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Abstract Commercial exploitation of heterosis is
essential for enhancing productivity of rice. The use of
cytoplasmic male sterility (CMS) and fertility restora-
tion system greatly facilitates large scale production of
hybrid seed. The wild abortive (WA) cytoplasm is most
widely used for hybrid seed production in rice. The
present study was undertaken to develop molecular
markers for both WA cytoplasm based male sterility
and its fertility restoration for use in efficient hybrid
breeding. High degree of genetic differentiation of
WA-cytoplasm from its normal fertile counterpart was
observed due to DNA rearrangements involving five
(coxl, coxIlI, cob, atp6 and rps3) mitochondrial genes.
Cleaved amplified polymorphic sequence (CAPS)
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markers based on five mitochondrial genes namely,
coxlll, cob, atp9, rps3 and I8SrRNA polymorphic
between CMS and maintainer line were developed.
The utility of these informative markers was demon-
strated in purity testing of the CMS line Pusa6A being
used in commercial hybrid seed production. Fertility
restoration was found to be controlled by a major locus
in the Basmati restorer line PRR78, which was mapped
to a short marker interval of 0.8 cM and a physical
interval of 163.6 kb on rice chromosome 10. A total of
13 pentatricopeptide repeat (PPR) motif containing
genes were predicted in a 1.66 Mb region on the long-
arm of this chromosome of which, four were present in
the marker interval containing the fertility restorer
gene. High degree of conservation of gene order was
observed between japonica and indica for the pre-
dicted PPR genes. A sequence tagged site (STS) and a
genic non-coding microsatellite (GNMS) marker were
designed based on one of the candidate PPR motif
containing genes present in the marker interval, which
were validated using F, population and other known
restorer lines. The candidate gene based marker
identified in the present study would be useful in
marker assisted selection (MAS) for fertility restorer
gene in hybrid breeding programme based on WA-
CMS of rice.
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Introduction

Rice (Oryza sativa L.) is the most important staple
food crop, providing food for more than half of the
world population. Breeding rice for higher yield
remains the first priority for many rice growing
regions around the world particularly Asia. For
breaking yield barrier in rice, large-scale exploitation
of heterosis is a feasible alternative. Cytoplasmic
male sterility (CMS) system has been widely used in
hybrid seed production in a number of economically
important food crops, which eliminates the need for
hand emasculation, which is highly tedious in crops
like rice. CMS is characterized by production of
normal female gamete with non-functional pollen
grains that fail to fertilize the female gamete. This
makes an excellent model system to study interaction
between nuclear and cytoplasmic factors. Restoration
of male fertility by nuclear genes allows commercial
exploitation of CMS system in production of hybrid
seeds (Newton 1988; Kazama et al. 2008). All
commercial rice hybrids in India are based on three
line system namely, A (male sterile line), B (main-
tainer line), and R (restorer line). Plant breeders
produce fertile hybrid seeds by crossing female lines
that carry male sterilizing cytoplasm (A line) with a
male line that carries the gene for fertility restoration
(R line) in its nucleus. The male sterility is
maintained by crossing CMS (A) line taken as female
with an isonuclear fertile (B) line without sterilizing
cytoplasm. Considering its importance, the CMS
systems have been identified and characterized in
many crop species, including Petunia, maize, sun-
flower, Brassica, Sorghum and rice (Vedel et al.
1994; Schnable and Wise 1998).

The most widely used CMS in rice is based on
wild abortive (WA) cytoplasm. Characterization of
this cytoplasm is essential for designing markers for
its precise identification and also for understanding
the molecular basis of male sterility expression. The
success of hybrid seed production in rice largely
depends on the genetic purity of the CMS line. Due to
isonuclear situation between CMS and maintainer
lines, the admixture of these lines during hybrid seed
production is expected. Differentiation of these two
lines at early stages of plant growth is difficult.
Development and use of molecular markers is
therefore very important to distinguish a CMS line
from its maintainer in hybrid seed production and
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purity testing (Ichii et al. 2003; Narayanan et al.
1996; Rajendrakumar et al. 2007; Sane et al. 1997;
Yashitola et al. 2004). The CMS is a maternally
inherited trait caused by mutations and rearrange-
ments of mitochondrial genes (Schnable and Wise
1998; Chase 2007; Fujii and Toriyama 2008). Con-
sidering the role of chimeric orf associated with the
CMS phenotype, the mitochondrial gene sequence
specific DNA markers would be more suitable for
efficient differentiation of the CMS line from its
maintainer line (Liu et al. 2007; Kazama et al. 2008).
A limited effort has been made so far to identify the
candidate mitochondrial gene(s) having role in
expression of male sterility and development of gene
based markers for the WA-cytoplasm of rice.

