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Abstract The Wild Abortive (WA) system is the
major cytoplasmic male sterility (CMS) source for
hybrid rice production in indica rice and its fertility
restoration is reported to be controlled by two major loci
viz. Rf3 on chromosome 1 and Rf4 on chromosome 10.
With the availability of the rice genome sequence, an
attempt was made to fine map, develop candidate gene
based markers for Rf3 and Rf4 and validate the
developed marker system in a set of known restorer
lines. Using polymorphic markers developed from
microsatellite markers and candidate gene based mark-
ers from Rf3 and Rf4 loci, local linkage maps were
constructed in two mapping populations of ~ 1,500 F,
progeny from KRH2 (IR58025A/KMR3R) and DRRH2
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(IR68897A/DR714-1-2R) hybrids. QTLs and their
interactions for fertility restoration in Rf3 and Rf4 loci
were identified. The identified QTL in both mapping
populations together explained 66-72 % of the pheno-
typic variance of the trait suggesting their utility in
developing a marker system for identification of fertility
restorers for WA-CMS. Sequence comparison of the
two candidate genes from the Rf3 and Rf4 regions in
male sterile (A) and restorer (R) lines showed 2-3 bp
indels and a few substitutions in the Rf3 region and
indels of 327 and 106 bp in the Rf4 region respectively.
The marker system identified in the present study was
validated in 212 restorers and 34 maintainers along with
earlier reported markers for fertility restoration of WA-
CMS. Together DRCG-RF4-14 and DRCG-RF4-8 for
the Rf4 locus and DRRM-RF3-5/DRRM-RF3-10 for the
Rf3 locus showed a maximum efficiency of 92 % for
identification of restorers.

Keywords Hybrid rice - WA-CMS system - Fertility
restoration - Rf loci - Candidate genes - Microsatellite
markers

Introduction

Hybrid rice technology is one of the promising,
sustainable and proven technologies for enhancing
the rice productivity with a yield advantage of
15-20 % over inbred varieties. Rice hybrids occupy
more than 50 % of rice area in China and are being
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adopted in other rice growing countries (Virmani et al.
2003). For the development of rice hybrids, mostly the
three-line system consisting of cytoplasmic male
sterile (CMS) line (A), a maintainer line (B) and a
restorer line (R) is being adopted. CMS can be restored
by fertility restorer (Rf) genes associated with nuclear
genes mostly encoding pentatricopeptide repeat (PPR)
proteins (Hanson and Bentolila 2004). In rice, though
20 independent CMS cytoplasms have been reported,
only three CMS systems viz. Wild Abortive (WA),
Boro Tai (BT) and Honglian (HL) are mostly deployed
for commercial hybrid seed production (Li and Yuan
2000; Fujii and Toriyama 2009). Of these, the WA
system is widely used CMS source for indica rice
accounting for about 90 % of the rice hybrids
produced in China and 100 % of the hybrids devel-
oped outside China (Sattari et al. 2007). Inheritance of
fertility restoration in the WA-CMS system has been
extensively investigated and reported genetic analyses
have shown that the number, position and effects of
the Rf genes are variable depending upon the materials
and methods used. Genetic studies on fertility resto-
ration in WA-CMS lines showed that restoration is
monogenic (Shen et al. 1996); digenic (Bharaj et al.
1991); digenic with different types of interactions
(Govinda Raj and Virmani 1988; Sohu and Phul 1995;
Sharma et al. 2001; Waghmode and Mehta 2011);
trigenic (Kumar and Chakrabarti 1983; Sarkar et al.
2002) and trigenic interactions (Huang 1987; Hossain
et al. 2010).

With the advent of molecular mapping, several
research groups have identified chromosomal loca-
tions of the Rf genes for various CMS systems in rice.
Rfl gene restoring BT-CMS has been cloned and
demonstrated to be the locus consisting of pentatric-
opeptide genes (Wang et al. 2006). In CMS system
derived from Lead rice (LD-CMS), Rf2 has been
identified in japonica on chromosome 2 and fine
mapped (Shinjyo and Sato 1994; Fujii and Toriyama
2009). Huang et al. (2000) fine mapped the Rf5 (t) on
chromosome 10 for HL-CMS and another locus Rf6
(t) was also identified on chromosome 10 for the same
cytoplasm (Liu et al. 2004). Another Rf gene for CMS-
Chinese Wild (cw) rice was fine mapped on chromo-
some 4 (Fujii and Toriyama 2009).

Zhang et al. (1997) mapped the Rf3 locus for WA-
CMS on chromosome 1 and Yao et al. (1997)
confirmed its location and also mapped the Rf4 locus
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on chromosome 10. Four QTLs on chromosomes 1, 7,
10 and 11 were identified for fertility restoration of
WA-CMS (Zhuang et al. 2000). The role of the Rf4
locus in fertility restoration and its location on
chromosome 10 has been identified by many research
groups (Tan et al. 1998; Jing et al. 2001; Zhang et al.
2002; Mishra et al. 2003; Singh et al. 2005; Ahmad-
ikhah and Karlov 2006; Ahmadikhah et al. 2007;
Sheeba et al. 2009; Ngangkham et al. 2010). A major
QTL for fertility restoration of WA-CMS associated
with the Rf3 region was identified in IR36 and
IR60966 (Ahmadikhah et al. 2007; Ahmadikhah and
Alavi 2009). Both Rf3 and Rf4 loci have been
identified in different donors using rice microsatellite
(RM) or simple sequence repeat (SSR) markers (He
et al. 2002; Bazrkar et al. 2008; Sattari et al. 2008;
Nematzadeh and Kiani 2010). Ngangkham et al.
(2010) fine mapped the Rf4 locus in Basmati restorer
line PRR78 within an interval of 0.8 cM and devel-
oped candidate gene (CG) based marker from PPR3
gene based on sequence information derived from
Jjaponica (Nipponbare). Thus, fertility restoration of
WA-CMS appears to be controlled by different Rf loci
in different restorer lines unlike other CMS systems.
However, two loci (Rf3 and Rf4) on chromosomes 1
and 10 appear to be consistent in restoring the fertility
across most of the studies. Attempts were made to use
these two loci for marker assisted selection (MAS) to
identify restorer lines possessing Rf genes for WA-
CMS to expedite phenotype-based screening. Nas
et al. (2003) developed a single-gene MAS system
based on sequence tagged site (STS) marker, RG140/
Pvull (STS-RG140) for Rf3 on chromosome 1. Using
two STS markers system (RG140/Pvull and S10019/
BstUI) for Rf3 and Rf4 loci, 13 restorer lines
were surveyed (Sattari et al. 2007). Microsatellite
(RM6100/RM25654) and CG based marker systems
(TMPPR3) were also evaluated for their selection
efficiency (Sheeba et al. 2009; Ngangkham et al.
2010). From the foregoing studies, it appears that Rf4
is a major locus for fertility restoration of WA-CMS in
most of the cases and Rf3 in some studies. Therefore,
the present study was undertaken to fine map Rf3 and
Rf4 loci, to study the contribution and their interac-
tion for fertility restoration of WA-CMS and to
validate selection efficiency of the developed markers
in a set of restorer lines and compare with reported
markers.
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Materials and methods
Plant material

