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Identifying neutral allele Sb at pollen-sterility loci in
cultivated rice with Oryza rufipogon origin

SHI LeiGang, LIU XiangDong, LIU Bo, ZHAO XingJuan, WANG Lan, LI JinQuan® & LU YongGen%

Guangdong Provincial Key Laboratory of Plant Molecular Breeding, College of Agriculture, South China Agricultural University,
Guangzhou 510642, China

Pollen sterility is commonly found in the intra-specific hybrids of indica and japonica rice, which is one
of the main constrains for the utilization of heterosis between indica and japonica. Six loci controlling
the pollen sterility of F, between indica and japonica have been identified from previous studies. Neu-
tral alleles at each locus are potential to overcome the F; pollen sterility associated with the locus.
Therefore, exploitation and utilization of neutral alleles are of significant importance. The present re-
search was based on fine mapping of the F, pollen-sterility gene Sb and the abundant genetic diversity
of Oryza rufipogon Griff. indigenous to Gaozhou, Guangdong Province (referred to as Gaozhou wild
rice). Crosses were made using Taichung65 (with the genotype of S;/S,/ and referred to as E,) and its
near-isogenic line of F, pollen sterility gene Sb (with the genotype of S,’S,, E,) as female parents, and
12 different accessions of Gaozhou wild rice as male parents. F; pollen fertility was examined to identify
the materials having the neutral alleles at the F; pollen-sterility locus. Segregation of 4 molecular
markers tightly linked with the Sb locus was analyzed in the F, populations derived from the F;s car-
rying the neutral gene. The pollen fertility related to the 3 genotypes of the molecular markers was also
checked by statistical test to determine whether it was consistent with the hypothesis. The results
showed that the pollen fertility of two F;s from one accession of Gaozhou wild rice (GZW099) with E,
and E, was (89.22+1.07)% and (85.65%1.05)%, respectively. Both of them were fertile and showed no
significant difference by t-test. Segregation of the 3 genotypes of the 4 molecular markers followed the
expected Mendelian ratio (1:2:1) in the F, populations. There was no significant difference for the av-
eraged pollen fertility of the plants related to the 3 genotypes, suggesting that no interaction exists
between the alleles at the Sb locus in GZW099 and Taichung65 or E,. Evidentially, GZW099 carried the
neutral gene (named S,"S,") at the Sb locus, which provides valuable theoretical basis and resources
for further studying and overcoming the sterility of indica-japonica hybrids.
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Vigorous heterosis exists between indica and japonica
hybrids of Asian cultivated rice (Oryza satival L.), but

scientists have made significant progress in studying

indica-japonica hybrid sterility genes in recent years'™.

the hybrid sterility between the subspecies has hindered
the commercial utilization of the heterosist' . In-
dica-japonica hybrid sterility is mainly caused by fe-
male (embryo sac) or male (pollen) gamete abortion, and
studies have indicated that both of them are equally af-
fecting the spikelet fertility of the F; hybrids between
indica and japonica®'. So far, a few loci controlling fe-
male and male sterility have been identified". Chinese

Chen et al./ successfully cloned the S5 gene controlling
the sterility and the wide compatibility between indica
and japonica hybrids, through map-based cloning. The
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gene encodes Histidine-day radon protease relating to
embryo sac fertility. The indica allele (S5) and japonica
allele (S{) differed only by two nucleotides. Compared
to typical indica and japonica rice, the sequence of the
wide compatible gene S5" lost 136 bp in the functional
area of TAAT box. The deletion of a particular sequence
made the gene nonfunctional, as a result, the F; hybrids
showed a normal fertility. Long et al.”*! successfully
cloned the Sa gene about pollen sterility of the in-
dica-japonica hybrid and reported that two adjacent
genes (SaM and SaF) jointly controlled pollen sterility
and compatibility in indica-japonica hybrids, suggesting
that SaM"/SaM" interaction leads to the abortion of male
gamete (SaM ") when at least one allele SaF" was avail-
able. Compatibility gene Sa” (genotypes for SaM'/
SaM"// SaF/SaF") was also found. The results of the
research have a strong influence on overcoming the
indica-japonica hybrid sterility along with the origin
and evolution of rice.

Concerning the pollen sterility in F, hybrids of indica
and japonica, Zhang and Lu”® and Zhang et al.l!
found at least 6 loci (Sa-Sf) controlling F; hybrid pollen
sterility. At these loci, typical indica and japonica rice
carry §'S' and §'S' alleles, respectively, with multiple
alleles existing between typical §' and . Obvious dif-
ferences in genetic effects were found, i.e., degrees of
gene differentiation if multiple alleles of §’and §' have
different origins. The alleles from some intermediate
types and widely compatible varieties show good
compatibility with the indica and japonica varieties.
Zhang"", Zhang et al.'' and Zhuang et al.'¥ found
that these genes were not related to embryo sac sterility
but mainly to pollen sterility, and the cytological
mechanism of pollen sterility was different at different
loci. At present, the Sa  gene has been cloned[4], the Sb,
Sc and Sd loci fine mapped* '), and the Se locus
preliminarily targeted!'®. Among them, the Sb locus has
been finally de-limited to a region of 27 kb between A8
and A14 markers, and seven ORFs have been identified
in the region based on the annotations of the RiceGAAS
system.