The utility of CMS lines is determined by avail-
ability of well characterized and effective fertility
restoration systems. Recently, the nuclear genes for
male fertility restoration have been studied in detail
for Lead Rice (LD, Itabashi et al. 2009) and Boro II
(BT, Kazama et al. 2008) cytoplasms of rice. Despite
the importance of WA-CMS, its fertility restoration is
poorly understood at molecular level. Genetically, the
gene for restoration of fertility of the BT cytoplasm
based male sterility has been mapped on the long arm
of rice chromosome 10 and isolated by positional
cloning strategy (Akagi et al. 2004; Komori et al.
2004; Wang et al. 2006). It is reported to encode a
protein having pentatricopeptide repeat (PPR) motifs
in addition to mitochondrial transit peptide, which
indicates its transport to mitochondria (Schmitz-
Linneweber and Small 2008). A major locus for
fertility restoration of the WA-CMS has also been
located on the long-arm of rice chromosome 10 (Jing
et al. 2001; Zhang et al. 2002; Ahmadikhah and
Karlov 2006; Sheeba et al. 2009), though it has not
been cloned and characterized yet. Molecular char-
acterization of restoration of fertility of WA-CMS
requires fine mapping and isolation of this major
restorer gene. Development of robust sequence based
molecular markers in the target gene region is
therefore essential. A detailed molecular analysis of
this region using the male sterile and restorer lines
would be useful in identifying the most probable
candidate and developing a tightly linked/candidate
gene based marker for an efficient marker aided
selection (MAS) for male fertility restoration in rice.

The objectives of the present study were to carry
out molecular differentiation of the WA cytoplasm
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from its normal counterpart, develop mitochondrial
gene-based markers and evaluate their efficiency in
assessing purity of CMS line, map the gene for
fertility restoration in the Basmati restorer line
PRR78 and design markers using the available
sequence information about the candidate genes on
the rice chromosome 10.

Materials and methods
Plant materials

Eight rice lines namely, CMS PusabA and
IR262829A, maintainer lines Pusa4B, Pusa5SB,
Pusa6B, and Pusa9B, restorer PRR78 (Pusa Rice
Restorer78) having the WA cytoplasm, and hybrid
PRH10 (Pusa Rice Hybrid10) developed by crossing
Pusa6A and PRR78 for commercial cultivation in
India were selected for molecular analysis. Besides,
nine additional restorer lines namely, IR24, BR827,
KMR3, MTU9992, NDR3026, AjayaR, IR66, C20R
and UPRI93133 were used for validation of candidate
gene-based markers for fertility restoration. A F,
segregating population consisting of 1,200 plants
derived from the cross between Pusa6A and PRR78
was phenotyped for pollen fertility and used for
genetic mapping of the restorer gene and validation
of the candidate restorer gene-based markers.

Phenotyping of F, segregants for pollen fertility

Pollen fertility was tested using potassium iodide (KI)
as staining agent (Rosamma and Vijayakumar 2005).
Darkly stained pollens under compound microscope
were considered as fertile ones. Pollens which were
shriveled, partly stained or unstained were considered
sterile. Pollen fertility count was taken in three
different microscopic fields to reduce the chance of
misclassification. Plants having 0, 0-30, 30—60 and
60-100% pollen fertility were considered as com-
pletely sterile, partially sterile, partially fertile and
completely fertile ones (Govinda Raj and Virmani
1988), respectively. However, F, plants used for
genetic mapping of the major fertility restorer gene in
the present study were classified into two major
categories namely, sterile with less than 40% pollen
fertility and fertile with more than 40% pollen
fertility.

Prediction of PPR motifs containing rice genes

The genomic sequences of the long-arm of rice
chromosome 10 from the marker R2303 to the
telomeric region of the japonica rice cultivar Nippon-
bare (Pseudomolecule 6.1, http://rice.plantbiology.
msu.edu/pseudomolecules) and indica cultivar 93—11
(Beijing Rice Information System, http://rice.genomics.
org.cn/rice) were downloaded and annotated using
FGENESH (http://sunl.softberry.com/berry.phtml) gene
prediction software to identify protein encoding genes.
Aminoacid sequences of the predicted genes were used
to determine the presence of PPR motifs using the
software Pfam (http://www.sanger.ac.uk). The genes
that contained PPR motifs were further analyzed for
the presence of mitochondrial transit peptide using
the software Target P (http://www.cbs.dtu.dk/services/
TargetP).

Primer design, PCR amplification and sequencing
of mitochondrial and PPR motif containing genes

Primers were designed from the available (http://
www.ncbi.nlm.org) coding sequences of 10 rice
mitochondrial genes namely, atp6 and atp9 (encoding
gene product Fy—F; ATPase complex), cox/ and
coxIIl (cytochrome C oxidase), cob (apocytochrome
b subunit), /8SrRNA (ribosomal RNA), rps3 (ribo-
somal proteins), and nadl, nadlB and nadlV (NADH
ubiquinone oxidoreductase complex) using PRIMER 3
(http:/frodo.wi.mit.edu/primer3) and oligonucleo-
tides were custom synthesized for molecular analysis
of WA-CMS in rice. Besides, primers for the pre-
dicted PPR motif containing rice genes were designed
and synthesized for molecular studies related to fer-
tility restoration.