Two mapping populations of ~ 1,500 F, progeny
derived from hybrids viz. KRH2 (IR58025A/KMR3R)
and DRRH2 (IR68897A/DR714-1-2R) were studied
for mapping of Rf3 and Rf4 loci. These segregating
populations and their parents were grown during
Kharif 2009 (wet season: July to October) at the
research farm of Directorate of Rice Research (DRR
farm), Hyderabad, India following recommended
package of practices. A set of 212 restorer lines and
34 maintainer lines collected from International Rice
Research Institute (IRRI), Philippines and other insti-
tutions from India were also grown under the same
conditions. For progeny test, F5 plants from fertile F,
(>90 %) were grown during Kharif 2010. The KRH2
F, population was earlier mapped for the Rf4 locus by
Sheeba et al. (2009).

Phenotyping and genotyping

Three spikelets per plant were collected and the pollen
fertility was determined using 1 % I-KI stain (Virmani
et al. 1997). Mean of observations from three micro-
scopic fields was noted and calculated as percentage of
the pollen fertility based on Standard Evaluation
System (IRRI 1996) and F, individual plants were
grouped into completely sterile (0 %), partially sterile
(1-30 %), partially fertile (>30-60 %) and fertile
(>60 %) (Govinda Raj and Virmani 1988). For
genetic studies, the partial fertile and partial sterile
groups were combined as semi-fertile group and
analyzed for Chi-square test. For progeny test, 10 F;
seeds were randomly selected from F, plants (>90 %
pollen fertility) and analyzed by markers associated
with fertility restoration. Based on the segregation
pattern of the closely associated markers, the F, plants
were considered as fertile homozygotes. Total geno-
mic DNA from fresh and young leaves of parents,
segregating populations, known restorer and main-
tainer lines was isolated using modified protocol of
Zheng et al. (1995).

Primer design

Based on the position of the STS-RG140 marker
reported (5,095,628 bp) on the Rf3 locus (Zhang et al.

1997); 2 Mb genomic region (4-6 Mb) was targeted
for identification of microsatellites and design of
primers on chromosome 1 derived from Nipponbare
sequence, Accession No. NC_008394 (http://www.
ncbi.nlm.nih.gov/genbank/). For the Rf4 locus, the
marker RM6100 was reported at 1,837,2167 bp
(Singh et al. 2005), 2 Mb region of chromosome 10 of
Nipponbare (NC_008403) was targeted (17-19 Mb)
for designing microsatellite primers. In addition to the
sequence of japonica subspecies, corresponding
indica sequence from genomic library of IR24
(AB110443) was also obtained (Komori et al. 2004).
The repeats were identified using software ‘Tandem
Repeat Finder’ (Benson 1999) and primers were
designed using Primer 3.0 (http:frodo.wi.mit.edu/pri-
mer3/) (ESM Table 1).

Candidate gene information was obtained from
Japonica sequence (NC_008394, Pseudomolecule 6.1,
http://rice.plantbiology.msu.edu/) from 4 to 6 Mb of
chromosome 1. Annotated indica sequence from IR24
BAC clone (AB110443) of chromosome 10 (Komori
et al. 2004) was downloaded from http://www.ncbi.
nlm.nih.gov/genbank/. Based on the sequences of
candidate genes along with their upstream regions
(1 kb), two to six primer pairs were designed per gene
ensuring the coverage of complete gene along with
upstream region (~ 1 kb) using Primer 3.0 software
(http:/frodo.wi.mit.edu). All the primers were syn-
thesized at Integrated DNA Technologies Inc. (Iowa
City, IA) (ESM Table 2).

PCR amplification

For amplification of the microsatellite markers, PCR
was carried out in Thermal Cycler (Bio-Rad C1000)
using 40 ng template DNA, 0.125 mM dNTPs each,
2.5 p moles of forward and reverse primers, 1 U Tag
polymerase (Bangalore Genei, India) and 1x Tagq
buffer (Bangalore Genei, India) in a total volume of
10 pl reaction. The cycling conditions included initial
denaturation at 94 °C for 4 min, followed by 30 s at
94 °C, 30 sat55 °C, and 1 min at 72 °C for 35 cycles,
followed by a final extension at 72 °C for 7 min.
Amplified products were resolved in 8 % polyacryl-
amide gel using mini vertical polyacrylamide gels
(CBS Scientific Co. Inc., USA).