Gene interaction at each pollen-sterility locus could
lead to partly abortive pollen. Therefore, the alleles that
do not interact with § and S’ alleles (neutral genes for
pollen fertility, S") have significant importance to over-
come the pollen sterility caused by each locus'” *\. Ding
et al.'”'® verified the presence of neutral gene (Sp"

and S.") for pollen sterility in some japonica indica-
compatible lines by test crosses. Gaozhou wild rice is a
large population in China and has rich genetic diver-
sity!'*2%. Previous studies from our laboratory showed
the presence of some neutral genes in Gaozhou wild rice
responsible for pollen fertility ' **!. However, few neu-
tral genes related to pollen fertility from the ancestral O.
rufipogon have been identified.

Sb locus has an important effect on the pollen sterility
in F, between indica and japonica. Oka''"! bred a few
near isogenic lines (NIL) of F; pollen-sterility genes by
successive backcrossing of 11—13 generations, using
Taichung65 as recipient parent and five indica varieties
as donor parents. Among them, the NIL of S locus E,
had the most similar genetic background with the re-
cipient parent Taichung65''?, except some genotypic dif-
ferences at Sh locus, i.e. genotypes S'S for Taichung65
and S'S' for E,. Both Taichung65 and E, carry the
genotype S5 at the other five F; pollen sterility genes
loci®). The model of gene interaction for the Sb locus
fitted the one-locus sporo-gametophytic interaction
model” ™). To explore the neutral gene for pollen fertil-
ity at the Sb locus in Gaozhou wild rice, Taichung65 and
its NIL E, were used as the genetic testers in this study.
Twelve accessions of Gaozhou wild rice were selected to
cross with the genetic testers. Analyses were made on
pollen fertility of F, and F, within the pairs of testcross
and the segregation of four molecular markers linked
tightly with Sh locus to identify the neutral allele (S,") at
the Sb locus. The objective of the study was to provide a
theoretical basis for identifying neutral genes responsible
for pollen sterility in O. rufipogon and offer new germ-
plasms for overcoming sterility in indica-japonica hy-
brids.

1 Materials and methods

1.1 Materials

A japonica variety Taichung65 and its NIL of Sb locus
E, were used. 141 accessions of Gaozhou wild rice were
collected by our laboratory with the sampling strategy of
population in the territory of Gaozhou, Guangdong
Province, unified label as GZW001 —GZW141, and
maintained in the Oryza genus germplasm resources
conservation base at South China Agricultural Univer-
sity!®?]. Twelve accessions namely GZW005, GZW006,
GZWO011, GZWO019, GZW034, GZW075, GZWO087,

3814 www.scichina.com | csb.scichina.com | www.springer.com/scp | www.springerlink.com



GZW099, GZW101, GZW 124, GZW133 and GZW137
were selected for the study. These accessions are be-
longing to five populations (Heyakeng, Libecun,
Xiangshandong, Shuikudi and Shanditan). E; and E,
were used as the maternal parent to cross with twelve
accessions of Gaozhou wild rice to generate F;s from
which F, populations were obtained by selfing.

1.2 Pollen fertility analysis

Pollen fertility was assayed according to Zhang and
Lum, with some minor modifications. Six spikelets per
plant were collected from the upper part of the panicle
and fixed in FAA solution (Ethanol, Formaldehyde and
Acetic acid with a ratio of 89:6:5, respectively) and
then shifted into 70% ethanol after 24 h. Six anthers
from the spikelets were crushed on a microscope slide
for pollen fertility. Pollen was stained with 2% I,-KI
solution, and then was observed by the Motic BA200
microscope under 10 x 10 multiple and taken pictures.
Fertile and abortive pollens were counted by Motic Im-
ages Advance 3.2 software. Pollen grains were classified
as fertile and sterile pollen based on their shape, size and
staining color. Three spikelets per plant were selected
and three fields per spikelet were observed, and the rate
of pollen fertility per plant was calculated.

1.3 Molecular markers selection

On the basis of fine mapping of the Sb locus, four pairs
of molecular markers were used, which were polymor-
phic and closely linked with the Sb locus. Genetic dis-
tance between microsatellite markers (PSM59 and
PSM9) and Sb locus was 0.9 ¢M, while that of PSM215
was less than 0.9 ¢cM'"**°! Indel marker A07-55 was
0.15 cM"®! away from Sb locus.

1.4 Molecular markers analysis

The DNA extraction and PCR were according to Zheng
et al.””! and Panaud et al.® respectively, with some
minor modifications. The reaction reagent of 20 uL in-
cluded 0.15 pmol/L SSR primer, 200 pumol/L dNTP,
1xPCR buffer, 50—100 ng template DNA and 1 U Tag
polymerase; PCR amplification was performed with the
PTC-100 PCR machine with the following profile: 5
min at 94°C to denature; followed by 33 cycles of 1 min
at 94°C, 1 min at 55°C, and 1 min at 72°C; and a final
extension period of 72°C for 5 min to complete the re-
action. PCR products were separated with 6% poly-
acrylamide gels and detected according to Li et al.**.