The designed mitochondrial and PPR gene based
primers were used to amplify the target sequences from
the CMS, maintainer, restorer and hybrid rice lines
included in this study. Standard PCR constituents and
cycling conditions except for annealing temperature,
which varied from 50 to 64°C depending on the
primers, were used for PCR amplification. To confirm
that the primers amplified the expected target
sequences, the amplified products were purified and
sequenced in both forward and reverse directions twice
using a capillary-based Automated DNA Sequencer
(MegaBACE 4000, Amersham Biosciences, USA)
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following the manufacturer’s instructions. The trace
files were base called, checked for quality and assem-
bled into contigs (Ewing and Green 1998). The high
quality sequences thus obtained were BLASTN
searched against universal nr nucleotide database of
NCBI (http://www.ncbi.nlm.org) to verify the origin of
amplicons.

The amplicons obtained for the PPR gene based
STS marker that differentiated the CMS line Pusa6A
from its restorer PRR78, were eluted from agarose
gel, purified, cloned and sequenced as described
above. Twenty random positive clones were
sequenced twice in both forward and reverse direc-
tions. The high quality sequences were assembled
and the derived consensus sequences compared with
the sequences of indica cultivar 93—11 and japonica
cultivar Nipponbare using CLUSTALW multiple
sequence alignment tool employing BIOEDIT soft-
ware (http://www.mbio.ncsu.edu/BioEdit/bioedit.html).
Using these sequences of Pusa6A and PRRT7S,
primers were redesigned for specific amplification of
the STS marker.

Southern analysis using mitochondrial gene
probes

DNA was isolated from the young leaves of CMS,
maintainer, restorer and hybrid lines, purified, quan-
tified and diluted to 2 pg/pl. About 10 pg of total
cellular DNA was digested separately using EcoRI
and HindIl at 37°C overnight, separated on 0.8%
agarose gel in 0.5x TBE buffer for 14-16 h and
visualized under UV light. The gel was treated with
depurination (0.25 N HCl), denaturation (0.5 N
NaOH + 1.5 M NaCl) and neutralization (1.5 M
NaCl + 1 M Tris—Cl, pH 8.0) solutions, and DNA
was transferred to nylon membrane (Millipore, USA)
using LKB Vacuagene vacuum blotting apparatus
(60 cm. H,O) following manufacturer’s instructions.
The membrane was air dried properly at room
temperature followed by UV cross-linking of DNA
by exposing the membrane at 5,000 mV for 1.5 min,
prehybridized at 65°C overnight and hybridized with
mitochondrial gene specific probes. Probes were
obtained by random primer labeling of gene specific
PCR amplicons. After overnight hybridization at
65°C, the blot was washed, exposed to the X-ray film
(Kodak, India) at —80°C for 2-3 days and the
autoradiograms developed. The size of the
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hybridizing restriction fragments was determined by
comparison of their mobility with the DNA size
standard.

CAPS analysis of mitochondrial gene specific
amplicons

CAPS analysis was carried out to find out polymor-
phism in the monomorphic PCR products amplified
using gene specific primers. The amplified product
for each gene was quantified, digested with 20
restriction enzymes at 37°C for 2 h and resolved on
1.5% agarose gel using 0.5x TBE buffer. The
fragment size of the digested products was deter-
mined by comparing with 100 bp DNA ladder plus as
size standard. The CAPS markers for the rice
mitochondrial genes showing polymorphism between
CMS ‘PusabA’ and maintainer ‘Pusa6B’ lines were
further used to genotype a set of 48 random Pusa6A
plants from the seed production plot of Pusa Rice
Hybrid 10 for testing the purity of the ‘A’ line. For
evaluating the efficiency of CAPS assay in detection
of the levels of contamination of ‘A’ line with its ‘B’
line, three different known DNA admixtures (2, 5 and
10%) of Pusa6B in Pusa6A were constituted and
genotyped using one of the informative CAPS
markers. The intensity of fragments obtained in
admixture and control lines was compared and the
minimum admixture level that can be detected with
CAPS assay was inferred.

Genotyping of F, mapping population

For mapping the fertility restoration gene in the
Basmati restorer line PRR78, a total of 95 markers
including 36 rice microsatellite markers (RM series,
McCouch et al. 2002), 50 STS markers designed from
the EST sequences and another nine genic non-coding
microsatellite (GNMS) markers (Parida et al. 2009)
derived from the 3’ and 5’ UTR sequence components
(Table S1) of the PPR genes present in the fertility
restorer gene region of the long-arm of rice chromo-
some 10 (Kazama and Toriyama 2003; Akagi et al.
2004; Komori et al. 2004; Wang et al. 2006) were used
for survey of polymorphism between the two parental
lines, Pusa 6A and PRR78. The informative markers
showing polymorphism between the parents were used
to genotype 138 random F, plants of the mapping
population. The PCR amplified microsatellite and gene
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specific products were resolved in 3 or 4% metaphor
and 1% agarose gel, respectively in 0.5x TBE buffer,
stained using ethidium bromide, visualized under UV
light and analyzed for the segregation. Linkage anal-
ysis was carried out using MAPMAKER/EXP 3.0
(Lander et al. 1987). A subset of 66 including 42 highly
fertile (>80% pollen fertility) and 24 highly sterile
(<10% pollen fertility) F, plants were genotyped using
the candidate PPR gene based STS and GNMS markers
polymorphic between the parental CMS and restorer
lines for their validation.