For candidate gene based markers, a 20 pl PCR
reaction mixture was prepared containing 50 ng tem-
plate DNA, 0.25 mM dNTPs each, 0.5 pmol of forward
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and reverse primers, 2 U Tag DNA polymerase
(Bangalore Genei, India) 1x Tag buffer (Bangalore
Genei, India) and 5 M betaine (Sigma, USA) (Henke
et al. 1997), The cycling conditions comprised initial
denaturation at 94 °C for 4 min, followed by 1 min at
94 °C, 1 min at 55 °C, and 2 min at 72 °C for 35
cycles, followed by a final extension at 72 °C for 7 min.
PCR products were resolved in 2.5-3.5 % Metaphor®
agarose gel (Lonza, USA). Gels were stained in 0.5 mg/ml
ethidium bromide and documented using Alpha
Imager 1220 (Alpha Innotech, USA).

Parental polymorphism

Four parents of the two mapping populations were
surveyed with 29 Rice Microsatellite (RM) primers,
56 designed SSR primers and 23 CG based primers
from chromosome 1 for the Rf3 region. For the Rf4
region, 50 SSR and 21 CG primers identified from
IR24 BAC clone (AB110443) were used for parental
polymorphism. In addition, 23 RM primers along with
the reported marker RM6100 (Singh et al. 2005) and
58 SSR primers designed from Nipponbare genome
(17-19 Mb region) were also assayed in the parents.

Selective genotyping

The markers polymorphic between the parents were
subjected to selective genotyping (Nandi et al. 1997) in
two phenotypically distinct classes for pollen fertility
comprising 22 sterile (pollen fertility: 0 %) and 22
fertile F, individuals (pollen fertility: 100 %). Recom-
bination frequencies were calculated for the two classes
(Allard 1956) and the marker allele frequencies were
compared between the two tails of progeny for the
two classes. Only the markers with >0.25 difference
between the absolute allele frequency values of the two
tails were considered for further analysis.

QTL analysis

The markers that exhibited low recombination fre-
quency (>0.25) in selective genotyping procedure
were analyzed in 1,580 and 1,576 F, individuals of
KRH2 and DRRH?2, respectively, to construct genetic
maps using the MapDisto v. 1.7 software (Lorieux
2007). Linkage groups were obtained with >3.0 LOD
and of 0.3 r max for Rf3 and Rf4 loci in both the
populations and map distances were calculated using
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Kosambi mapping function (Kosambi 1944). Since the
evaluation criterion for measuring fertility restoration
in pollen of WA-CMS system is continuous (IRRI
1996); the data from the present study was analyzed as
continuous data for QTL analysis using QTL Cartog-
rapher 2.5 (Wang et al. 2010). The interaction between
the identified QTLs and their effects in both the
mapping populations was analyzed using QTLNet-
work 2.1 software (Yang et al. 2008).

Validation of markers

To assess the selection efficiency of the markers in
restorer lines, the identified markers from the present
study were screened in 212 restorers and 34 maintainer
lines. All the lines were phenotypically evaluated at
DRR farm and assessed with markers from Rf3 and
Rf4 loci identified in this study along with all the
reported markers.

Sequencing

The polymorphic products derived from four CG based
primers from the parents of KRH2 and DRRH2, along
with male sterile line APMS6A and two restorer lines
1,005 and C20R were also subjected to sequence
analysis. PCR products were eluted from 1 % agarose
gel, purified using Wizard® SV Gel and PCR Clean-Up
System (Promega); cloned in pGEM-T easy vector
(Promega) and sequenced using an ABI Prism 3700
automated DNA sequencer (Perkin Elmer, MA) by
Bioserve Biotechnologies, India. The derived consensus
sequences were compared between the A and R lines
and also with the sequences of japonica subspecies
(Nipponbare) using CLUSTALW multiple sequence
alignment tool employing BIOEDIT software (http://
www.ebi.ac.uk/Tools/msa.clustaw?2/; http://www.mbio.
ncsu.edu/BioEdit/bioedit.html). The sequence differ-
ence as indels (insertions/deletions) and Single Nucle-
otide Polymorphisms (SNPs) between the A and R lines
were considered for polymorphism.

Results
Phenotyping

Based on the extent of the stain taken up by the pollen,
out of 1,576 individuals of KRH2 population (mean:
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65.6 %), 578 plants showed complete sterility (0 %),
57 showed partial sterility (1-30 %), 161 showed
partial fertility (>30-60 %) and 780 showed high
fertility (>60 %). Among 1,580 F, individuals of
DRRH2 population (mean: 67.0 %), 166 showed
complete sterility (0 %), 153 showed partial sterility
(1-30 %), 173 showed partial fertility (>30-60 %)
and 1,088 showed high fertility (>60 %) as shown in
Table 1.

Genetics

Analysis with Chi-square test for three groups (Fully
fertile >60 %; Semi-fertile 59-1 % and Complete
sterile) suggested the involvement of three genes in
controlling fertility restoration. In KRH2, a segregation
ratio of 32:9:23 (XZ = 0.379; P value = 0.8273) and in
DRRH2, a segregation ratio of 44:13:7 (5* = 0.351;
P value = 0.8389) was obtained (Table 1).

In silico analysis and design of markers based
on microsatellites and candidate genes

Bioinformatics of the Rf3 region revealed 185 genes;
of which only four genes viz. mitochondrial-process-
ing peptidase subunit alpha (LOC_Os01g09560),
pollen-specific protein (LOC_Os01g09670), and two
pentatricopeptide (PPR) genes, (LOC_Os01g10090;
LOC_0Os01g10800) were considered as candidate
genes in the present study. Bioinformatics of the Rf4
region in IR24 (indica) showed four PPR genes, which
were considered as candidate genes in the present
study. For the Rf3 locus, for 2 Mb sequence (4—6 Mb)
of chromosome 1 from japonica (Nipponbare), with
the designed microsatellite markers in this study, the

density of the microsatellite markers has increased
from one RM marker per 69 kb (IRGSP 2005) to one
marker per 23.5 kb. For the Rf4 locus, the density of
microsatellite markers increased from one marker per
87 kb to one marker per 24.7 kb with the designed
markers from japonica (Nipponbare) sequence. For
the same locus, using indica sequence (IR24), 50
additional microsatellite markers designed which
further increased the marker density to one marker
per 15.2 kb. Twenty-three markers designed for the
candidate genes has increased the density of markers
to one marker per 18.5 kb for the Rf3 locus and 21
markers designed for the candidate genes has
increased the overall density to one marker per
13.1 kb for the Rf4 locus (ESM Tables 1 and 2).