1.5 Identification method for the neutral gene S;" for
pollen fertility

The neutral gene for pollen fertility was identified ac-
cording to the method described by Dingm] with some
modifications. The candidate tested line was supposed to
carry the S;'S," genotype at Sb locus. Firstly, the candi-
date tested line was crossed with both E; and E, to make
a pair of test combinations. Because E; and E; had the
same genetic background and differed only at Sb locus,
the significant difference of pollen fertility in the same
pair of test combination was due to the allelic interaction
at Sb locus and the allelic interactions at the other loci
were the same. Thus the influence of the genetic back-
ground was reduced. The interaction of the testcross at
Sb locus would be of the following three conditions.

() If S5*S," was S,'S), the genotype of the F, from the
testcross between the candidate tested line and E; was
YA Owing to the allelic interaction, the F;’s pollen
and the gametes carrying § were partly abortive. Corre-
spondingly, the genotypes of the molecular markers
linked with the S locus in F, population would show
skew distribution with the reduced numbers of the al-
leles from the E, (S’ gamete). The genotype of the F,
from the testcross between the candidate tested line and
E, was S,'S,". Due to the lack of allelic interactions, the
pollen of the F; was fertile, and the genotypic segrega-
tion ratio of the corresponding molecular markers linked
with the Sb locus in F, population would show the nor-
mal Mendelian ratio (1:2:1).

(i) If S;'S," was S;.S/, the genotype of the F; from
the testcross between the candidate tested line and E;
was Sy/Sy/. Because there was no allelic interaction, the
pollen of F; was fertile, and the genotypic segregation
ratio of the corresponding molecular markers linked
with Sb locus in F, population would show the normal
Mendelian ratio (1:2:1). The genotype of the F; from
the testcross between the candidate tested line and E,
was SyS,". Due to the allelic interaction, the pollen and
the gametes carrying § allele were partly abortive, and
the genotypic segregation ratio of the molecular markers
linked with the Sb locus in F, population would show
skew distribution.

(iii) If S5'Sy" was S,"S;", the genotypes of the F;s from
the pair of testcrosses between the candidate tested line
and E; or E, were S¢S," and S,'S,". Because the allele S,"
is compatible with both S and §, no gene interaction
would exist at Sb locus. Thus the pollen of Fis was fertile
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and showed non-significant difference between the two
crosses. The genotypic segregation ratio of the corre-
sponding molecular markers linked with the S locus in
F, populations would show a normal Mendelian ratio
(1:2:1).

The above method was used to identify the neutral
gene for pollen fertility.

2 Results

2.1 Preliminary screening of materials carrying neu-
tral genes for pollen fertility

29,30]

Based on the results of Yang et al.l and Lian et

al.[22’23], some accessions of Gaozhou wild rice which
had relatively high pollen fertility, embryo sac fertility
and seed setting rate or their F;s between Gaozhou wild
rice and E; having high fertility were selected from 141
accessions of Gaozhou wild rice. A total of 12 acces-
sions, namely GZW005, GZW006, GZW011, GZW034,
GZWO035, GZW075, GZWO087, GZW099, GZW101,
GZW124, GZW133 and GZW137 were selected as male
parents. E; and E, were used as female parents. Twelve
pairs of testcrosses were obtained between them. The
pollen fertility of F;s is shown in Table 1.

According to the identification method of neutral
genes for pollen fertility, the average pollen fertility of
F s obtained from the testcrosses of GZW006, GZWO011,
GZW034, GZW101, GZW137 with E; was significantly
higher than the corresponding F;s between these wild
rice and E,, showing that the genotype at the Sh locus
for the five accessions of wild rice was Sj'S;/. The aver-
age pollen fertility of Fis from the testcrosses between
GZWO005, GZW075, GZW133 and E; was significantly
lower than the corresponding F;s between these wild

rice and E,, indicating that the genotype at the Sb locus
of the three accessions was S,'Sy'. Among them, the F,
pollen fertility between E\xGZWO075 and E,xGZWO075
was significantly different but high (>83%), which
showed that further investigations are needed to confirm
that GZWO075 might have the neutral gene for pollen
fertility at the other loci. The average pollen fertility of
Fis crossed between GZWO087, GZW124 and E,; or E,
was high, but the pollen fertility of individual plant in
the same testcross was quite different, which showed
that the genotype at the Sb locus of the two accessions
was heterozygous. The F; pollen fertility between
E;xGZWO019 and E;xGZWO019 was low (about 40%),
but had no significant difference, which showed that the
genetic background of GZWO019 was indica type and the
reason for low pollen fertility might be due to the highly
genetic interaction at some other loci except the Sb locus.
It might carry the neutral gene for pollen fertility at Sh
locus, but needed further investigation.

