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Abstract. Rice wild abortive (WA) type cytoplasmic male sterility (CMS) is commercially used for production of
hybrid seedsin China. Two fertility restorer genesin the CMS-WA system were detected with SSLP markersin this
study. An F, population consisting of 210 excessive sterile individuals from a cross between Zhenshan 97A and a
strong restorer line IR24 was used for mapping of Rf4. The genetic distance from Rf4 locus to RM171 (OSR33) and
RM228 on long arm of chromosome 10 was 3.7 cM and 3.4 cM, respectively, which were the two closest SSLP
markers flanking the Rf4 locus. The two SSLP markers gave promise of application in molecular marker-assisted
selection (MAS) for fertility restorer lines of the CMS-WA system. RM244, another SSLP marker on the short arm
of chromosome 10, was found to be linked with a fertility restorer locus in an F, population consisting of 30 exces-
sive sterile individuals from a cross between Zhenshan 97A and a weak restorer line IR64. The genetic relationship
among fertility restorer genes Rf1, Rf4 and Rf5(t) for three rice CMS system is also discussed.
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I ntroduction

Plant cytoplasmic male sterility (CMS) caused by lesion
or rearrangement of mitochondrial genome is unable to
produce functional pollens. But CMS can be restored by
nuclear genes. Therefore, the CMS systems are widely
used for hybrid seed production. In rice, hybrid rice vari-
eties devel oped based on wild abortive (WA) type CMS
accounted for approximately 90% of hybrid rice in China
(Yuan, 1992) and inheritance of fertility restoration for WA
type CMS has been extensively studied. Most research-
ers conclude that the fertility restoration of WA type CMS
is controlled by two independent nuclear loci. Besides
CMS-WA, other CM S systems have also been devel oped
and their fertility restoring genes were termed. Rf1, Rf2,
Rf3 and Rf4 werethetermsfor CMS-BT, CMS-L and CMS-
WA, respectively (Shinjyo, 1975; Zhang et al., 1997;
Shinjyo and Sato, 1994). These genes were mapped on
different chromosomes based on trisomic and RFLP
analyses. Rf1 and Rf2 genes were mapped on chromo-
somes 10 and 2 by trisomic analyses, respectively
(Shinjyo, 1975; Shinjyo and Sato, 1994). Rf3 and Rf4 were
located on chromosomes 1 and 10 by trisomic and RAPD/
RFLP analyses (Bhargj et al., 1995; Zhang et ., 1997; Yao
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et al., 1997). Rf3 was flanked by RFLP markers RG458/
RG140 and RG532, which had a genetic distance of 3.8 cM
(Zhang et al., 1997). Rf4 waslocated in a22.4 interval be-
tween G4003 and C234 (Yao et al., 1997). Tanet al. (1998)
reported that one QTL, tightly linked to RFL P marker C1361
on chromosome 10, explained 71.5% of phenotypic vari-
ance (Tan et al., 1998). Huang et al. (2000) mapped a
nuclear fertility restorer gene Rf5(t) on chromosome 10 for
Honglian (HL) type CMS, another CM S type applied in
commercia hybrid rice seed production in China (Huang
eta., 2000).

Simple Sequence L ength Polymorphism (SSLP) provides
a new tool for gene mapping and marker-assisted selec-
tion (MAS). SSLPsare the results of variable numbers of
repeated units within the microsatellite structure and are
widely distributed in the rice genome (McCouch et al.,
1997). SSLP can be easily and economically analyzed by
Polymerase Chain Reaction (PCR) and generally behaves
as a co-dominant marker, which often detects higher lev-
elsof alelic variation than RFLP or RAPD markers. SSLP
markers are being successfully applied in fingerprinting
and variety identification, gene and QTL mapping, and
marker-assisted selection (MAYS) in plants.

