no polymorphism was detected across the entire
pedigree. At one locus (RM122), a nonparental allele
was detected in Peta, suggesting either that the indi-
vidual genotype used for DNA extraction from this
accession was not identical to that used in the cross
from which IR& was derived, or that a mutation had
occurred at this locus in the seed stocks for this variety.
Analysis of other individuals from this accession or
other accessions with the same name is required to
determine the cause of such anomalies.

Homology

The BLAST search detected almost perfect sequence
homology (61/62 bp) between the unique sequence
flanking the RM11 microsatellite and a rice cDNA
clone (DDBJ Accession No. D40450) from 8-day-old
etiolated shoot tissue of the japonica rice variety Nip-
ponbare, reported by the Japanese Rice Genome Pro-
ject. A poly(GA) motif consisting of nine repeat units
occurred at the 5" end of the partial cDNA sequence
and the location of this microsatellite motif was exactly
the same as in the clone obtained from our sheared
IR36 library.

Discussion

The 20 SSLP markers developed in this study are
technically straightforward and inexpensive to use, and
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Fig. 3 Framework RFLP map (Causse ¢t al. 1994) of eight rice
chromosomes showing the map positions of 20 new microsatellite
loci (shown in bold). Chromosomal positions designated with stip-
pled circles were determined using a doubled-haploid (DH) popula-
tion (Huang et al. 1994). Chromosomal positions designated with
solid circles were determined using the interspecific backcross (SL)
population (Causse et al. 1994). Markers placed on the SL map
based on linkage to markers mapped in the DH population are
shown in parentheses
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Fig. 4 Multiple loci detected by microsatellite marker RM20, illus-
trating banding patterns observed in mapping parents from both the
SL (BS125, F1, WLO02) and DH (IR64, Azucena) populations, and
independent segregation of loci (A, B) in a subset of doubled-haploid
lines derived from the DH population (Guiderdoni et al. 1992).
RM20A maps to chromosome 12, and RM20B maps to chromo-
some 11

are highly informative, as demonstrated by a PIC value
almost twice that of RFLP markers. These markers
detect discrete loci, are co-dominant and segregate in
a Mendelian fashion, making them ideal as genetic
markers. The silver staining method for the detection of
SSLP markers is a valuable alternative to the radioac-
tive procedure. It is rapid and sensitive and can be used
routinely to detect a variety of PCR-based amplifica-
tion products. In addition, multiplexing of SSLP
markers allows us to take advantage of the large size
and the high resolution of sequencing gels and in-
creases the efficiency of SSLP analysis when many
plant samples are being analyzed with multiple
markers.

Despite the value of SSLP markers to users, our
results illustrate that microsatellite marker develop-
ment is a relatively inefficient process. Large numbers
of SSR-containing clones must be screened to produce
a small number of reliable SSLP markers. Similar ob-
servations have been made in wheat (Roeder et al. 1995)
and in Arabidopsis (Bell and Ecker 1994). Even when
the quality of sequence information for microsatellite-
containing clones from this sheared library was very
high, we experienced a 70% failure rate in obtaining
clean PCR-amplified products. Our primer design tech-
nique was similar to that being used in other labs (M.
Roeder and M. Ganal, Institut fur Pflanzengenetik und
Kulturpflanzenforschung, Gatersleben, Germany, per-
sonal communication; J. Miller, Whitehead Institute
for Biomedical Research, Cambridge, Mass, personal
communication), but our success rate was compara-
tively lower. This may be due to the quality of the
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Table 4 Distribution of alleles at 25 microsatellite loci in the
pedigree of IR8

Marker? Varieties
IR8 Peta(®) DGWG (Z) Cina(®) Latisail (&)

RM 1 1 1 2 1 3
RM 2 1 1 2 1 1
RM 3 1 2 1 2 3
RM 4A&B 1 i 2 1 2
RM 5 1 2 1 3 2
RM 6 1 2 1 1 2
RM 7 1 2 1 3 2
RM 8 1 1 2 1 1
RM 9 1 2 1 3 2
RM 10 1 1 2 2 1
RM 11 1 1 2 3 1
RM 13 1 2 1 2 3
RM 14 1 1 1 2 1
RM 16 1 1 2 1 1
RM 17 1 1 1 1 2
RM 18 1 1 2 3 1
RM 19 1 1 2 1 3
RM 20A 1 1 2 3 i
RM 20B 1 1 1 1 1
RM 21 1 1 2 1 3
RM 22 1 1 1 2 1
RM 122 1 2 1 1 3
RM 148 1 2 1 2 1
RM 164 1 1 2 1 3
RM 167 1 1 1 1 2
RM 168 1 1 2 2 1

* Alleles are assigned a designation of “1” if they are identical in MW
to alleles in IR8. Designations of “2” and “3” indicate different MW
alleles and are assigned sequentially according to generation, with
the female parent listed first

library used in this study, and may also be partly due to
the use of a single set of PCR conditions for amplifica-
tion of all microsatellites.