Pollen fertility of the pair of Fis (E;xGZW099 and
E;xGZW099) was above 85%, and the pollen fertility of
their parents (E;, E; and GZW099) was more than 90%
(Tables 1 and 2), showing the normal fertility. There was
no significant difference for the pollen fertility of the pair
of Fis by t-test (t = 2.199, P = 0.07). Moreover, the pol-
len fertility was much higher than that of the control
group (E;xE,, 58.53%). The seed setting rate of the pair of
Fis was above 85%, which showed that other genes for
pollen and embryo sac sterility had little effect on the
pollen fertility and the seed setting rate of the pair of Fs.
The F, pollen fertility for the plants in the same cross had
a low standard error, and the genotypes for individual F,
plants in the same cross were the same, checked by 4

Table 1 Pollen fertility in the F1s between different accessions of Gaozhou wild rice, E4 and E,

Testcross Pollen fertility (%) (M+SE) Testcross Pollen fertility (%)(M+SE)
E{xGZWO005 43.14+3.20 E,xGZW005 59.24+11.02
E{xGZW006 82.28+10.86 E,xGZW006 63.60+£31.25
E{xGZW011 43.99+10.17 E,xGZW011 30.67+4.39
E{xGZWO019 44.03+3.19 E,xGZWO019 40.41+1.84
E{xGZW034 59.01+7.49 E,xGZW034 51.63+4.44
E{xGZWO075 83.75+0.05 E,xGZWO075 92.78+2.70
E{xGZW087 73.51+£8.92 E,xGZW087 79.66+6.39
E{xGZW099 89.22+1.07 E,xGZW099 85.65+1.05
E{xGZW101 84.66+3.80 E,xGZW101 75.36+10.63
E{xGZW124 80.37+12.44 E,xGZW124 80.10£15.14
E{xGZW133 61.73+23.70 E,xGZW133 90.14+2.80
E{xGZW137 95.51 E,xGZW137 73.82+16.51
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Table 2 Pollen fertility and seed setting rate for E4, E;, GZW099 and their Fis

Parents or crosses

Pollen fertility (%) (M+SE)

Seed setting rate (%) (M+SE)

= 93.33+£1.08

= 94.81+1.61
GZW099 94.24+0.84
E{xE; 58.53+2.86
E{xGZW099 89.22+1.07
ExGZW099 85.65+1.05

95.32+0.53
94.56+2.25
85.20£0.51
74.28+2.55
86.86+1.25
86.3410.47

molecular markers tightly linked with the Sh locus. It
showed that GZW099 was homozygous at the Sb locus.
The manifestations of pollen fertility with different
genotypes showed that the interactive effects between S
and S, alleles lead to the pollen fertility of F; being par-
tially sterile, which is in consistence with the previous
findings (Figure 1)!"***. There was no interaction be-
tween S," and S¢, S, which showed that the allele S,"
had the compatibility to both S and §'. The above results
showed that GZW099 might possess neutral gene for
pollen fertility, and further studies should be continued.

2.2 Molecular marker analysis in the paired F,
populations

The molecular marker PSM59 and PSM9 were highly
polymorphic and GZW099, and
co-dominant for their F;. The segregation of the three

between E;

genotypes in their F, population is shown in Figure 2
and Table 3. The segregation ratio of the three geno-
types in their F, population followed the expected Men-
delian ratio (1:2:1) (P = 0.073) by Chi-squared test,
and the average pollen fertility corresponding to the
three genotypes in the F, population showed non-sig-
nificant difference by the analysis of variance (P =
0.983). The performance of pollen fertility for different
genotypes in the F, population is shown in Figure 1. The
result suggested that the allele at the Sh locus in
GZW099 did not interact with that in E;.

The molecular marker PSM215 and A07-55 were
highly polymorphic between E, and GZW099, and
hence used for F, genotyping. The distribution of the
three genotypes in the F, population is shown in Figure
3 and Table 3. The segregation ratio of the three geno-
types in the F, population was in consistence with the
expected Mendelian ratio (1:2:1, P > 0.05), and the
average pollen fertility corresponding to the three geno-
types in the F, population showed no significant differ-
ence by the analysis of variance (P = 0.823 and 0.380,
respectively). The above results suggested that the allele

at the Sb locus in GZW099 also did not interact with that
in E,. However, the segregation ratio of the three geno-
types in the control F, population (E; x E,) deviated
from the expected Mendelian ratio (1:2:1), and the av-
erage pollen fertility corresponding to the three geno-
types in the F, population also differed significantly™*.
According to the method of identifying neutral genes for
pollen fertility, the final result indicated that GZW099
carried the neutral gene for pollen fertility at the Sb lo-
cus (SbnSbn).

Figure 1 Pollen fertility of different genotypes in E;, E;, GZW099
and their Fys and Fss. (a) E; (genotype S¢ Sy); (b) E2 (genotype Sy
Sy); (c) GZW099 (genotype S,"Sy"); (d) F1of E4xE; (genotype Sy’ Sy);
(e) Fyof EsxGZW099 (genotype S¢ S,"); (f) F; of E;xGZWO099 (geno-
type SpS,”); (g) F. of EsxGZW099 (genotype S/Si); (h) F. of
E{xGZW099 (genotype Si S,); (i) F2 of E:xGZW099 (genotype
S,"Sy™); (i) F2 of ExxGZWO099 (genotype Si'Sy); (k) Fa of E;xGZW099
(genotype S,' Su"); (1) F» of E;xGZW099 (genotype S,” Sy”).
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Table 3 Genotypic distribution of the molecular markers and their corresponding pollen fertility in the F, populations between GZW099, E,

