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Abstract Ninety-four newly developed microsatellite
markers were integrated into existing RFLP frame-
work maps of four rice populations, including two
doubled haploid, a recombinant inbred, and an inter-
specific backcross population. These simple sequence
repeats (SSR) were predominantly poly(GA) motifs,
targetted because of their abundance in rice. They were
isolated from a previously described sheared library
and a newly constructed enzyme-digested library.
Differences in the average length of poly(GA) tracts
were observed for clones isolated from the two libraries.
The length of GA motifs averaged 21 repeat units for
clones isolated from the Tsp-509-digested library,
while motifs averaged 17 units for clones from the
sheared library. There was no evidence of clustering of
microsatellite markers near centromeres or telomeres.
Mapping of the 94 newly developed markers as well
as of 27 previously reported microsatellites provided
genome-wide coverage of the 12 chromosomes, with an
average distance of 1 SSLP (simple sequence repeat
polymorphism) per 16—20 cM.
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Introduction

Microsatellite markers based on simple sequence
repeats (SSR) have been developed in many crop
species, including rice (Wu and Tanksley 1993; Panaud
et al. 1996; Akagi et al. 1996), barley (Becker and Heun
1995; Liu et al. 1996), grapevine (Thomas and Scott
1993), Brassica (Kresovich et al. 1995), maize (Senior
and Heun 1993; http://WWW.agron.missouri.edu/),
soybean (Akkaya et al. 1995), and tomato (Broun and
Tanksley 1996). These markers detect simple sequence
length polymorphism (SSLP) and are rapidly displac-
ing restriction fragment length polymorphisms (RFLPs)
for many kinds of genetic studies, largely because of
their technical simplicity, the small amount of starting
DNA required, the relatively low cost for the user,
rapid turn-around time, and high power of genetic
resolution. Plant SSLPs have already been demon-
strated to be a powerful tool in genotype identification
and variety protection (Smith and Helentjaris 1996;
Rongwen et al. 1995; Olufowote et al. 1997), seed purity
evaluation and germplasm conservation (Brown and
Kresovich 1996; Hahn and Grifo 1996; Bretting and
Widrlechner 1995; Powell et al. 1996; Olufowote et al.
1997), diversity studies (Xiao et al. 1996a; Yang et al.
1994), gene and quantitative trait locus (QTL) analysis
(Blair and McCouch 1997, Koh et al. 1996, Xiao et al.
1996b), pedigree analysis and marker-assisted breeding
(Ayres et al. 1997; Yang et al. 1994), and screening of
large insert libraries prior to cloning (M. Blair, Cornell
University, unpublished data).

Despite their apparent advantages, relatively few
microsatellite markers are publicly available for plants.
In contrast, high-density SSLP maps containing 5,264
and 7,377 microsatellite loci have been published for
the human (Dib et al. 1996) and mouse genomes
(Dietrich et al. 1996). Prior to this report, 58 micro-
satellite markers had been mapped in rice. Thirty-two
of these were developed based on the identification of
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SSR-containing sequences from GenBank (Wu and
Tanksley 1993) and the DDBIJ database (Akagi et al.
1996), and 26 were isolated based on the screening of
genomic libraries (Panaud et al. 1996; Wu and Tank-
sley 1993). Although the growing pool of published
DNA sequences provides a substantial reservoir for
microsatellite marker development, a recent search of
11,798 rice sequences in the DDBJ database identified
369 complete SSRs (Akagi et al. 1996), while the
reported estimate of SSRs in the rice genome is between
5,700 and 10,000 (McCouch et al. 1997). We therefore
suggest that the construction of a high-density micro-
satellite map for this species will be most efficient based
on targeting multiple repeat motifs and the comple-
mentary use of database searches and the screening of
different types of libraries, including physically sheared
and enzyme-digested libraries, genomic and cDNA
libraries (McCouch et al. 1997), and microsatellite-
enriched libraries (Prochzka 1996; Edwards et al. 1996).

The construction of a saturated map for rice based
solely on these polymerase chain reaction (PCR)-based
markers is a reasonable goal for the near future. The
aim of the project reported here was (1) to develop
microsatellite markers in rice using two small insert
libraries (a Tsp509-digested library and a sheared
library); (2) to compare the efficiency of marker deve-
lopment based on these two sources of clones; (3) to
construct a microsatellite map providing genome-wide
coverage of rice.