The studies reported in this paper were to determine
locations of Rf loci in the rice genome based on linkage
maps of SSLP markers (Akagi et al., 1996a; Panaud et al.,
1996; Chenet al., 1997; Temnykh et d., 2000).
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M aterials and M ethods

Mapping Population Development and Fertility
Scoring

Two mapping populations, constructed in 1998, were
used in this study. The first one consisted of 210 F, ex-
tremely sterile individuals from about 10,000 F, plants de-
rived from a cross between Zhenshan 97A and IR24. The
second one consisted of 30 F, extremely sterile individu-
als from about 1,000 F, plants derived from a cross be-
tween Zhenshan 97A and IR64. Zhenshan 97A is an elite
male sterile line of WA type. IR24 isastrong restorer line,
and IR64 is aweak restorer line. Pollen fertility wasin-
vestigated by staining with 1% |.-K, and seed setting rates
of bagged panicles were evaluated at maturity. Sterile in-
dividuals contained less than 5% dark-stained pollens and
didn’'t produce fertile seed.

Genomic DNA Extraction

Total genomic DNA was isolated using the SDS method
as described previously by Dellaportaet al. (1983). About
4 g of leaves were ground in liquid nitrogen to avery fine
powder and incubated with 25 ml of extraction buffer (100
mmol/ Tris-HCI (pH 8.0), 50 mmol/l EDTA, 500 mmol/l NaCl,
1.25% SDS (W/V), 0.38 g/l NaHSO,) at 65°C for 20 min.
Then 10 ml of 5 mol/l KAc was added and incubated on
ice for 20 min. After centrifugation, the supernatant was
collected, and two-thirds volume of pre-chilled isopropanol
was added to precipitate DNA. The DNA pellets were
washed with 70% ethanol and dissolved in TE buffer, to
which was added 15 pl of RNase (10 mg/ml) before incu-
bation at 37°C for 30 min. The DNA was re-extracted with
2 volumes of chloroform/isopentanol (24/1) and precipi-
tated by absolute ethanol. After washing twice with 70%
ethanol, the DNA was re-dissolved in TE buffer for use.

SSLP Analysis

One hundred and sixty-three microsatellite primer
pairs were used in this study. They were synthesized by
Sangon (Shanghai) Co. according to sequences distributed
from Temnykh et al. (2000). Polymerase chain reaction
(PCR) was performed in 25 pl volume containing 0.2 pmol/
| of each primer, 200 pmol/I deoxyribonucleotides, 50 mmol/
I KCI, 10 mmol/l Tris-HCI (pH 8.3), 1.5 mmol/l MgCl, and 1
unit of Taqg DNA polymerase. The PCR profile was 94°C
for 5 min (denaturation), followed by 40 cycles of 94°C for
1 min, 55°Cfor 1 min, 72°Cfor 1 min, andfindly 72°Cfor 5
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min in the final extension. The PCR reaction was per-
formed on a Perkin Elmer DNA Thermal Cycler 480. Prod-
ucts from PCR reaction were resolved by electrophoresis
in 4% agrose gel containing 0.5 pg/ml ethidum bromide or
in 5% polyacrylamide gel with detection by silver stain-
ing according to the Progema technical manual.

Linkage Map Construction

The linkage map was constructed with MAPMAKER
EXP3.0 on apersona computer (Lincolnet al., 1992). Map
distances were based on the Kosambi function (K osambi,
1944). Linkage groups were assigned to corresponding
chromosomes based on SSL P markers mapped by Akagi
et a. and Temnykh et al. (Akagi et a., 1996a; Temnykh et
a., 2000). For single-marker analysis, the recombination
frequency between a positive marker and an Rf locus was
calculated using maximum likelihood estimator (Allard,
1956), assuming that all the extremely sterile individuals
were homozygous at the targeted Rf locus.