and E;
Molecul Pollen fertilit Chi-squared test for Analysis of variance for
Testcross olecutar Genotypes Plant numbers o'en teriity genotypes pollen fertility
makers (%)(M+£SE)
)(2 value P value F value P value
1 (s,,f S) 44 84.65+1.90
PSM59 2(S4S,") 87 84.79+1.53 5.228 0.073 0.017 0.983
ExGZW099 3 (Sb"Sb") 62 84.29+2.59
1(S4 S) 43 84.66+1.95
PSM9 5.238 0.073 0.017 0.983
2 (S4Sy") 88 84.78+1.51
3(Sy"S") 62 84.20+2.59
1(5,"Sy") 47 78.60£2.75
PSM215 2 (Sy'Sy") 101 76.79+1.96 1.275 0.529 0.195 0.823
E,xGZW099 3(Sy Sb) 41 78.62+3.34
1(5,"S,") 41 81.29+2.42
A07-55 ;
2 (Sp'Sy") 103 76.15+2.04 1.819 0.403 0.974 0.380
3(Sy Sp) 44 77.61:3.23
M PiF;P, Fa genes"”!. The shortcoming of the method is that it might
1. 2331 1 733131 72227 2 73 3 . .
200 bp[= lose some materials carrying neutral genes for pollen
fertility while sterile embryo sac, because spikelet fertil-
100 bp| _
ity is affected both by embryo sac and pollen fertility
Figure 2  Genotypes of PSM59 in the F, population of

E1xGZW099. P4, Female parent (E,); P2, male parent (GZW099); F4,
hybrid (E1xGZW 099); M, marker, 1—3 indicate maternal genotype
(E+), heterozygous genotype and paternal genotype (GZW099) in F,
population, respectively.

M P, F,P, Fa
3 21 22132 231322223121

200 bp[=

100 bp | -

Figure 3  Genotypes of PSM215 in the F, population of
E,xGZW099. P4, Female parent(E,); P2, male parent(GZW099); F,
hybrid (E1xGZW099); M, marker, 1—3 indicate paternal genotype
(GZW099), heterozygous genotype and maternal genotype (E,) in
F, population, respectively.

3 Discussion

Hybrid sterility between indica and japonica subspecies
of cultivated rice is a complex biological phenomenon.
The level of expression, the extent of hybrid sterility and
the quantity of sterile genes varied in different crosses.
Rice wide-compatibility gene (WCG) was first proposed
by Ikehashi et al.”"), which offered a bright prospect to
overcome the sterility in indica-japonica hybrids and to
utilize the heterosis between the subspecies. The main
method for identifying wide-compatibility gene is test-
cross. A certain quantity of typical indica and japonica
rice as tester lines was used to cross with the candidate
tested varieties and the fertility of F, spikelets from the
testcross was checked to identify the wide-compatible

3818

and any abnormality in these factors would lead to
spikelet sterility. With the rapid development of mo-
lecular marker technology and genome sequencing for
Jjaponica variety Nipponbare and indica variety 9311
completed, especially fine mapping and cloning of in-
dica-japonica hybrid sterility genes, the neutral gene
and wide-compatibility gene can be identified using
functional molecular markers and closely linked mo-
lecular markers. Yang et al.”*! used the sequence of a
cloned S5" gene to design the primers at both ends of the
deleted DNA fragments and established the functional
molecular markers for S5" gene. Ten cultivars from Chi-
nese national micro-core rice collection were success-
fully detected carrying Ss".
lecular markers are not equivalent to the gene itself, so
the phenotype must be identified by testcross. Therefore,
the combination of the two methods described above is