Materials and methods

Library construction

Genomic DNA from cv ‘IR36’ was used to construct both an
enzyme-digested and a sheared library. The optimized cleavage size
was obtained by partially digesting DNA with Tsp509 I (New
England Biolabs, Beverly, Mass.), isolating restriction fragments
ranging from 300 to 800 bp from a 2% agarose gel, and purifying
them using Glas Pac/GSTM (Supply Co, San Rafael, Calif.). The
digested DNA was ligated into the Lambda Zapll/EcoRI/CIAP
cloning vector and packaged into phage coats according to the
protocols provided by Stratagene (La Jolla, Calif.). The sheared
library was previously described in Panaud et al. (1996). In brief,
genomic DNA from cv ‘IR36’ was physically sheared and then
treated with DNAse 1. Fragments averaging 300-500 bp were
ligated to synthetic EcoRI linkers and cloned into Lambda-Zap
II/EcoRI vectors (Stratagene, La Jolla, Calif.).

Isolation of clones containing poly(GA)

Twenty-three plates each containing approximately 10,000 plaques
were screened for the presence of poly(GA) sequences by plaque
hybridization from the enzyme-digested library. The method was
that described by Panaud et al. (1996), but with the following
modifications: (1) two rounds of hybridization and purification were
used instead of three; (2) the stringency of the pre-sequencing screen
was increased to minimize the number of clones to be mini-prepped
and sequenced. In this study, lysates derived from single plaques
were used as templates for PCR amplification with three combina-

tions of primer sets to estimate insert size and confirm the presence
of poly(GA) motifs: (1) T3 (5-AATTAACCCTCACTAAAGGG-3)
plus T7 (5-TAATACGACTCACTATAGGG-3'); (2) T3 plus inter-
nal (5-CCCGGATCC(GA)9-3'); (3) T7 plus internal (as in 2). The
PCR was performed in 25-pl reactions containing 2.0 pl of lysate,
0.2 uM of each primer, 200 uM deoxyribonucleotides, 50 mM KCl,
10 mM TRIS-Cl (pH 8.3), 1.5 mM MgCl,, 0.01% gelatin and 0.5 unit
of Taq polymerase. The PCR profile was: 94°C-1.5 min, 50°C—
1.5 min, 72°C-2 min, for 25 cycles; followed by a final incubation at
72°C-5 min using a Perkin Elmer DNA Thermal Cycler 480. If no
inserts, or inserts that were outside the designated 300 to 800 bp size
range, were detected, lysates were discarded. Inserts in the expected
size range (approximately 80%) were excised using the Exas-
sist/SOLR system (Stratagene Co), and plasmid DNA was prepared
according to the Merlin Miniprep protocol (Gopher Molecular
Biology News Network). Minipreps were sequenced by the Cornell
Sequencing Facility using an Applied Biosystem 373A machine
(Perkin Elmer, Applied Biosystem division, Foster, Calif.).

Primer design and evaluation

PCR primers flanking microsatellite repeat sequences were selected
using the PRIMER 0.5 program (S. Lincoln, M. Daly, and E. Lander,
Cambridge, Mass.) combined with manual design. The aim of the
primer selection procedure was to produce well-matched primers,
17-22 nucleotides long, devoid of consecutive tracts of a single
nucleotide, with a GC content around 50% (T'm approximately
60°C), and preferably G-or C-rich at the 3’ end. Primers that met
these requirements were preferentially selected to produce a PCR
product in the range of 100-250 bp. Primers were synthesized by
Research Genetics (Huntsville, Ala.).

Plant material

Four mapping populations from the International Rice Research
Institute (Los Bafios, Philippines), the Chinese Rice Genome Project
(Institute of Genetics, Chinese Academy of Sciences, Beijing, China),
the Korean Rice Genome Project (National Agricultural Science
and Technology Institute, Suweon, Korea), and Cornell University
(Ithaca, NY) were used as the basis for placing microsatellite mar-
kers onto rice chromosomes. The first population consisted of 135
doubled haploid (DH) lines derived from a cross between TR64’
(indica) and ‘Azucena’ (tropical japonica) (Guiderdoni et al. 1992;
Huang et al. 1994) (hereafter referred to as the DH; population). The
second population consisted of 133 DH lines derived from a cross
between ‘Zhai-Ye-Qing 8 (indica) and Jing Xi 17 (japonica) (here-
after referred to as the DH, population) (Zhu et al. 1993). The third
population consisted of 164 F;; recombinant inbred lines derived
from a cross between ‘Milyang 23’ (tongil variety) and ‘Gihobyeo’
(temperate japonica) (Cho et al., Natl. Inst. Agr. Sci. & Techn., pers.
comm.) (hereafter referred to as the RI population). The fourth
population consisted of 113 individuals derived from an interspecific
backcross between O. sativa (cv ‘BS 125°) and O. longistaminata (acc.
WLO02) (hereafter refer to as the SL population) (Causse et al. 1994).