Parental polymorphism and selective genotyping

For KRH2 parents, 15 out of 29 RM markers (51.7 %)
and 19 from 56 designed SSRs (33.9 %) and for
DRRH2 parents, 10 out of 29 RM markers (34.5 %)
and 17 out of 56 designed SSR markers (30.4 %) were
polymorphic for the Rf3 locus. Two candidate genes
viz. mitochondrial-processing peptidase subunit alpha
(LOC_0Os01g09560) and the pollen-specific protein
(LOC_0s01g09670) showed polymorphism for the
four parents (8.7 %). For the Rf4 locus, 7 out of 23 RM
markers (30.4 %) and 13 out of 108 designed SSR
markers (12 %) were polymorphic between the KRH2
parents. For DRRH2, 6 out of 23 RM markers
(26.1 %) and 15 designed SSR markers out of 108
markers (13.8 %) were polymorphic (Table 2). Two
CG based markers viz. DRCG-RF4-8 (PPR683) and
DRCG-RF4-14 (PPR762) based on IR24 (indica) were
polymorphic between the parents of both the popula-
tions (9.5 %) (ESM Fig. 1).

Table 1 Segregation for pollen fertility in two F, mapping populations

Cross Population  Segregation pattern: no. of plants with pollen fertility reaction Genetic ratio P value
size (FF:SF:CS)
FF PF PS SF CS
KRH2 1,576 780 161 57 218 578 32:9:23 0.8273
(IR58025A/KMR3R)
DRRH2 1,580 1,088 173 153 326 166 44:13:7 0.8389

IR68897A/DR714-1-2R

FF Fully fertile (>60 %), PF Partial fertile (60-30 %), PS Partial sterile (30—1 %), CS Complete sterile (0 %); PF + PS = Semi-

fertile
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Table 2 Details of primers used for Rf3 and Rf# loci and their polymorphic status

Locus RM markers Developed SSR markers Candidate genes Total
™ PM SSG % ™ PM SSG % ™ PM SSG %
Rf3
KRH2 29 15 2 51.7 56 19 339 23 2 2 8.7 108
DRRH2 29 10 1 345 56 17 304 23 2 2 8.7 108
R4
KRH2 23 7 1 304 1IR24 NB 1IR24 NB 1IR24 [IR24 NB 21 2 2 9.5 152
50 58 6 7 4 12 12
DRRH2 23 6 1 26.1 50 58 5 10 3 10 172 21 2 2 95 152

Sequences for marker development for Rf3 locus were derived from Nipponbare (NC_008394) and for Rf4 locus, IR24 (AB110443)

and Nipponbare (NC_008403)

TM Total Markers, PM Polymorphic Markers, SSG Significant in Selective Genotyping, NB Nipponbare

Out of 23 markers designed for four candidate
genes and their corresponding upstream regions
(~1kb) in Rf3 region, polymorphism with a nar-
row resolution was observed in two genes viz.
LOC_0Os01g09560 (mitochondrial-processing pepti-
dase subunit alpha, mitochondrial precursor, putative,
expressed) and LOC_0Os01g09670 (pollen-specific
protein SF21, putative expressed).

From selective genotyping based on the recombi-
nation frequency and resolution, a total of seven
markers viz. RM10305, RM10318, DRRM-RF3-5,
DRRM-RF3-6, DRRM-RF3-10, DRRM-RF3-15 and
DRRM-RF3-24 for the Rf3 locus and seven markers
viz.  RM6100, DRRM-RF4-72, DRRM-RF4-74,
DRRM-RF4-10, DRRM-RF4-20, DRCG-RF4-8 and
DRCG-RF4-14 for the Rf4 locus were selected in
KRH2 population. For DRRH?2 population, six mark-
ers viz. RM10287, DRRM-RF3-5, DRRM-RF3-6,
DRRM-RF3-10, DRRM-RF3-24 and DRRM-RF3-27
for the Rf3 locus and six markers viz. RM6100,
DRRM-RF4-72, DRRM-RF4-74, DRRM-RF4-10,
DRCG-RF4-8 and DRCG-RF4-14 for the Rf4 locus
were selected for mapping analysis. The resolution of
the two polymorphic candidate gene markers from the
Rf3 region in segregating populations was too poor to
assign heterozygous status and hence, was not con-
sidered for further analysis.

Local linkage maps
Two individual linkage groups for Rf3 and Rf4 loci for

each population were constructed (Tables 3, 4;
Fig. 1). In KRH2 population for the Rf3 locus, a
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Table 3 Segregation y*> values of associated markers for
KRH2 (IR58025A/KMR3R) using Map Disto v 1.7

2

S. No. Marker b P value  Significance
Rf3 locus
1 DRRM-RF3-5 7.69 0.02834 *
2 DRRM-RF3-6 7.83  0.02423 *
3 DRRM-RF3-10  853.61  0.00000  ****
4 DRRM-RF3-15 3.7 0.15757 ns
5 DRRM-RF3-24 328 0.19393 ns
6 RM10305 1.15 0.56156 ns
7 RM10318 7.64 0.02191 *
Rf4 locus
1 RM6100 14.61 0.00067  ***
2 DRCG-RF4-8 239.9 0.00000
3 DRCG-RF4-14 35121  0.00000  *#*#*%*
4 DRRM-RF4-72 40.2 0.00000 ok
5 DRRM-RF4-74 943 0.00895  **
6 DRRM-RF4-10  125.7 0.00000
7 DRRM-RF4-20 9.89 0.00711  **
* Significant association with the trait; ns no significance