However, sometimes mo-

the most effective way to find out the neutral alleles.
Genetic background has important effects on the
identification of the intra-specific hybrid sterility. Using
Taichung65 and Guangluai4 as testers, Ding et al.l'’
found the neutral genes for F; pollen fertility in in-
dica-compatible japonica lines. However, the significant
differences in the genetic background between Taichung
65 and Guangluai4 might affect the accuracy of the test
results. From this viewpoint, Taichung65 and its NIL E,,
which have a similar genetic background, were used in
the study. NIL E, was bred using Taichung65 as a re-
cipient parent and indica variety 144 as a donor parent
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through successive backcross of 13 generations!'. In-
cluding 187 RFLP markers and 500 RAPD primers,
Zhuang et al.'? analyzed the polymorphism between
Taichung65 and E, and found only two RAPD markers
linked to Sb locus that exhibited polymorphism. It sug-
gests that the genetic background between Taichung65
and E, is very similar except for the Sb locus after mul-
tiple backcrosses”. For the wild rice under test,
GZW099 with a homozygous S, locus and consistent F;
pollen fertility was selected to be crossed with
Taichung65 and E, in the study thus reduced the impact
of the genetic background. Therefore, if one candidate
tested accession of wild rice was crossed with the two
tester lines simultaneously, the significant difference for
the pollen sterility in the pair of testcross was the main
cause of allelic interaction at Sh locus because of the
same allelic interaction at the other loci. The effects of
S," could be accurately determined through the experi-
mental design. Results would be more accurate if the
wild species under test were the near-isogenic lines. Our
research team is constructing single segment substitution
lines (SSSL) of F; pollen sterile gene from O. rufipogon,
and BC, generation has been bred for further studies.
Most of the pollen or embryo sacs sterility genes for
inter-specific or inter-subspecific hybrids coincide with
the one locus sporo-gametophytic interaction model™. As
far as the cloned S5 gene is concerned, Chen et al.® de-
veloped a triallelic system where the interaction of three
alleles S5i, Ss/and S5" at Ss gene locus controlled the ste-
rility and wide compatibility of hybrids, as the lone locus
sporo-gametophytic interaction model. Studies of Zhang
and Lu'™®, Zhang et al.”’, Zhuang et al."* have showed
that Taichung65 and E, only interacted at the Sb locus and
that the interaction of S and S5 led to the S/ allele abor-
tion and stainable abortive pollen. The gene had no effect
on the female gamete and fitted to one locus
sporo-gametophytic interaction model. Long et all¥
cloned a pollen sterility Sa gene in indica-japonica hy-
brids, and proposed a “two genes/three-component inter-
action” model in which there were two tightly linked
genes SaM and SaF jointly controlling the pollen sterility
and compatibility. In the existence of SaF" allele
(SaM’"/SaM //SaF"/ SaF~ or SaM’ /SaM //SaF " /SaF"), the
interaction of SaM "/ SaM led to the male gametes carry-
ing the SaM allele abortion. When rice varieties having
genotypes SaM'/ SaM //SaF | SaF~ crossed with japon-
ica rice (SaM/ SaM //SaF /SaF") and indica rice

(SaM"/SaM"//SaF"/ SaF"), the combinations will be
compatibile because of the absence of SaF" or SaM ™ in
hybrids. The genotype is defined as compatibility gene
Sa". Molecularly, the Sa locus consists of two tightly
linked genes, and SaF" plays the role of an epistatic gene.
However, from the viewpoint whether it has the compati-
bility or not, they can be treated as one functional unit.
That is to say, if the genotypes have no interaction with
those of indica and japonica, it can be treated as one neu-
tral gene Sa”". Therefore, Sb locus was also treated as one
functional unit in the study. Thus, the Sb locus in the wild
rice GZW099 has no significant interaction with those of
Taichung65 and E, and showed good compatibility.

Common wild rice is the ancestral species of culti-
vated rice (including indica and japonica). From the
phylogenetic point of view, neutral genes for pollen and
embryo sac sterility should theoretically exist in com-
mon wild rice. Oka”* found high F, hybrid fertility in
the crosses between common wild rice from Asia and
various cultivated rice. Lu and Pan®’ reported good
compatibility of Dongxiang wild rice from Jiangxi
Province to both indica and japonica. After investigation
of many cross combinations between cultivated and wild
rice, Liang et al.’® found that the averaged seed set rate
of the Fs between cultivated rice and common wild rice
were about 68%, which was obviously higher than that
of the hybrids between typical indica and japonica
(10%—30%). Li et al.*"'showed that the pollen and the
spikelet fertility of the hybrids between common wild
rice and Taichung65 (typical japonica rice) or Guan-
gluai4 (typical indica rice) was 70%—88% and 61%—
89%, respectively, and the correlation between the
pollen fertility and the spikelet fertility of F; reached a
highly significant level. It was presumed that common
wild rice and cultivated rice had almost the same loci for
the sterility gene, and some alleles in the common wild
rice had the compatibility to both of the indica and ja-
ponica alleles. Lian et al.* found that the pollen fertility
of F; between some Gaozhou wild rice and Taichung65
had abundant genetic diversity with some crosses being
higher than 85%. It indicated that neutral genes for pol-
len fertility might exist in Gaozhou wild rice, which can
overcome the pollen sterility of hybrids between indica
and japonica. Results from this study indicated the exis-
tence of neutral genes (S,"S;") in Gaozhou wild rice.
Other neutral genes at the other gene loci are under fur-
ther studies.
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Sterility genes of hybrids between indica and japon-
ica play an important role in the evolution of cultivated
rice. Systematic study of the genotypes of common wild
rice at the F sterility gene loci in indica and japonica
hybrids has a great importance not only for finding the
widely compatible genes or neutral genes which can
overcome the hybrid sterility between indica and japon-
ica, but also for clarifying the questions concerning the
origin and evolution of cultivated rice.