PCR amplification and evaluation of polymorphism

Newly synthesized primer pairs were tested for PCR amplification
and polymorphism using DNA from the parents of all four mapping
populations. PCR conditions were as described in Panaud et al.
(1996). Briefly, 50-ul reactions contained 0.2 uM of each primer,
200 uM deoxyribonucleotides, 50 mM KCI, 10 mM TRIS-Cl
(pH 8.3), 1.5 mM MgCl,, 0.01% gelatin, 50-100 ng of DNA and
1 unit of Taq polymerase. The PCR profile was: 94°C for 5 min,
followed by 35 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for
2 min, and finally by 5 min at 72°C for the final extension. PCR
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Fig. 1 Multiplex loading of polyacrylamide gel showing 4 different
microsatellite markers (RM designations to right of photo) segregat-
ing in the DH; population (lanes 3-28) and detected by silver
staining. Lanes 1 and 2 contain size markers, marker V and VIII
(Boehringer Mannheim, Ind.), loaded with RM224. Size standard
indicates molecular weight of RM224 alleles only

products were run on 4% polyacrylamide denaturing gels, and
marker bands were revealed using the silver staining as described by
Panaud et al (1996).

Mapping of SSLPs

Primer pairs showing polymorphism on parental surveys were
mapped onto the respective mapping populations. For the DH;
population, markers were placed using a randomly selected subset of
96 individuals from the original mapping population and the RFLP
dataset described in Huang et al. (1997). For the DH,, RI, and SL
populations, markers were placed using the complete populations.
The PCR profile was the same as described above, and reactions
were performed in 96-well plates in PTC100 96 U thermocyclers (MJ
Research, Watertown, Mass.). Individual PCR products were sepa-
rated on 4% denaturing polyacrylamide gels and detected via silver
staining. Multiple loading of markers was performed to increase the
efficiency of the mapping process. Three or four amplification pro-
ducts from one or more primer pairs were loaded sequentially in
a gel lane at 10- to 20-min intervals (Fig. 1). Segregation was scored,
and markers were integrated into the existing RFLP framework
maps for each population using the Kosambi mapping function in
MAPMAKER 2.0 (Lander et al. 1987) on a Macintosh computer. The
“ripple” test was used to confirm marker order as determined by
multipoint analysis. Markers with a ripple of LOD greater than 2.0
were integrated into the framework maps, and probable locations of
markers placing with a LOD less than 2.0 were also determined.

Results
Library screening and polymorphism survey

Primary screening of the Tsp509-digested library
with a [*?P]-labeled poly(GA), 5 oligonucleotide probe
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identified 587 putative positive clones. Following a
second round of plaque hybridization about 15% of
these were eliminated. The remaining positive plaques
were isolated and subjected to the pre-sequencing
screening procedure as described above. This proce-
dure eliminated 60% of the clones because they either
failed to amplify or contained very large inserts.
Finally, 139 of the original 587 (26%) clones were
miniprepped and sequenced. Out of the 139 clones
sequenced, 122 (88%) were found to contain poly(GA)
motifs. When the (GA), containing sequences were
analyzed for redundancy, 25 of the 122 (20%) were
found to be identical to one another and were elimi-
nated from further consideration. Primer pairs flanking
the microsatellite motifs could be designed for 89 of the
remaining 97 (92%) of these clones, and 65 of these
(73%) produced discrete PCR products of the expected
size while the rest failed to amplify. Of these 65 micro-
satellite-containing clones 61 were polymorphic on
pairs of mapping parents and could be mapped. Of
these 61 markers, 90% were polymorphic on the ‘IR64’/
‘Azucena’ (DH;) parents; 95% were polymorphic on
the ‘Zhai-Ye-Qing 8’/Jing Xi 17’ (DH,) parents; 83%
on the ‘Milyang 23’/‘Gihobyeo’ (RI) parents; and 92%
on the BS125/WLO02 (SL) parents. The other 4 primer
pairs were monomorphic on all four pairs of mapping
parents.