Results

Differentiation of WA-cytoplasm using RFLP
markers

Five (coxl, rps3, atp6, cob and coxIIl) of the 10
mitochondrial gene specific probes used in Southern
hybridization showed polymorphic pattern between
the CMS ‘PusabA’ and the maintainer ‘Pusa6B’ lines
in both EcoRI and HindIIl enzyme combinations. The

restorer line PPR78 and the hybrid PRH10 having the
WA cytoplasm gave the same pattern as PusabA with
all the probes. The remaining five (atp9, nadl, nadlB,
nadlV and 185rRNA) gene probes showed monomor-
phic pattern (Table 1). Of these, three (atp9, nadl and
nadlB) probes hybridized to single restriction fragment
each in both CMS and the maintainer lines whereas two
(nadlV and 18SrRNA) probes showed hybridization
with multiple restriction fragments. Of the five
polymorphic probes, coxI gave single fragment hybrid-
ization (Fig. 1a) and showed fragment length poly-
morphism between the CMS and maintainer lines in
both EcoRI and HindIIl digestion. In case of rps3,
4.3 kb EcoRI and 3.5 kb HindIIl fragments being
specific to the maintainer line, differentiated this line
from the other three lines (CMS, restorer and hybrid),
which had 5.0 and 3.0 kb EcoRI and HindIIl frag-
ments, respectively. The other three gene specific
probes (atp6, cob and coxIII) hybridized to more than
one restriction fragments (Table 1) in the CMS and the
maintainer lines (Fig. lc—e). In addition to common
fragment of size 2.5 kb which was present in all the
lines, the atp6-EcoRI combination gave two additional

Table 1 Hybridization
pattern of mitochondrial

Mitochondrial gene specific probes

Hybridization pattern (fragment size in Kb)

gene specific probes EcoRI HindIII
Pusa6A/PRR78  Pusa6B  Pusa6A/PRR78  Pusa6B

atp6 - 5.0 5.0 4.8
2.5 2.5 - 43

- 1.5 - -
cob - 6.0 3.0 3.0
43 43 - 2.3
- - 1.7 1.7
coxl 6.5 4.9 7.0 7.0
rps3 5.0 - - 3.5
- 43 3.0 3.0

coxIll 23.1 23.1 35 -
11.1 - 2.2 2.2
atp9 94 9.4 14 14
nadl 2.3 2.3 1.1 1.1
nadlB 35 35 2.0 2.0
nadlV 5.0 5.0 6.0 6.0

0.6 0.6 - -
18SrRNA 16.2 16.2 9.0 9.0
8.0 8.0 55 5.5
4.5 4.5 35 3.5
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Fig. 1 Polymorphic Southern hybridization pattern of mito-
chondrial gene specific probes (a coxl, b rps3, ¢ atp6, d cob
and e: coxIII) obtained in combination with EcoRI and HindIII
restriction enzymes. Lanes 6A-CMS line PusabA, 6B

bands (5.0 and 1.5 kb) in the maintainer line. The a#p6-
HindIll combination gave two maintainer specific
fragments (4.8 and 4.3 kb) which were different from
the WA-cytoplasm specific 5.0 kb fragment. With cob
gene, a 6.0 kb EcoRI fragment and 2.3 kb HindIIl
fragment were specific to the maintainer line, besides
one 4.3 kb EcoRI fragment and two HindIII fragments
(3.0 and 1.7 kb), which were shared by all the lines
used. In case of coxllIl, an additional band of size
11.1 kb in EcoRI and 3.5 kb in HindIll enzyme
combination was observed in the CMS, restorer and
hybrid lines, while 23.1 kb EcoRI and 2.2 kb HindIIl
fragments were common to all the four lines. Absence
of EcoRI and HindIII restriction sites in the probe
sequence of atp6 and coxlIII revealed the presence of
two copies of coxIIl gene in the male sterilizing WA
cytoplasm of rice, while two or more copies of atp6 in
the fertile cytoplasm. The presence of one HindIII and
absence of EcoRl restriction site in the probe sequence
of cob suggested occurrence of two copies of cob gene
in the fertile cytoplasm.

Development of CAPS markers for the rice
mitochondrial genes

Restriction analysis of monomorphic amplicons of
the mitochondrial genes revealed polymorphism
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maintainer line Pusa6B, RR78 restorer line PRR78 and HI0
Pusa Rice Hybrid 10. The size (kb) of the restriction fragments
hybridizing with the probe is indicated

between the CMS and maintainer line (Table 2) in
different enzyme combinations with five mitochon-
drial genes namely, cob, atp9, coxlll, rps3 and
18SrRNA. CAPS analysis for five gene-enzyme
combinations are depicted in Fig. 2. As clearly
evident from this figure, variation in multiple restric-
tion enzyme target sites in the PCR amplicons of the
five mitochondrial genes clearly differentiated the
WA cytoplasm present in the CMS, restorer and
the hybrid lines from the normal cytoplasm present in
the maintainer line. The genotyping of a set of 48
random Pusa6A plants from the hybrid seed produc-
tion plot of PRH10 using five rice mitochondrial gene
based CAPS markers revealed no polymorphism (Fig.
S1) and confirmed high degree of purity of the CMS
line PusabA without any contamination with its
maintainer line (Pusa6B). The cob-Nlalll CAPS
marker was used for detection of contamination of
‘A’ line (PusabA) with its ‘B’ line (Pusa6B) in
different known admixtures (2, 5 and 10%) showed
the presence of low intensity Pusa6B-specific frag-
ment at 2% admixture level. The intensity of
contaminant specific restriction fragment was more
pronounced and clear with increase in admixture
level from 5 to 10% (Fig. 3). Therefore, the mito-
chondrial gene based CAPS marker developed in this
study was efficient enough to detect a minimum level
of 2% or more contamination of maintainer line.
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2,073 Monomorphic 2,073 2,073