1 Oka H L. Genetic analysis for the sterility of hybrids between dis-
tantly related varieties of cultivated rice. Jpn J Genet, 1957, 53:
397—409

2 Oka H I Analysis of genes controlling F, sterility in rice by the use
of isogenic lines. Genetics, 1974, 77: 521—534

3 Song X, Qiu S Q, Xu C G, et al. Genetic dissection of embryo sac
fertility, pollen fertility, and their contributions to spikelet fertility
of intersubspecific hybrids in rice. Theor Appl Genet, 2005, 110:
205—211

4 Long Y M, Zhao L F, Niu B X, et al. Hybrid male sterility in rice
controlled by interaction between divergent alleles of two adjacent
genes. Proc Natl Acad Sci USA, 2008, 105: 18871 — 18876

5 LiJ Y. Breakthrough progresses on rice hybrid sterility between
indica and japonica contributed by Chinese scientists (in Chinese).
Mol Plant Breed, 2009, 7: 1—4

6 ChenJJ, Ding J H, Ouyang Y D, et al. A triallelic system of S5 is a
major regulator of the reproductive barrier and compatibility of in-
dica-japonica hybrids in rice. Proc Natl Acad Sci USA, 2008, 105:
11436—11441

7 Zhang G Q, Lu,Y G. Genetic studies of the hybrid sterility in culti-
vated rice (Oryza sativa). 1. Diallel analysis of the hybrid sterility
among isogenic F, sterile lines (in Chinese). Chinese J Rice Sci,
1989, 3: 97—101

8 Zhang G Q, Lu Y G. Genetic studies of the hybrid sterility in culti-
vated rice (Oryza sativa). II. A genic model for F, pollen sterility
(in Chinese). Acta Genet Sin, 1993, 20: 222—228

9 Zhang G Q, Lu Y G, Zhang H, et al. Genetic studies of the hybrid
sterility in cultivated rice (Oryza sativa). IV. Genotypes for F, pol-
len sterility (in Chinese). Acta Genet Sin, 1994, 21: 34—41

10 Zhang Z S. Studies on the cytology of the intersubspecific hybrid
sterility in cultivated rice (Oryza sativa L) (in Chinese). Doctoral
Dissertation. Guangzhou: South China Agricultural University,
2002.24—36

11 Zhang Z S, Lu Y G, Liu X D, et al. Cytological mechanism of pol-
len abortion resulting from allelic interaction of F, pollen sterility
locus in rice (Oryza sativa L.). Genetica, 2006, 7: 295—302

12 Zhuang C X, Mei M T, Zhang G Q, et al. Chromosome mapping of
the S-b locus for F, pollen sterility in cultivated rice (Oryza sativa
L.) with RAPD markers (in Chinese). Acta Genet Sin, 2002, 29:
700—705

13 LiWT, Zeng R Z, Zhang Z M, et al. Fine mapping of locus S-b for
F, pollen sterility in rice (Oryza sativa L.). Chinese Sci Bull, 2006,
51: 675—680

The authors would like to thank Prof. and Dr. LIU Yao-Guang from South
China Agricultural University who donated some primers, and Associate
Professor Dr. FU XueLin, Dr. CHEN ZhiXiong, Ms. YU ShuHong and Ms.
WEI ChangMin for their assistance in the experiment. Many thanks are
given to Prof. and Dr. LU BaoRong from Fudan University, Mr. Muham-
mad Qasim Shahid from South China Agricultural University, Ms. Anja
Bus and Ms. Sumona Chakraborty from the Max Planck Institution for
Breeding Research (Germany), and senior scientist Dr. Akshay Talukdar
from Indian Agricultural Research Institute for their carefully revising the
manuscript. The authors also thank the editors and the anonymous re-
viewers for their valuable suggestions.

14 Yang C Y, Chen Z Z, Zhuang C X, et al. Genetic map and fine
physical mapping of the gene S-c for F; pollen sterility in cultivated
rice (Oryza sativa L.) (in Chinese). Chinese Sci Bull, 2004, 49:
1273—1277

15 Li WT, Zeng R Z, Zhang Z M, et al. Identification and fine map-
ping of S-d, a new locus conferring the partial pollen sterility of in-
tersubspecific F, hybrids in rice (Oryza sativa L.). Theor Appl
Genet, 2008, 116: 915—922

16 Zhu W Y, Li W T, Zhang G Q, et al. Preliminary identification of
F, pollen sterility gene S-e in Oryza sativa (in Chinese). J South
China Agricult Univ, 2008, 29: 1 —5

17 Ding X H, Zhang Z M, Zeng R Z, et al. Genotypic identification of
the S-b locus in the indica-compatible japonica lines of rice (Oryza
sativa) (in Chinese). Chinese J Rice Sci, 2003, 17: 297—300

18 Ding X H, Zhang Z M, Zeng R Z, et al. Genotypic identification of
the S-c locus in the indica-compatible japonica lines of rice (Oryza
sativa L.) (in Chinese). Acta Agricult Boreali-Sin, 2007, 22: 5—8

19  Yang Q W, Zhang W X, Shi J X, et al. Genetic diversity and dif-
ferentiation of Oryza rufipogon populations in Gaozhou (in Chi-
nese). J Plant Genet Resour, 2004, 5: 315—319

20 Li C, Pan D J, Mao X L, et al. Analysis of the genetic diversity
among natural wild rice populations in Gaozhou by SSR markers.
Chinese Sci Bull, 2006, 51: 562—572

21 LiJQ,LuY G, FengJ H, et al. The crossability and F, hybrid fer-
tility between Oryza sativa and other AA genome species (in Chi-
nese). J Plant Genet Resour, 2007,8:1—6

22 Lian Z X, Shi L G, Lu,Y G, et al. Pollen fertility and its develop-
mental characteristics of the F, between Oryza sativa subsp. ja-
poica and Oryza rufipogon Griff. indigenous to Gaozhou, Guang-
dong Province (in Chinese). J Plant Genet Resour, 2008, 9: 6-10