Thirty clones were isolated and mapped from the
sheared library in this study, including 23 poly(GA)-,
5 poly(TCT)-, 1 poly(ATT)-, and 1 poly(AATT)-con-
taining clones. Two of the primer pairs bracketing
poly(GA) microsatellites from the sheared library pro-
duced monomorphic banding patterns on the parents
of all four populations.

Summary of marker information

Table 1 summarizes information about the 94 micro-
satellite markers developed in this study, including
clone name, locus designation, chromosomal location,
primer sequence, size of PCR product in the reference
variety (‘IR36’), number of perfect repeat units, and
a description of the repeat motif. These 94 SSLP loci
include 86 poly(GA), 6 poly(TCT), 1 poly(ATT), and
1 poly(AATT) motifs. All marker loci are designated
“RM” for rice microsatellite, and clones from the
sheared library are in the series, RM1-RM100; clones
from the Tsp509-digested library are designated
RM200-RM299. The intensity of PCR amplification
was estimated for each primer pair based on the rela-
tive signal intensity observed for the eight mapping
parents on silver-stained gels. As summarized in
Table 1, markers with asterisks (%) gave particularly
strong amplification and are recommended for simulta-
neous multiplexing on silver-stained gels. Markers with
(y) after the locus designation indicate faint amplifi-
cation and require longer exposure times. All markers
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were genotyped unequivocally on the mapping popula-
tions used in this study.

Genetic mapping of microsatellites

The 94 microsatellite markers developed in this study,
as well as the 27 previously developed by Wu and
Tanksley (1993) and Panaud et al. (1996), were mapped
onto the same populations so that the locations of all
121 SSLPs could be integrated into a common map
(Fig. 2). Of the SSLPs 90% have been mapped onto at
least two populations, with identical positions being
demonstrated in every case. Ninety-seven primer pairs
showed polymorphism and were mapped onto the
DH; (‘IR64’/‘Azucena’) population; 92 were mapped
onto the DH, (ZYQ/JX) population, including 12
primer pairs that were not polymorphic in the DH;
parents; and 90 were mapped onto the RI (‘Milyang 23’/
‘Gihobyeo’) population, including 2 new polymor-
phisms. Though the SL map contained the greatest
number of RFLP markers (Causse et al. 1994) and the
frequency of polymorphism between the two parents,
BS125/0. longistaminata, was high (92%), only 65%
heterozygosity was detected in the F; interspecific
hybrid. This can be explained by the fact that the O.
longistaminata parent is a highly heterozygous, obligate
outcrossing species that sometimes shared one of its
alleles with BS125 such that the hybrid F; only inheri-
ted a polymorphic allele 65% of the time. Because a
higher level of polymorphism was detected in the indica/
japonica crosses, as well as a higher rate of recombina-
tion, microsatellite markers were preferentially mapped
onto the DH;, DH,, or RI populations. The inter-
specific SL population was used primarily to confirm
the locations of markers that detected polymorphism in
only one of the other populations or that showed
distorted segregation in one or more populations.

To provide a convenient point of reference, we
present the RFLP framework map based on the SL
population (used extensively for gene and QTL locali-
zation) alongside the DH; map in Fig. 2, and common
RFLP markers are joined by a dashed line to facilitate
identification of microsatellite locations relative to the
high-density map published by Causse et al. (1994).
Markers that were mapped only onto the DH,, RI, or
SL populations are underlined and shown to the right
of markers mapped directly onto the DH; population
(Fig. 2).

Genome coverage and distribution

The 121 microsatellite loci were distributed throughout
the 12 rice chromosomes and showed no significant
clustering near centromeres or distal regions of chro-
mosomes, at least not at the level of resolution exam-
ined here. To test whether the microsatellite markers

were in accordance with the physical length of pro-
metaphase chromosomes estimated by image analysis
(Fukui and Iijima 1991), we used chi-square analysis to
compare the observed to the expected number of
SSLPs per chromosome (Table 2). On a genome-wide
basis, there was excellent agreement between number of
markers and cytogenetic length of chromosomes (no
significant deviation from expected: > =9.94, P >0.5).