5'-CAGTGGGTTGGTCTGGTCTG-3’

nadlV_F
nadlV_R

10

5'-TCATATGGGCTACTGAGGAG-3'

(NADH ubiquinone

oxidoreductase complex)

Segregation analysis for pollen fertility
in F, population

The sterile pollen grains were found shriveled and
smaller in size without any stain or lightly stained
with KI, whereas the fertile pollens were larger in
size and darkly stained. The pollen fertility ranged
from O to 100%. Considering the plants with 0-30%
fertility under sterile class as recommended earlier
(Mishra et al. 2003), 138 F, plants segregated into
117 fertile: 21 sterile as against an expected Mende-
lian segregation ratio of 103.5 fertile: 34.5 sterile
based on 3:1 ratio. When we included the plants
having up to 40% pollen fertility under sterile class,
102 plants were recorded as fertile and 36 as sterile,
giving a segregation ratio of 2.83:1. The analysis of
goodness of fit to the expected Mendelian segregation
ratio of 3:1 showed that the trait was inherited in the
expected pattern at 1% level of significance with the
latter phenotypic classification. Thus the effect of a
major gene on male fertility in the rice restorer line
PRR78 was evident.

Molecular mapping of fertility restoration gene

Three microsatellite markers namely, RM6100,
RM6737 and RM258 showed polymorphism
between the parents (Fig. S2A). Segregation anal-
ysis of these markers in the F, mapping population
revealed normal Mendelian segregation (Fig. S3).
Based on the linkage analysis, the fertility restorer
gene could be placed between the markers RM6737
and RM6100 at 0.3 and 0.5 cM distance, respec-
tively on the long-arm of rice chromosome 10
(Fig. 4). The genetic map information was com-
bined with the available DNA sequence of the
region (IRGSP 2005) to establish correspondence
between the genetic map and sequence based
physical map. The region from 53.3 to 61.7 cM
of the long-arm of chromosome 10 was about 1.66
million base pair (Mb) in size. One centimorgan in
this 8.4 cM interval thus corresponded to about
198.12 kb. The integration of the genetic and
physical maps suggested location of the restorer
gene to a physical interval of 163.6 kb between
markers RM6737 (18,653.71 kb) and RM6100
(18,817.28 kb) on the long-arm of chromosome
10 of rice (Fig. 4).
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Fig. 2 CAPS analysis of mitochondrial gene specific ampli-
cons (a cob, b atp9, ¢ coxlll, d rps3, and e 18SrRNA) using
different restriction enzymes. The digested products were
separated in 1.2% agarose gel. Lanes 6A-CMS line PusabA, 6B

Identification of PPR motifs containing candidate
rice genes

A total of 115 protein coding genes were predicted in
1.66 Mb sequence (between 53.3 and 61.7 cM posi-
tions), of which 13 contained PPR motifs as well as
mitochondrial transit peptides (Fig. 4). Within the
marker interval containing the restorer locus, we did
not find any genes other than those having PPR
motifs that possessed the mitochondrial transit pep-
tides. The number of PPR motifs ranged from 1 to 16
in different genes (Fig. S4). The number of exons in
these genes varied from 1 to 8. Based on their

Nialll

6A 6B PRR78 M

550 bp

<— 220 bp
140 bp
90 bp

(c) Haelll HpyCHAIV
M [6a 6B PRR78 unl 6A 6B PRR78/M

810 bp —>|
400 bp
<—300 bp
<—250 bp
(e) Nialll HpyCHA4IV

m6a 68 PRR78Un '6A 6B PRR78!M

500 bp
—
130 bp

Maintainer line Pusa6B, PRR78 Restorer line PRR78, Un-
Undigested amplicon and M-100 bp DNA ladder plus. The size
(bp) of the polymorphic restriction DNA fragments is indicated

320 bp
170 bp

physical order on the chromosome they were named
as PPR 1 to 13 (Table 3). The orientation of these
genes varied within the genome of the japonica
cultivar Nipponbare, which is a known maintainer of
male sterility. Four of these PPR motif-containing
genes (PPR1, PPR2, PPR3, and PPR4) were placed
on the targeted fertility restorer gene region with a
physical interval of 163.6 kb between the microsat-
ellite markers RM6737 and RM6100. Similar anal-
ysis on the long arm of indica rice chromosome 10 of
genotype 93-11, which is a known restorer of
HongLian (HL) type CMS (Liu et al. 2004) indicated
the presence of 13 PPR containing genes (Fig. 4). In
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6A+6B 6A+6B M