10.4 cM genetic map was generated and the designed
SSR marker DRRM-RF3-10 exhibited highly signif-
icant association with the Rf trait (P = 0.0,
7> = 853.6), RM10318 marker exhibited moderate
association (P = 0.02, y* = 7.64) and DRRM-RF3-6
exhibited low significance with the trait (P = 0.02,
x> = 7.83). For the Rf4 locus, a 14.1 ¢cM genetic map
was generated and all the markers used in this study
exhibited correlation with the Rf trait. CG based
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Table 4 Segregation j° values of associated markers for
DRRH?2 (IR68897A/DR714-1-2R) with Map Disto v 1.7

S. No  Marker Ve P value  Significance
Rf3 locus
1 DRRM-RF3-10  101.02  0.00000  *##**
2 DRRM-RF3-6 12.69  0.00176  **
3 DRRM-RF3-5 32.16  0.00000
4 RM10287 479 0.09113 ns
5 DRRM-RF3-24 13.62  0.00111  **
6 DRRM-RF3-27 11.29  0.00353  **
Rf4 locus
1 DRRM-RF4-72 575 0.05636 ns
2 DRRM-RF4-74 546 0.06536 ns
3 DRCG-RF4-14  747.05  0.00000 ks
4 DRCG-RF4-8 463.65 0.00000  HwwwE
5 RM6100 2098  0.00003  HEEE
6 DRRM-RF4-10 45.67 0.00000  HEEEE
* Significant association with the trait; ns no significance

M Cl a o c10 b
0.0 —f{—DRRM-RF3-10 0.0 —fJ— DRCG-RF4-14
3.1 \| |~ DRRM-RF3-6 1.7 =[]~ DRCG-RF4-8

35 DRRM-RF3.5 4.1 =11 DRRM-RF4.72
5.0 =T~ RM10318 5.8 j~t DRRM-RF4.74
6.5 =1~ DRRM-RF3-24 7.3 < 1L - RM6100

84 —[T—DRRM.-RF3-15  10.2 DRRM-RF4-10
10.4 RM10305 14.1 DRRM-RF4-20
M Cl C &M Cl10 d
0.0 —r—DRRM-RF3-10 0.0 /:\DRCG-RH-H
5.6 '\ /‘DRRM-RF3-G 1.1 _/_\_DRCG-RF4~8

6.0 ~\LY/~ DRRM-RF3-5 34 THS RM6100

7.9 ~L 1 RM10287 5.5 <"| | -~ DRRM-RF4-10
10.5 ~— DRRM-RF3-24 8.3 =™ DRRM-RF4-74
1.7 DRRM-RF3-27  11.4—%— DRRM-RF4.72

C

Fig. 1 Local linkage maps of F, population for Rfloci; a KRH2
population chromosome 1; b KRH2 population chromosome 10;
¢ DRRH2 population chromosome 1; d DRRH2 population
chromosome 10

markers i.e. DRCG-RF4-8 (3* = 239.9) and DRCG-
RF4-14 (4* = 351.2), showed significant association
with high %> values and with low P values (P = 0.0).
The reported marker for Rf4, RM6100 also exhibited
association with the trait (P = 0.00067, Xz = 14.61).

For DRRH2 population, a 11.7 cM genetic map
was generated for the Rf3 locus and two designed SSR
markers DRRM-RF3-5 and DRRM-RF3-10 exhibited
highly significant association with the Rf trait

(P = 0.0, y* =32.1, 101.0). For the Rf4 locus, a
11.4 cM genetic map was generated and the designed
CG based markers DRCG-RF4-8 (12 = 463.6) and
DRCG-RF4-14 (> = 747.6) exhibited good associa-
tion with the trait (P = 0.0).

QTL analysis

Two QTLs on chromosome 10 and two QTLs on
chromosome 1 for fertility restoration were detected in
the two mapping populations using Composite Inter-
val Mapping (CIM) and Multiple Interval Mapping
(MIM) of QTL Cartographer (Wang et al. 2010)
(Table 5). Though QTLs identified with MIM method
were considered, both methods identified the QTLs
with similar confidence levels in the present study. In
KRH2, two QTLs were identified on chromosome 1
viz. a QTL (QWARF-1-1) between the designed
markers DRRM-RF3-10 and DRRM-RF3-5 (LOD
16.1) with additive and dominance effects (a =
—11.35, d = —1.34) and another QTL (qWARF-1-
2) close to DRRM-RF3-15 marker (LOD 4.7, a =
—7.68, d = —4.91). In the same population, two
QTLs were detected for the Rf4 locus on chromosome
10. One QTL (QWARF-10-1) between the CG based
markers DRCG-RF4-8 and DRCG-RF4-14 (LOD 5.6,
a = —5.18, d = 8.18) and the other QTL (QWARF-
10-2) between the reported marker RM6100 (Singh
et al. 2005) and designed marker DRRM-RF4-20 with
LOD 3.3 (a = 2.26, d = —5.35) were identified.

In DRRH2 population, one QTL (QWARF-1-1) was
detected between the designed marker DRRM-RF3-10
and DRRM-RF3-6 with LOD score 4.1 (a = —2.37,
d = 7.95) for the Rf3 locus. Two QTLs were identified
for the Rf4 locus in the same population, a QTL
(QWARF-10-1) in between the CG based marker
DRCG-RF4-14 and reported marker RM6100 (LOD
53, a=—-122, d=-10.98) and another QTL
(QWARF-10-2) between the designed markers
DRRM-RF4-74 and DRRM-RF4-72 with LOD
threshold value of 3.4 and additive and dominance
effects (a = 1.84,d = 1.70).