Results

Detection of Rf Genes in IR24

For detection of fertility restoring genes in IR24 with
SSLP markers, 163 pairs of microsatellite primerswere used
to screen polymorphism between Zhenshan 97A and IR24.
Among the 163 primers, 48 primers showed polymorphism
between Zhenshan 97A and IR24, polymorphic frequency
was 29.4%. To assess the possibility that a genomic re-
gion contains agene for fertility restoration, 42 extremely
sterile plants of the 210 F, extremely sterile population were
assayed individually with each pair of the polymorphic
SSLP markers. SSLP markers on chromosome 1, including
RM1, RM9, RM14, RM24, RM238A, RM243, OSR3,
OSR23, and OSR27 detected polymorphism between
Zhenshan 97A and |R24; however, no SSLP marker, includ-
ing RM1, which was next to RG532 on the genetic map
(Chenet d., 1997; Temnykh et al., 2000), was found to link
with the fertility restorer gene.

However, microsatellite primers RM 258, RM 171 (OSR33)
and RM 228 on the long arm of chromosome 10 not only
showed polymorphic bands between Zhenshan 97A and
IR24 but also showed high correlations with a fertility re-
storer gene (Table 1). For instance, with RM171 (OSR33),
of all the 210 sterile progenies, 15 plants were
heterozygous, containing two alleles of the two parents
(Figure 1). Thelinkage analysiswith MAPMAKER EXP

Table 1. Recombination frequencies and genetic distances between a positive marker locus and Rf locus were cal culated using Maxi-
mum likelihood method, based on the assumption that all the extremely sterile plants are homozygous for the recessive allele at each

of the targeted loci.

Locus Chromosome Recombination freq. (%) Genetic distance (cM) LOD score
RM 258 10 10.00 11.2 67.14
RM171 10 3.57 3.7 98.33
RM 228 10 3.33 34 99.78
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3.0 revealed that SSL P markers RM258, RM 171 (OSR33),
and RM 228 were linked with a nuclear fertility restorer
gene, Rf4. The distances from Rf4 to the two closest SSLP
markers, RM171 (OSR33) and RM228 were 3.7 cM and 3.4
cM, respectively (Figure 2). The two SSLP markers gave
promise of application in molecular marker-assisted selec-
tion (MAS) for restorer linesin CMS-WA system. In
addition, the positive SSL P markers on other chromosomes
did not detect any Rf locusin the experimental population.

Identification of Fertility Restoring Gene in IR64

Mean pollen fertility of F, generation from a cross be-
tween Zhenshan 97A and IR64 was 87.27+7.77%, but natu-
ral seed setting rate was only 47.39+11.14% in Wuhan. For
mapping the weak restorer genes in IR64, 163 pairs of
microsatellite primers were used to screen polymorphism
between Zhenshan 97A and IR64. Among the 163 primers,
46 primers showed polymorphism between Zhenshan 97A
and IR64. Polymorphic frequency was 28.2%. On chro-
mosome 1, RM1, RM5, RM14, RM81A, RM237, RM243,
OSR3, OSR23, and OSR27 showed polymorphism between
Zhenshan 97A and IR64, but no SSLP marker was found
linked with afertility restorer gene. Although RM258 and
RM228, linked with arestorer gene of 1R24, showed poly-
morphic bands between Zhenshan 97A and IR64, they did
not show linkage with arestorer gene in the 30 extremely
sterile plants from the cross between Zhanshan 97A and
IR64. In the same chromosomal region, RM 171 (OSR33)
and RM294A , which revealed polymorphism between |R24
and Zhenshan 97A, did not show polymorphism between
IR64 and Zhenshan 97A (Figure 3). This suggested that
origination of the chromosome segment carrying the Rf4
of IR24 was different from |R64.

However, RM 244 on the short arm of chromosome 10
did not only reveal polymorphism but also showed a cor-
relation with fertility restoration. Of the 30 sterile
progenies, 1 plant was homozygous as |R64, 8 plants were
heterozygous containing two alleles of the two parents.
Single-marker analysis revealed that a nuclear restorer
gene of IR64 was linked to RM 244 and recombination fre-
quency was 16.7%; genetic distance was 17.3 cM; LOD
score was 6.32. This restorer gene was designated Rf6(t)
temporarily. In the same way, the positive SSLP markers
on other chromosomes did not detect any Rf locusin this
experimental population.