Fig. 3 Evaluation of efficiency of a CAPS marker based on
rice mitochondrial gene cob for checking contamination of
CMS line PusabA with maintainer line Pusa6B during hybrid
seed production of Pusa Rice Hybrid10 using Nlalll restriction
enzyme. The PCR fragments were resolved in 1.2% agarose
gel. Lanes 6A-CMS line Pusa6A, 6B Maintainer line Pusa6B
(1-3): 2, 5 and 10% admixtures of Pusa6B with Pusa6A (2:98,

these genes, the number of exons ranged from 1 to 7
and the number of PPR motifs varied from 1 to 15
(Table 3 and Fig. S5). Based on their physical order
of occurrence on the chromosome, they were named
as PPR 1-13. When the mitochondrial transit peptide
was analyzed, the PPRS8 of japonica and PPR8 and
PPRY of indica showed low probability of having
such a peptide. The PPR2 of indica also had a lower
probability of having mitochondrial transit peptide
(Table 3). The PPR genes predicted from the long
arm of rice chromosome 10 of the japonica and
indica cultivars were compared at the nucleotide as
well as predicted aminoacid level and phylogenetic
trees (Fig. S6A and B) were constructed. High degree
of correspondence between the two sub-species at
both nucleotide and aminoacid sequence levels for
the PPR genes was evident.

Development and validation of candidate PPR
gene based marker for fertility restoration

For developing candidate gene based markers for
fertility restoration, primers designed from 13 PPR
motif containing candidate rice genes were amplified
in the CMS line Pusa6A and the restorer line PRR78.
Ten PPR genes namely, 1,4,5,6,7,9, 10, 11, 12 and
13 gave amplicons of expected fragment size and
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5:95 and 10:90, by volume in a total of 100 pl, respectively)
and M-100 bp DNA ladder plus. With increase in admixture
level of maintainer line ‘Pusa6B’ with its CMS line ‘PusabA’
from 2 to 10%, the intensity of maintainer specific 550 bp
fragment increased gradually. White arrows indicate the
maintainer line Pusa6B specific fragment in admixture samples

showed no fragment length polymorphism between the
CMS and restorer line for these genes. No amplification
was observed in the restorer line in case of PPR2
whereas PPR8 amplified two fragments in both CMS
and restorer line. However, fragment length polymor-
phism was clearly evident between the CMS and
restorer lines for the PPR3 gene that provided a
candidate gene based sequence tagged site marker.
The STS marker designed based on the japonica
sequence (Forward 5'-AGAACAGAAGCCAAGAA
GC-3’ and reverse 5'-AGCAGCAAACAAATCCT
TAG-3' primers) gave a 1,756 bp amplicon in CMS
line PusabA and a 1,640 bp allelic fragment in the
fertile parent PRR78. Cloning, sequencing and
sequence comparison of multiple clones for each of
the two parents revealed presence of a mixture
of amplicons of same size due to cross-amplification
of different PPR genes. Therefore, the primers were
redesigned based on the PPR3 gene sequence (For-
ward 5-CTGCGTTATGCAAGGCTCAAGCTA-3'
and reverse 5'-AGCAGCAAACAAATCCTTAG-3')
and used to generate parent specific pattern that gave a
1,488 bp amplicon specific to CMS line Pusa6bA and a
1,383 bp allelic fragment in the fertile parent PRR78.

Co-segregation analysis of this gene based STS
marker with fertility restoration in 42 highly fertile
and 24 highly sterile F, plants showed the presence of
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. . . L L
genetic an.d.physwal maps R2303 18646635
of the fertility restorer gene 18653709 RM6737 RM6737
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rice chromosome 10 PPR2 163.6 Kb
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Physical Map Japonica indica

CMS line PusabA specific 1,488 bp fragment in all
the 24 male sterile plants. The highly fertile segre-
gants had the restorer line PRR78 specific 1,383
fragment either in homozygous or in heterozygous
condition (Fig. 5). Identical result was obtained with
a GNMS marker containing (GGC), repeat-motif
designed from the 5'UTR sequence component of
PPR3 gene located in the targeted fertility restorer
gene region using the same set of highly sterile and
highly fertile F, individuals (Fig. S7). The STS and
GNMS markers were also validated in nine other
restorer lines which are known to restore the WA
based cytoplasmic male sterility. The restorer line
PRR78 specific fragment for both the markers was

present in all the nine restorers, whereas the CMS line
IR262829A carrying the WA cytoplasm and the
maintainer lines Pusa4B, Pusa5B, Pusa6B and
Pusa9B showed PusabA specific pattern (Fig. 6).
High quality sequence alignment (Fig. S8) revealed
presence of 16 and 15 PPR motifs in the PPR3 gene
in the CMS Pusa6A and restorer PRR78 lines,
respectively. However, the PPR3 gene contained 15
PPR motifs in both the japonica cultivar Nipponbare
and indica cultivar 93—11. Thus the presence of an
additional 105 nucleotide (35 aminoacid) long PPR
motif in the CMS line Pusa6A and its absence in the
restorer line PRR78 was the basis of fragment length
polymorphism between the two parental rice lines.