QTL interactions
Based on the QTL Network analysis, one QTL
(QWARF-1-1) in the Rf3 locus and two QTLs in the

Rf4 locus (QWARF-10-1 and qWARF-10-2) were
identified in KRH2 population (Fig. 2a). A QTL for
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Table 5 Details of QTLs identified in two mapping populations using MIM method of QTL cartographer 2.5 and QTL Network 2.1

Mapping Rf3 Locus Rf4 Locus Total
populations;
Software QTL Marker/s LO4 PV QTL Marker/s LOD PV
KRH2
QTL Cart qWARF-1-1 DRRM-RF3-10- 16.1 qWARF-10-1 DRRM-RF4-74— 5.6
DRRM-RF3-5 DRCG-RF4-14
qWARF-1-2 DRRM-RF3-15 5.6 gqWARF-10-2 RM6100-DRRM- 3.4
RF4-20
QTL Network qWARF-1-1 DRRM-RF3-10 31 qWARF-10-1 DRCG-RF4-8- 41 72
DRCG-RF4-14
gqWARF-10-2 RM6100-DRRM- ND
RF4-10
DRRH2
QTL Cart qWARF-1-1 DRRM-RF3-10- 4.1 qWARF-10-1 DRCG-RF4-14- 53
DRRM-RF3-6 RM6100
qWARF-10-2 DRRM-RF4-74- 3.4
DRRM-RF4-72
QTL Network qWARF-1-1 DRRM-RF3-10— 23  qWARF-10-1 DRCG-RF4-14- 43 66
DRRM-RF3-6 DRCG-RF4-8
gqWARF-10-2 RM6100 ND

Significant QTLs identified with both and softwares for both Rf3 and Rf4 loci, DRRM-RF3-10 SSR markers is associated with
qWAREF-1-1 QTL in both the population as well as with the softwares used for RF3 locus; DRCG-RF4-14 candidate gene marker is
associated with qWARF-10-1 QTL in all interpretations for RF4 locus with considerable LOD and PV

LOD Logarithm of odds, PV Phenotypic variance, ND Not defined

the Rf3 locus (QWARF-1-1) associated with DRRM-
RF3-10 marker with 31 % of the phenotypic variance
was identified. For the Rf4 locus (QWARF-10-1), a
QTL comprising CG marker DRCG-RF4-14 flanking
another CG marker DRCG-RF4-8 with 41 % of the
phenotypic variance was identified and a QTL
(QWARF-10-2) comprising reported marker RM6100
with DRRM-RF4-10 was also identified. Two epistatic
interactions among the QTLs viz. qWARF-1-1 and
qWARF-10-1 and also between qWARF-10-1 and
qWARF-10-2 were detected (Table 5).

A total of three QTLs, one in the Rf3 locus and two
in the Rf4 locus were predicted by QTL Network
analysis in DRRH2 population (Fig. 2b). For the Rf3
locus, one QTL (@QWARF-1-1) flanked by DRRM-
RF3-10 and DRRM-RF3-6 markers with 23 % of the
phenotypic variance. Among the two QTLs in the Rf4
locus, a QTL (QWARF-10-1) was represented by the
CG based marker DRCG-RF4-14 and flanked by CG
based marker DRCG-RF4-8 with 43 % phenotypic
variance and another QTL (QWARF-10-2) was iden-
tified between DRRM-RF4-10 and RM6100. Epistatic
interactions were observed between qWARF-1-1
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and qWARF-10-1, and between qWARF-10-1 and
qWARF-10-2.

Sequencing of the candidate genes

In the Rf3 locus, sequencing of 1,501 bp polymorphic
PCR product derived from the primer set of DRCG-R{3-
2F—DRCG-Rf3-2R positioned from 2 to 1,502 bp of
LOC_0Os01g09560 gene (5,361 bp) encoding putative
Mitochondrial-processing peptidase subunit alpha,
mitochondrial precursor of A and R lines showed two
(TT) base pair deletion at 907 and 908 bp position in the
first intron in R lines (Fig. 3a) in addition to 16 SNPs
between A and R lines. The sequence of 472 bp PCR
product from LOC_Os01g09670 putative Pollen-spe-
cific protein SF21 (3,002 bp) derived from the marker
DRCG-R(f3-13 positioned from 1 to 472 bp showed two
deletions in the gene viz. two base pairs deletion (GA) at
29 and 30 bp positions and three base pairs deletion
(GAG) in A lines at 77 to 79 bp position in exon 1
(Fig. 3b). For the Rf4 locus, sequencing of polymorphic
(1,095 bp and 770 bp) PCR products of the marker
DRCG-RF4-8, positioned from 221 bp upstream to
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Fig. 2 Significant epistatic
QTLs on chromosome 10
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549 bp genic region of PPR683 showed 6 bp deletion in
APMS6A, IR58025A and IR68897A and a 327 bp
deletion in KMR3, 1,005 and DR714-1-2R lines span-
ning exon 1 and intron 1. The restorer line C20R also
gave similar product size with CMS lines i.e. 1,095 bp
along with 6 bp deletion as observed in A lines (Fig. 3c).
The CLUSTALW multiple sequence alignment com-
parison with Nipponbare genes (NC_008403) showed
6 bp deletion in all the three A lines CMS and C20R line
and a 327 bp deletion in three R lines. Sequencing of
polymorphic products (887 bp and 782 bp) of the
marker DRCG-RF4-14 positioned from 1,207 to
1,989 bp of PPR762 showed 106 bp deletion spanning
exon | in three R lines (Fig. 3d). The product of restorer
line C20R was 887 bp, similar to that of A lines. Indel

(insertions/deletions) polymorphisms between the A and
R lines were considered for the analysis.