Discussion

This study located nuclear fertility restorer genes of rice
CMS-WA system with SSLP markers on the short arm and
thelong arm of chromosome 10. Interestingly, Akagi et al.
(1996b) aso mapped a nuclear fertility restorer gene of BT
type CM S on chromosome 10, 3.7 cM from OSR33 (Akagi
et al., 1996h), and Huang et al. (2000) al so mapped anuclear
fertility restorer gene Rf5(t) of HL type CMS on chromo-
some 10, 3.6 cM and 7.8 cM from OSR33 and RM 258, re-
spectively (Huang et al., 2000). Comparison of various
molecular marker linkage maps suggested that the three
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Figure 1. SSLP pattern of microsatellite primer pair RM171
(OSR33). The PCR products were resolved on 4% agarose gel.
Lanes 1 and 2 are Zhenshan 97A and |R24, respectively. Lanes
3-13 are extremely sterile individuals. Lane M contains PCR
Markers (SABC). Molecular sizes are shown on the | eft.
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Figure 2. Mapping of Rf4 on chromosome 10. Markers are
indicated on the right, and map distances (in cM) based on the
kosambi function are on the | eft.

Figure 3. SSLP analysis of RM171 and RM294 on three
parents. Lanes 1, 2, 3 were amplified using RM171, 4, 5, 6
were amplified using RM294. Lanes 1 and 4 are zhenshan 97A,
2and5arelR64, 3and 6 are IR24.
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fertility restorer genes for the three types of CMS were
located closely on the long arm of chromosome 10.
Recently, Borner et al. (1998) found that Rfgl, determin-
ing the restoration of cytoplasmic genic male sterility
caused by the G-type cytoplasm, may be allelic to agene
determining the restoration of rye CMS caused by the P-
type cytoplasm, and allelic to Rfc4 on rye addition lines
of chromosome 4RL restoring fertility of hexaploid wheat
with T. timopheevi cytoplasm (Borner et al., 1998). Jiaet
al. (1997) mapped four nuclear fertility restorer genes of
bean (Fr, Fr2, Fr....,axd Fr _.) on the same linkage
group and proposed that they may be allelic (Jiaet al.,
1997). Li et d. (1998) reported that nuclear fertility restorer
genes (Rfp and Rfn), for two different types of CMS (nap
and pol), were allelic and represented different alleles or
haplotypes of a single nuclear locus. A single restorer
locus can influence transcripts of three different mitochon-
drial genes, and restore fertility of different CMSforms (Li
et al., 1998). These results suggested that the three rice
nuclear fertility restorer genes (Rf1, Rf4, and Rf5(t)) for the
three types of rice CMS (BT, WA, and HL) may be dlelic,
and different alleles or haplotypes of a single nuclear 1o-
cus can restore the fertility of different types of CMS.
Searching for markers more tightly linked to the Rf locus
and construction of a high-resolution regional map will be
helpful to resolve the relationship of the three rice nuclear
fertility restorer genes.

Molecular markers close to atarget gene may be useful
for selection during breeding (Paran and Michelmore,
1993). SSLP markers have the advantages of both the
rapidity, straight, and simplicity of RAPD, and the
stability, reliability, and repeatability of RFLP. Although
molecular weight differences of SSLP markersare small be-
tween different genotypes, our results suggest that the
difference could be resolved by agarose gel or polyacry-
lamide gel. The results presented here clearly indicate that
the SSLP markersRM 171 and RM 228 will facilitate molecu-
lar marker-assisted selection (MAS) of restorer linesin
CMS-WA system, which will promote the development of
hybrid rice. It is also expected that the use of RM171
(OSR33) and RM228 in MAS integrated with backcross
breeding will produce near isogenic lines (NILs) of fertil-
ity restorer lines for genetic research.
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