23 Lian Z X, Wei C M, Lu,Y G, et al. Fertility and development char-
acteristics of embryo sac in F; Hybrids between Oryza sativa subsp.
Jjaponica and Oryza rufipogon indigenous to Gaozhou, Guangdong
Province, China (in Chinese). Chinese J Rice Sci, 2008, 22: 266 —
272

24 Li WT, Zeng R Z, Zhang Z M, et al. Mapping of S-b locus for F,
pollen sterility in cultivated rice using PCR based markers. Acta
Bot Sin, 2002, 44: 463 —467

25 Li W T, Zhang G Q. Fine mapping and genetic differentiation
analysis of F, pollen sterility genes in rice (Oryza sativa L.) (in
Chinese). Mol Plant Breed, 2003, 1: 559—561

26 Yang S H. Map-based cloning of the gene Sb for hybrid pollen ste-
rility in japonica-indica crosses of rice (Oryza sativa L.) (in Chi-

3820 www.scichina.com | csb.scichina.com | www.springer.com/scp | www.springerlink.com



nese). Doctoral Dissertation. Guangzhou: South China Agricultural 31 Ikehashi H, Araki H. Variety screening of compatibility types re-
University, 2005. 1—3 vealed in F, fertility of distant cross in rice. Jpn J Breed, 1984, 34:
27 Zheng K L, Huang N, Bennett J. PCR-based marker-assisted selec- 304—313
tion in rice breeding. IRRI discussion paper series No.12. Los 32 Lu C G, Zou J S. Research progress in the compatibility of inter-
Banos: International Rice Research Institute, 1995 subspecific hybrid rices (Oryza sativa L.) (in Chinese). Jiangsu J
28 Panaud O, Chen X, McCouch S R. Development of microsatellite Agricult Sci, 2000, 16: 50—56
markers and characterization of simple sequence length polymor- 33 Yang Y X, WuJ W, Chen Z X, et al. Mining rice new germplasm
phism (SSLP) in rice (Oryza sativa L.). Mol Gen Genet, 1996, 252: containing S5" gene by functional molecular marker and sequencing.
597—607 Chinese Sci Bull, 2009, 54: 3045—3052
29 Yang P Z, Guo H B, Zhao X J, et al. Study on the reproductive 34 Oka H L. Consideration on the genetic basis of intervarietal sterility
characteristics of Oryza rufipogon Griff. in Gaozhou, Guangdong in Oryza sativa. In: IRRI, ed. Rice Genetics and Cytogenetics. Am-
Province 1. Seed setting rate, pollen fertility and its developmental sterdam: Elsvier, 1964. 158—174
characteristics (in Chinese). J Plant Genetic Resour, 2006, 7: 7—12 35 Lu C, Pan X G. Studies on the wide compatibility inheritance of
30 Yang P Z, Guo H B, Zhao X J, et al. Reproductive characteristics of wild rice Dong-Ye and three cultivars 02428, 8504, and CPSL017
Oryza rufipogon Griff. in Gaozhou, Guangdong Province II. Em- (in Chinese). Acta Agricult Jiangxi, 1993, 15: 61 —67
bryo sac fertility, embryo sac development, embryogenesis and en- 36 Liang Y M, Lu G, Li K A, et al. Evolutionary genetics of the F; O.
dosperm development (in Chinese). J Plant Genet Resour, 2006, 7: sativax O. rufipogon (in Chinese). Southwest China J Agricult Sci,
136—143 1997, 10: 7—10
- TREND -

Postdoctoral Researchers and Associate Professor
Available

Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China

An associate professor (1) and postdoctoral research fellow (2) positions are available immediately in the Laboratory
of Immunological Biology, Institute of Biophysics of Chinese Academy of Sciences (Beijing).
As one of the most active research groups at the institute, our general research interests focus on the areas: 1) Cell

cycle control and tumorigenesis; 2) Development and differentiation biology of NK and T lymphocytes; 3) Killing
mechanisms against cancers and viral infection by NK/cytotoxic T lymphocyte and 4) Cancer immunology and Tumor
immunotherapy (Cell, Nat Immunol, Curr Opin Immunol, Mol Cell Biol, Blood, J Immunol, Cell Death Difter, J Biol
Chem, etc).

The successful candidates should have Ph.D or Ph.D/M.D in Molecular Immunology, Molecular Biology, Tumor
Biology, Cell Biology or related fields with excellent techniques and publications. Good command of spoken and
written English is essential for these positions.

We provide a dynamic and stimulating research environment and a highly competitive benefit for the positions.
Applicants should send a research plan, a detailed CV and three reference letters to:

Professor Dr. Fan Zusen

Deputy Director of the Center for Infection and Immunity

National Laboratory of Biomacromolecules and Institute of Biophysics
Chinese Academy of Sciences, Beijing 100101, China.
Tel: 86-10-64888457;

Fax: 86-10-64871293;

Email: fanz@moon.ibp.ac.cn

SHi L G et al. Chinese Science Bulletin | October 2009 | vol. 54 | no. 20

3821

ARTICLES




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