@ Springer



Mol Breeding (2010) 26:275-292

286

Aeanoadsar ‘qrfy pue p[fy 0) puodsarod 0y9¢e301S0~ DO PUB OpySE301SO DOT o

DOVIOLVIVVV DLVLVOVIOL
9 96T‘1 VLVOLOLLIOVVVYD LDIOVOHVIILVLV COL0 6880 14 6 906 906 € I 18€¢ €8€°c  0T60¥301S0 D01  £1¥dd
DLLOOVVOHILD DVHLIOVOHD
9 61C1 JOLOLVLVIDLLOLY VOLLLOLLODV 8890 96L°0 9 9 6¥y 80S I T L¥EL I6LT  0619€801S0 D01 ¢l¥dd
DVVILIODIOL DLLVOLVODVL
€9 0LT°T VIOLLOLVILVOOVD VVIVLOOIOIOD L88°0 86L°0 4! 4! SSy Sy 1 T S9¢1 S9E'T  06LSE30TSO DOT  1T¥dd
DVDIVLVIOIVV OVI1DDLVOV
09 88T°T LVVVDLLLVVLVD DLDOLLODDIDD  €IL0 €8L°0 € € 484 1459 4 T SLY'1 0EY'S  09LSEB0ISO DOT  OT¥dd
JDLVVODLV.LL OLDLLLLDLL
9 S6T°1 LIOLVLVOLOVOLD  LLOLLLIOLLLLVD  9€1°0 LTLO 1 € 68C 149 9 T 1601 OLT'T  0SLSEBOISO DOT 6ddd
OLVIDLVLV OVDOHLODL
09 998 VODOVVLIDVID VVVOLVOOVLVD €800 €L0°0 € € €Ic e 4 T 96L L99T  0€LSE301S0 D01 8ddd
OLVODLOLL DOVVOHVY
S LT8 VOOVVVIIOLO DDDVVOVIVVOHV  S6L0 Y9L°0 01 01 LOS LOS 4 T 8ISl L6L'T 09SE€30150 D01 Lddd
ODLLODOL JDVVOHVV
9¢ OLL JOLVVIOLIOVV.LO DIDVVOVIVVOV  $9L°0 LTLO 14 € L9T L9T 14 I S6lI°l 6ST°T  LOPFSESOISO DOT 9ddd
DOLVOLLD JDVVOVVD
LS 8L DLOVLLOLOODVD JDDVVOVIVVOV 1680 L68°0 14! 91 L8L S6L L 8 0Ov6'c ¥88°0  9€¥SEB0ISO DOT Sddd
JLVVVOVV DDVVOVY
09 199°1 VODILOOVHVOHVD DODVVHVIVVOV 8080 6880 L L ILE 8I¢ € ¥ L99°1 SSTT  09TSE30150 DOT ddd
DVLLODLV VIDOHVVILOODD
9 €8¢°T VVOVVVIOVIDV  VVIDLVLLIODDID 8060 0060 Sl Sl 0SL €8L € I TSTT €L8°C  0bTSES01SO D01 €ddd
DVVIOVVOL DOHVVOHVY
8¢S 819°1 DLVOHLVYOOHVD DDDVVOVIVVOHV 0810 $89°0 S 01 Sse 9 I I 6L0°1 PSOT  0£TSES0ISO D01 cddd
OHLOLVOL JDOVVOHVV
09 968 VOLLVOLLODLO DIDVVOVIVVOV  CTILO °€eL0 I ! VLI VLI 14 [ L8TY  060SE30150 DO'T 1ddd
voipur - vowodpl  parpur  powodpl  voipur  vowodpvl  vapur  powodpl  vopur  vIWOdDI
d 1981e],
Sursn pajorpaxd
(Do) emyerodur) (€9 (drur) sopndod
Sureouue  (dq) ozis g (,€-,6) oWy Sunegiey synow (sproeouruwre) s snoo]  Anuapt
remoy  uoordury ISIOAY PpIemIoq [ELIPUOYOOITIA Mdd Jo 'ON pSuoT SUOX? JO "ON dq ur ySue quad YOIL Quen

soouanbas oua3 9say) woij Pouisop SIAIew SIS dY) PuB ()] SUWIOSOWOIYD JLI Jo uLre Suof 9y} ur sjnowr Ydd d9Aey o) pajorpaid souad oy, € dqel

pringer

As



Mol Breeding (2010) 26:275-292 287
1383 bp—p 1488 bp
M 1 2 25 26 27 >46 M
1383 bp —»| |« 1488 bp

>68 M

Fig. 5 A STS marker based on PPR3 gene polymorphic
between two parents PusabA (lane 1) and PRR78 (lane 2). The
CMS line specific 1,488 bp fragment co-segregates with male
sterility in sterile F, plants (lanes 3-26) and the restorer
specific 1,383 fragment co-segregates with fertility in the