Validation of linked markers

Out of six markers ie. RG140/Pvull, RM10305,
RM10318, DRRM-RF3-5, DRRM-RF3-6 and DRRM-
RF3-10 used in validation of the Rf3 locus, DRRM-
RF3-10 marker showed maximum selection accuracy
of 57.3 % in 212 restorer lines and 88 % in 34
maintainer lines (Table 6) (ESM Table 3). Out of five
markers surveyed for validation of the Rf4 locus,
candidate gene marker DRCG-RF4-14 exhibited max-
imum selection accuracy of 86.8 % in 212 restorer lines
and 91.2 % in maintainer lines. The reported CG based
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marker TMPPR3 (Ngangkham et al. 2010) targeting the
same gene also exhibited identical selection accuracy.
The combination of the Rf3 and Rf4 loci markers
i.e. DRRM-RF3-5/DRRM-RF3-10 and DRCG-RF4-14
exhibited 92 % selection accuracy in restorer lines.

Discussion

Despite the economic importance of WA-CMS in
hybrid rice technology, neither the mechanism of WA-
CMS nor its fertility restoration has been elucidated
clearly. One to three genes with interactions were

reported for the fertility restoration of WA-CMS
(Govinda Raj and Virmani 1988; Bharaj et al. 1991;
Hossain et al. 2010). In the present study, both the
mapping populations showed continuous variation in
pollen fertility ranging from O to 100 %. Genetic
analysis of the two mapping populations fitted well to
the trigenic ratio indicating the involvement of three
genes with interaction in the fertility restoration of WA-
CMS. Trigenic ratios in fertility restoration were earlier
reported in some restorer lines (Kumar and Chakrabarti
1983; Sohu and Phul 1995; Hossain et al. 2010).
From the compilation of the genetic and mapping
studies for fertility restoration for WA-CMS, it is
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Fig. 3 a CLUSTALW alignment comparison of sequences
derived from PCR products amplifying an expected 1,501 bp
spanning intron 1 of Mitochondrial-processing peptidase subunit
alpha gene (LOC_0Os01g09560) from primer set: DRCG-Rf3-
2F—DRCG-Rf3-2R in the Rf3 region. b CLUSTALW align-
ment comparison of sequences derived from PCR products
amplifying an expected 472 bp spanning exon 1 of pollen-
specific protein SF21 gene (LOC_Os01g09670) from primer set:
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DRCG-Rf3-13 in the Rf3 region. ¢ CLUSTALW alignment
comparison of sequences derived from PCR products amplifying
1,095 bp (A line) and 770 bp (R line) spanning exon 1 and intron
1 of PPR683 gene from primer set: DRCG-RF4-8 in the Rf4
region. d CLUSTALW alignment comparison of sequences
derived from PCR products amplifying 887 bp (A line) and
782 bp (R line) spanning exon 1 of PPR762 gene from primer set:
DRCG-RF4-14 in the Rf4 region
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Fig. 3 continued
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observed that the variation is continuous as inferred
from the phenotype of the pollen fertility suggesting
the involvement of QTLs or more than three genes in
the trait; however the classification of the data into
discreet groups is influencing the genetic ratios
ranging from monogenic to digenic with interactions
to trigenic with interactions.

Several microsatellite markers have been devel-
oped in the present study increasing the resolution of
one marker per 18.5 kb in the Rf3 region and 13.1 kb
in the Rf4 region which is very high as compared to
earlier mapping studies. Out of 185 and 189 annotated
genes in the Rf3 and Rf4 regions, only PPR genes and
genes directly involved in pollen biosynthesis were
considered as putative candidate genes for primer
design in the present study. However, with identifica-
tion of genes involved in fertility restoration of
Chinese wild (CW) type of CMS (Fujii and Toriyama
2009) and Lead Rice-type of CMS (Itabashi et al.
2011) necessitates inclusion of a wide range of
candidate genes other than PPR genes in future
studies. The use of sequence of candidate genes in
the Rf4 region from IR24 indica BAC clone
(AB110443), which is reported to be a strong restorer
for WA-CMS with two dominant genes (Gao 1981)
has resulted in two polymorphic CG based primers
(PPR683 and PPR762). Based on the same BAC clone,
Ahmadikhah and Karlov (2006) also identified a set of
polymorphic primers co-segregating with fertility
restoration of WA-CMS. The functional role of these
polymorphic candidate genes in fertility restoration of
WA-CMS needs further validation.

Using selective genotyping approach, with 36 and
29 polymorphic primers in KRH2 and DRRH2, only
14 and 12 markers showed a difference >0.25 between
the absolute value of the two tails comprising fertile
(>90 %) and sterile (0 %) groups. Though the parental
polymorphism was clear in most of the cases, the
resolution of PCR products determining heterozygos-
ity in the mapping population was very less. Most of
the mapping studies for fertility restoration trait
followed unidirectional selective genotyping as reces-
sive class analysis (Jing et al. 2001; Bazrkar et al.
2008). Genotyping of individuals from sterile class or
both classes (sterile and fertile) with polymorphic
markers appears to be a promising strategy for the
identification of loci for fertility restoration.

In the present study, two linkage maps were
constructed for the two mapping populations
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accommodating about ~ 78,000 data points for about
~ 3,000 individuals and 26 markers using MapDisto
(Lorieux 2007). The integration of genetic map and
physical map in terms of sequence showed 392.5 kb
(from 4,966,407 to 5,358,932 bp) for the Rf3 region on
chromosome 1. For KRH2, the region corresponded to
37.7 kb/cM and for DRRH2; it was 33.5 kb/cM. For
the Rf4 locus, the combination of the genetic map
and sequence information showed 246.7 kb (from
19,157,925 to 19,426,628 bp) and the region corre-
sponded to 19.1 kb/cM in KRH2 and 23.6 kb/cM in
DRRH2. Based on sequence information derived
mapping, Ngangkham et al. (2010) suggested location
of the restorer gene limited to a physical interval of
163.6 kb in the Rf4 region. Thus the fine mapping
information and markers generated in the present
study can be used for identification of candidate genes
in a marker delimited region for fertility restoration as
well for MAS.