The strategy of using a small-insert library for isolat-
ing microsatellite-containing clones made it possible to
obtain most of the necessary sequence information in
a single sequencing run and avoided the necessity of
subcloning. Initially, we chose a sheared library in an
effort to avoid any bias in clone availability due to the
nonrandom nature of enzyme sites. However, libraries
obtained by mechanical shearing or DNase treatment
of total genomic DNA may be problematic because
blunt-end fragments can readily cross-ligate and gener-
ate chimeric clones. Because chimeras cannot be recog-
nized from sequence information, it is virtually imposs-
ible to screen against them, but primer pairs designed
from chimeric clones will not amplify the correspond-
ing SSR in genomic DNA. It is also possible that clones
obtained by shearing may more frequently originate
from regions of the genome that do not amplify well by
genomic PCR than clones obtained by restriction di-
gestion,

For the next phase of our project, we are developing
a size-selected library using enzyme-digested DNA and
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sticky-end ligation. We will compare the efficiency of
recovery of functional microsatellite markers from the
two libraries. Ongoing efforts to map and characterize
SSLP markers for rice are aimed at increasing the
number of markers available and minimizing the effort
required to produce them.

Mapping of SSLP markers indicated that they were
well distributed throughout the rice genome. Interest-
ingly, the two primer pairs that each generated multiple
bands (RM4 and RM20) show linkage in both loca-
tions and map to distal regions of chromosomes 11 and
12. RFLP data (viz. CDO 127 A, B; Causse et al. 1994)
previously provided evidence of sequence homology in
these two regions of the rice genome, and data support-
ing this conclusion were also reported by Shimano
etal. (1995). The fact that SSLP markers could be
mapped to the same locations in both an intra- and an
interspecific population, demonstrates that they lie in
conserved, evolutionarily stable regions of the genome
and may be used with confidence for analysis of ger-
mplasm as distantly related as O. longistaminata.

The allelic stability of SSLP markers tested in
a three-generation rice pedigree suggests that these
markers are a powerful tool for tracing the flow of
genes in a breeding program. Pedigree breeding has
been the method of choice in many national and inter-
national rice improvement programs for over 50 years,
Complex pedigree relationships are well documented
and are available for most modern varieties. In addi-
tion, seed stocks of landraces and improved varicties
have been preserved and are maintained in several rice
germplasm centers around the world. Our data demon-
strates that, in comparison to RFLP markers, SSLP
markers generate enough allelic diversity to differenci-
ate cultivars within a subspecies, making it possible to
analyze the inheritance of specific chromosome seg-
ments in germplasm commonly used in rice breeding
programs. It should therefore be possible to exploit this
information to trace the flow of genes or quantitative
trait loci of interest in rice pedigrees and to make
predictions about crossing and selection that will in-
crease the efficiency of variety development. In addi-
tion, microsatellite marker analysis can be automated
(Reed et al. 1994) and this feature is attractive for
large-scale, marker-assisted selection programs.

The fact that microsatellite-containing clones have
been demonstrated to harbor multiple SSR motifs in
a single 300-bp interval in rice contributes to our un-
derstanding of allelic variation at these loci. The in-
formation suggests that rice varieties may differ in the
number of repeats at individual SSR but where mul-
tiple SSR muotifs occur in a cluster, increases in the
number of repeats at one motif may be cancelled out by
decreases in other motifs, leading to unexpected simil-
arities in mw of alleles in some cases. These results may
help explain the lack of correlation between the num-
ber of repeats at a single SSR motif and the number of
different alleles detected by these clones in the germ-

plasm evaluated here. The relative frequency of clones
containing complex arrays of SSRs may be a function
of the species being investigated, the specific SSR being
targeted, or the method used to generate the library.
Future work will focus on understanding more about
the distribution, interspersion patterns, and allelic di-
versity of microsatellite repeats in the rice genome.
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