On the map reported by Causse et al. (1994) there
were fewer markers on chromosome 10 than expected.
In this study, 4 microsatellites extended the short arm
of chromosome 10 by approximately 20 cM, filling in
a region that had been poorly represented on the RFLP
map published by Causse et al. (1994). These SSLP
markers mapped to a region of chromosome already
defined by RFLP markers on the map published by
Kurata et al. (1994), as witnessed by the placement of
the Japanese marker G 1084.

Maps derived from the DH; and DH, populations
used in this study contained similar numbers of RFLP
framework markers (approximately 150) and SSLPs
(80—90) and similar total map distances (approximately
1900 cM), and both averaged 1 microsatellite every
16—-20 cM. However, the map distances of these DH
populations were approximately 12-13% larger than
was observed for the interspecific backcross population
reported by Causse et al. (1994) (1,491 cM defined by

Table 2 Distribution of microsatellite markers based on cytogenetic
length of chromosomes

Chromosome® Relative Number of microsatellite ~ Z-score®
cytogenic loci per chromosome
length (%)
in pro- Expected™® Observed®
metaphase
1 13.6 16.5 17 0.12
2 109 13.2 17 1.05
3 11.7 14.2 15 0.21
4 9.1 11.0 4 —2.11
5 6.6 8.0 8 0.00
6 8.3 10.0 8 —0.63
7 6.1 7.4 11 1.32
8 7.6 9.2 9 —0.07
9 5.8 7.0 8 0.38
10 5.8 7.0 6 —0.38
11 6.6 8.0 11 1.06
12 7.9 9.6 7 —0.84
Total 100 121.0 121

# Chromosome numbering systems used by Fukui and Iijima (1991)
and McCouch and Tanksley (1991) were harmonized according to
Khush and Kinoshita (1991)

" Based on percentage of physical length

¢ Chi-square test [(observed-expected)/expected; degree of freedom =
11] indicated that there is no significant deviation from random
distribution of microsatellites/chromosome based on their cyto-
genetic size (3> = 9.94, P <0.5)

4Z-score = (observed-expected)/expected)!’?, Z-score >3 or < —3
indicates significant deviation from expected number of markers/
chromosome

1/2



680 DNA markers) or the intraspecific F, population
reported by Kurata et al. (1994) (1,575 cM defined by
1,383 DNA markers). This may be due to a higher
recombination frequency of male (anther culture)-
derived populations than female-derived populations,
as has been reported for barley (Devaux et al. 1995).
The higher rate of recombination provided an advant-
age for mapping SSLP markers in rice.

Multiple loci

Mapping of the amplification products of 91 primer
pairs developed during this study revealed 94 loci.
Three of the markers involved multiple loci, 2 from the
enzyme-digested library and 1 from the sheared library.
Markers that detected more than one locus were given
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a suffix of A or B following the RM designation
(Table 1 and Fig. 2). Multiple-copy markers identified
in this study included RM238A on chromosome 1 and
RM238B on chromosome 6, RM233A on chromosome
2 and RM233B on chromosome 5, and RMS81A on
chromosome 1 and RMS81B on chromosome 3. Two
additional multiple-copy markers, RM4 and RM?20,
had been mapped to a conserved region of chromo-
somes 11 and 12 in a previous study (Panaud et al. 1996).

Redundancy

The basic local alignment search tool (BLAST)
(Altschul et al. 1990) was used to identify redundant
poly (GA)-containing clones among the 292 DNA
sequences obtained from the small-insert libraries used

2
M RM2. 1
T\ ®e2m cve T
RM233A BCD349 '
213 — — 75
RG152
RZ87 o
RMS53 cDOs34A —H 2-2
rMS8t | ¢
20 — M rG144 7 [|— 70
RZ599 /____————- 25
RG437 — — — — T 7 ‘;(;321 63
149 — RM27 I"'_ 109
_ — RGITI —E— 29
27 /= RM29 - CDO718 f__—- 6.1
12 RGITI _ RGIST
PR, -
206 RM262_ — — 201
-
RG157 RZET6
— 68
_ RZ318 H= 1.1
272 — - , _Rzss ;-:\ 45
RZ318 “Rosss —H— 1
A / Pall 7/ RGs6 49
as —I/ p 7 // ‘ — 123
5 — ||/ RM263 s, cpowst S
, rRz962 — T :
RM221 ;7 wpns — 67
181 / / : ! — 68
1 / 7/ Rz213 4
69 — RM6T / 7 RG520 '
_—- RM240 / v i
2 ___ CDOG86 i
::"? _H AmylA/C / / /
738 /‘_% rRM250 )0 7/
47—/ - rG2s6 y //
9.5 — /(RM208)/ Y,
4V - rz123
ss —||/ (rM213) /7
3.1 ——--\ (RM207) /
02 — RM48 /
RG520