In both populations, a QTL (QWARF-1-1) with
high LOD threshold was detected in the Rf3 locus
using QTL Cartographer. In KRH2 population a
second QTL (QWARF-1-2) was also identified. The
location of the QTL (5,232,060 bp) identified on
chromosome 1 in the present study has not been
coinciding with any of the reported QTLs on chro-
mosome 1 other than Rf3 and hence, needs further
validation (Shen et al. 1998; Ahmadikhah et al. 2007;
Ahmadikhah and Alavi 2009; Nematzadeh and Kiani
2010). For the Rf4 region, two QTLs were mapped in
both mapping populations. One QTL (QWARF-10-1)
spanned two candidate gene markers and the other
QTL (qWARF-10-2) encompassed the most reported
marker RM6100. The two QTLs are at the reported
Rf4 region across the studies (Zhang et al. 1997; Tan
etal. 1998; Jing et al. 2001; Bazrkar et al. 2008; Sattari
et al. 2008; Ngangkham et al. 2010). The contribution
and interaction of the identified QTLs in the present
study were analyzed using QTLNetwork software
(Yang et al. 2008). A QTL (QWARF-1-1) explaining
31 % of phenotypic variance in KRH2 and 23 % of
phenotypic variance in DRRH2 was identified for the
Rf3 locus. In the Rf4 region, a QTL (qQWARF-10-1)
was identified with two candidate gene markers
explaining phenotypic variance of 41 % in KRH2
and 43 % in DRRH2. In both mapping populations,
the interactions were identified between one QTL of
Rf3 (QWARF-1-1) and two QTLs of Rf4 (QWARF-
10-1; qWARF-10-2). In rice, QTLNetwork 2.1 was
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Table 6 Selection accuracy (%) for combinations of markers for Rf3 and Rf4 loci

Rf3 RG140/pvul® DRRM-RF3-6 DRRM-RF3-10 DRRM-RF3-5 RM10315 RM10318

473 50.0 57.3 48.4 448 449

Rf4 74.7 79.5 81.0 81.0 82.6 80.2 77.2
RM6100*
TMPPR3* 85.2 85.4 88.4 91.9 91.9 86.2 74.8
DRRM-RF4-10 81.0 84.2 85.3 88.4 86.0 84.2 73.0
DRCG-RF4-14 86.8 86.1 89.4 91.9 91.9 87.4 754
DRCG-RF4-8 85.2 82.6 89.4 91.9 91.9 87.4 754

# Reported markers

earlier used for analysis of QTLs and their interactions
for cold tolerance (Juan et al. 2010). Out of several
earlier studies, the effects of Rf3 and Rf4 together were
explained only by Sattari et al. (2008) and Sheeba et al.
(2009). From the analysis of two QTL identification
softwares in two mapping populations, two loci
together explained 65-75 % phenotypic variance of
the trait suggesting their utility in developing a marker
system. However, development of markers for a
putative third locus or more QTLs with smaller effects
viz. qWARF-1-2 and qgWARF-10-2 as identified in the
present study is needed for marker system achieving
100 % efficiency.

Sequence analysis of PCR products of DRCG-RF4-
8 targeting PPR683 showed a 6 bp deletion in A lines
and a 327 bp deletion in R lines in comparison with
sequence of IR24 BAC clone (AB110443). Associa-
tion of the deletion in this gene with fertility restora-
tion of WA-CMS is being reported for the first time.
Sequence analysis of PCR products targeting PPR762
and comparison of sequences identified a deletion of
106 bp in R lines. Similar deletion in the same gene
was also reported by Ngangkham et al. (2010).
Sequence analysis of Rfla and Rf1b fertility restorer
genes of BT cytoplasm showed that substitutions are
responsible for the functional variation (Wang et al.
2006); hence the functional significance of these
deletions at the PPR genes of the Rf4 locus needs to be
deciphered. However for MAS and pyramiding, the
structural polymorphism identified at the candidate
genes can be used as marker system.

A total of 212 restorers and 34 maintainer lines were
assayed for selection efficiency using eight designed
markers and three reported markers of fertility resto-
ration in WA-CMS. Marker combination of DRCG-
RF4-14/DRCG-RF4-8/TMPPR3 for the Rf4 locus and

DRRM-RF3-5/DRRM-RF3-10 for Rf3 showed maxi-
mum efficiency of 92 % in identification of restorers.
The earlier attempts for MAS have used STS markers
(Nas et al. 2003; Sattari et al. 2007) and either Rf3 or
Rf4 markers (Nas et al. 2003; Sheeba et al. 2009;
Ngangkham et al. 2010), only one study used two STS
markers from Rf3 and Rf4 loci with selection accuracy
of 100 % in 13 R lines (Sattari et al. 2007). Selection
accuracy of 94.9 % in a set of 21 restorer lines with
RM6100 from Rf4 was reported by Sheeba et al.
(2009). A series of markers based on microsatellites
and candidate genes identified for the Rf3 and Rf4
regions in the present study could be useful to identify
the restorer lines with 92 % efficiency.

The present study, Rf3 and Rf4 loci were fine
mapped, their interaction in fertility restoration of
WA-CMS was shown to range from 66 to 72 % of the
total phenotypic variance suggesting the involvement
of three or more loci and the developed marker system
was validated in 212 restorer lines with 92 %
efficiency for identification of restorer lines for WA-
CMS. However, the candidate genes in Rf3 and Rf4
loci still need to be identified along with the other loci
controlling fertility restoration of WA-CMS. Attempts
are underway in our laboratory to further fine map
these two loci along with identification of other Rf
genes controlling fertility restoration of WA-CMS.
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