562

in this study. Clones from the Tsp509-digested library
contained a higher level of redundancy (20%) than did
clones from the sheared library (7%). Out of 122 clones
from the Tsp509-digested library, 12 sequences were
each isolated twice, 4 sequences were isolated three
times, and 1 sequence was isolated four times, leaving
97 unique poly (GA)n clones for primer design and
motif analysis. Among overlapping or redundant
clones isolated from the T'sp509-digested library, about
50% differed in insert size, an observation that is con-
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sistent with the fact that partial digestion was used to
generate the library. Of the 170 DNA sequences from
the sheared library (Panaud et al. 1996; and this study),
10 sequences were each isolated twice, and 1 sequence
was isolated three times, leaving 159 unique poly (GA)-
containing clones. Redundancy between libraries was
minimal, with only 3 of the 292 clones (1%) having
common sequences. These results indicate that the two
libraries provided largely independent sources of
microsatellite markers.
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Table 3 Summary of
microsatellite motifs selected
from the sheared and the
T'sp509-digested libraries

Library Number of Average number  Distribution of (GA), repeats
clones sequenced of (GA), repeats
Perfect Imperfect ~ Compound
Enzyme-digested 97 20.53 +8.99 76.29% 11.34% 12.37%
Sheared 159 16.90 + 6.38 77.36% 17.61% 5.02%

Length and complexity of rice microsatellite motifs

As summarized in Table 3, rice microsatellites were
of varying complexity and length. The motifs were
comprised of perfect repeat sequences without inter-
ruptions, imperfect repeats with two or more runs
of repeats interspersed with single nucleotides, and
compound repeats with complex combinations of
microsatellites (Weber 1990). In this study, 256 poly(GA)-
containing sequences (159 from the sheared library, 97
from the T'sp509-digested library) were analyzed based
on the length of microsatellite repeats and the comple-
xity of those motifs. The percentage of clones contain-
ing perfect (GA), repeats was similar in the two libraries,
but the clones from the T'sp509-digested library con-
tained longer perfect poly(GA) tracts, with a mean of 21
repeat units, compared to a mean of 17 for the sheared
library (t-test =3.47, P <0.001) (Table 3).The longest
perfect repeat motif observed from the T'sp509-digested
library was poly(GA)e4 and that from the sheared lib-
rary was poly(GA)so. The libraries also differed signifi-
cantly in the proportions of imperfect and compound
repeats, with more imperfect repeats found in the
sheared library but more than twice as many com-
pound repeats found in the Tsp509-digested library
(Table 3).

Discussion

The rate of successful amplification from primers
designed from T'sp509 clone sequences (73%) was higher

<

Fig. 2 Rice map showing the location of 121 microsatellite marker
loci (shown in bold and italics). To the left is the framework map
based on the ‘IR64’/‘Azucena’ doubled haploid population (DH;)
(Huang et al. 1994). Microsatellite markers with a LOD >2 are
integrated into the RFLP framework, and markers with a LOD <
2 are indicated in parenthesis in their most probable locations along
the chromosomes. Markers mapped onto the DH,, RI or SL popu-
lations (see text) are underlined and placed to the side of the DH;
framework map. Microsatellites marked with # were previously
reported by Panaud et al. (1996), and those marked with 77 were
reported by Wu and Tanksley (1993). To the right is the SL frame-
work map based on the interspecific backcross population reported
by Causse et al. (1994). Common RFLP markers are joined by a
dashed line between the two maps to facilitate interpretation of
microsatellite locations. Stippled regions along the chromosomes
represent locations of centromeres as estimated by Singh et al. (1996)

than that previously reported by Panaud et al. (1996)
from sheared clones (30%). We suggested that the low
rate of primer amplification from sheared library clones
might be due to the presence of chimeric clones in the
sheared library or to structural differences in regions of
the genome that were cloned in the two genomic libra-
ries. The T'sp509-digested library was developed to test
the possibility that we could increase the efficiency of
microsatellite development. Other changes in our pro-
cedures included subjecting this library to a higher-
stringency pre-sequencing screening procedure, which
reduced the number of clones to be mini-prepped and
sequenced, and optimization of our technique based on
experience.

There was a higher level of redundancy among
clones from the T'sp509-digested library compared to
those from the physically sheared one. As hypothesized
by Rafalski et al. (1996), this may be partly due to the
fact that a size-selected library derived from digestion
with a single enzyme represents only a subset of the
DNA fragments potentially available in a genome.
Libraries generated from digestion with multiple
enzymes might provide a less biased array of clones,
which would potentially lower the level of redundancy
in an enzyme-digested library. The problem of redun-
dancy can be expected to increase as more clones are
screened from any given library. While sheared libra-
ries might appear to provide the most random array of
genomic fragments, in our sheared library there
appears to be a tendency toward physical breakage
within extended repeat motifs, which would explain the
smaller length of poly(GA) motifs in the clones that we
isolated. This would be a disadvantage given the posi-
tive relationship between the length of the microsatel-
lite motif and allelic diversity in rice (Yang et al. 1994),
human (Weber 1990), mouse (Love et al. 1990), Ara-
bidopsis (Bell and Ecker 1994), and grapevine (Thomas
and Scott 1993). Future work involving more extensive
germplasm surveys will reveal the degree of polymor-
phism (or informativeness) of these markers and the
relationship between number of alleles and length and
complexity of repeat sequences (Ishii et al., in prep.).

The mapping of 121 microsatellite loci in rice
supported the hypothesis that they were randomly dis-
tributed throughout the genome and therefore that
saturated genome coverage would be possible. The 121
markers covered all 12 chromosomes, and the number
of markers per chromosome was approximately
proportional to the physical length at pro-metaphase,
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as estimated by Fukui and lijima (1991). Although our
data showed the predicted distribution of microsatellite
markers across chromosomes, there was a nearly three-
fold underrepresentation of markers on chromosome
4 and an overrepresentation of markers on chromo-
somes 2, 7 and 11 though these deviations were not
statistically significant (Table 2). The deviation may be
due to the relatively small number of microsatellite
markers investigated to date, but differences in SSR
frequency per chromosome cannot be ruled out at this
time.

Simple sequence repeat polymorphisms have been
found linked to several genes of agricultural import-
ance in rice. A microsatellite located in the 5" end of the
waxy gene (at the distal end of the short arm of chro-
mosome 6) (Bligh et al. 1995) revealed high polymor-
phism and was found to be a valuable predictor of
starch quality in commercial rice breeding (Ayres et al.
1997). On chromosome 7, two microsatellite markers
developed by Panaud et al. (1996) were recently found
to be closely linked to the giant embryo gene, ge® (Koh
et al. 1996), which controls enlarged embryo size and
high protein, oil, and vitamin content. Two of the
microsatellite markers developed in this study showed
linkage to the wide compatibility trait, S-5", in indica/
japonica hybrids of rice (Yanagihara and Temnykh,
unpublished data), suggesting that they can be useful
for tracing the inheritance of “wide compatibility” in
a breeding program. The work done by Blair and
McCouch (1997) showed that 3 microsatellite loci were
tightly linked to the resistance gene, xa-5, and were
efficiently used with RFLP markers to establish a high-
density map around this gene. Xiao et al. (1996b) ana-
lyzed QTLs for rice yield and demonstrated that
2 microsatellite markers were located in the vicinity of
a QTL for yield on chromosome 1.

This work indicates that construction of a saturated
microsatellite map should be feasible for rice. The
current level of genome coverage is approximately
1 microsatellite every 16—20 cM depending on the cross
used to map, which is sufficient for diversity analysis
and genotype identification (Yang et al. 1994; Xiao
et al. 1996a; Olufowote et al. 1997), gene and QTL
analysis (Koh et al. 1996; Xiao et al. 1996b), and
marker-assisted selection (Blair and McCouch 1997).
A concerted effort to generate and map more of these
highly informative, PCR-based, co-dominant markers
will improve the resolution of the rice map and provide
the basis for fine-scale genome analysis, positional
cloning and targeted genetic improvement.
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