Discussion

CMS has been observed in many plant species,
including Petunia, maize and rice. It is a maternally
inherited trait caused by mutations and rearrange-
ments of mitochondrial genes (Forde and Leaver
1980; Vedel et al. 1994; Wang et al. 2006; Chase
2007; Fujii and Toriyama 2008; Rajendrakumar et al.
2007). In the present study, polymorphic Southern
hybridization pattern obtained between the sterile
WA cytoplasm and normal fertile cytoplasm for five
(coxl, rps3, atp6, cob and coxIIl) of the 10 mito-
chondrial gene specific probes in combination with
EcoRI and HindlIll revealed high degree of differen-
tiation of the WA cytoplasm from its normal
counterpart. The fragment size variation observed
particularly in case of coxI between CMS and
maintainer lines in both EcoRI and HindIIl enzyme
combinations suggested involvement of DNA rear-
rangements in the genic region (Pathania et al. 2007).
Such type of variation in RFLP profiles between the
sterile and fertile cytoplasm has also been reported
earlier in the Boro II and WA-CMS of rice (Huang

27-68) from the cross

fertile F, plants (lanes
Pusa6A x PRR78. The fragments were separated in 1.2%
agarose gel. Lane M-100 bp ladder plus. The sizes (bp) of the
polymorphic fragments are indicated

et al. 2006), and T-cytoplasm of maize (Forde and
Leaver 1980). The presence of single copy coxI gene
in rice mitochondrial genome was in contrast to those
reported previously in the alloplasmic B. juncea
(Pathania et al. 2007) and Sorghum (Bailey-Serres
et al. 1986), where two copies with alteration of 303
nucleotides at the 3’ end were observed. The iden-
tification of more than one copy of afp6 gene in the
fertile maintainer line and a single copy in the sterile
WA-CMS line is unlike the Boro II cytoplasm of rice,
where two copies of atp6 genes were observed in the
sterile line (Wang et al. 2006). This observation thus
reflected a significant difference between the game-
tophytic male sterility inducing BT cytoplasm and the
WA cytoplasm imparting sporophytic male sterility
(Huang et al. 2006). Similarly, the presence of two
copies of cob gene in the fertile maintainer line was
further confirmed by the absence of EcoRI and
presence of one HindlIll restriction site in the gene
specific probe sequence. The absence of cob psued-
ogene in the WA cytoplasm and differential organi-
zation of this gene region in the fertile lines has
already been observed (Narayanan et al. 1995).
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Fig. 6 Validation of restorer specific alleles of the PPR3 gene
based STS (a) and GNMS (b) markers in 10 different restorer
lines (lanes 7—16). Lanes 1 PusabA, 2 Pusa29A, 3 Pusa4B, 4
Pusa5B, 5 Pusa6B, 6 Pusa9B, 7 PRR78, 8§ UPRI93133, 9

Differential gene organization of cob might have
resulted from recombination or insertion events
involving this gene in the mitochondrial genome of
male fertile rice line. Presence of recombination hot
spots in the cob and atp6 gene regions possibly
contributed to rearrangements not affecting male
fertility and clearly differentiated the male fertile line
from the WA-CMS line (Iwabuchi et al. 1993; Huang
et al. 2006). Occurrence of additional copies of coxIIl
gene in the WA cytoplasm of rice indicated differ-
ential mode of rearrangement in evolution that might
in turn have contributed to difference in the expres-
sion of male sterility (Narayanan et al. 1995). These
results provide leads for further analysis to identify
gene(s) responsible for WA cytoplasm based male
sterility in rice.

The informative PCR based markers with proven
superiority over the hybridization based RFLP mark-
ers necessitated development of such markers from
the mitochondrial gene sequences for differentiation
of maintainer and CMS lines. CAPS analysis of PCR
amplicons of mitochondrial gene segments using
different restriction enzymes including hexacutters
and tetracutters revealed presence of single nucleotide
polymorphism (SNPs) at the restriction enzyme target
sites in the coding regions of five mitochondrial genes
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6 7 8 9 10 11 12 13141516'M

200 bp

C20R, 10 IR24, 11 MTU9992, 12 IR66, I3 AjayaR, 14
NDR3026, /5 BR827 and /6 KMR3. The fragments were
separated in 1.2% agarose gel. Lane M 100 bp ladder plus. The
size (bp) of the polymorphic fragments is indicated

(I8SYRNA, atp9, cob, coxIll and rps3) of the CMS and
maintainer lines. Presence of SNPs in the mitochon-
drial genes has been reported earlier (Tian et al. 20006).
This further suggests differential mitochondrial gen-
ome evolution, which might be associated with
differential editing/trans-splicing (Iwabuchi et al.
1993; Liu et al. 2007). From an applied angle, the
mitochondrial gene specific CAPS markers developed
in this study would be of immense use in efficient
differentiation of the WA-based CMS line from its
maintainer line. Successful hybrid rice seed produc-
tion based on “three line system” largely depends on
genetic purity of parental lines. CMS lines often get
contaminated with iso-nuclear maintainer line during
multiplication. The efficiency of polymorphic mito-
chondrial gene sequence specific CAPS markers for
testing the purity of PusabA parental lines and
detection of maximum acceptable limit of 2% or
more contamination level of maintainer ‘Pusa6B’ line
in CMS Pusa6A line during seed production of Pusa
Rice Hybrid 10 as demonstrated in this study
suggested their immediate use in marker assisted
production and testing of pure hybrid seed. Validation
of these markers across other commercial rice hybrids
would expand the scope of use of the designed CAPS
markers.
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The restoration of fertility for WA as well as BT
cytoplasm in rice is controlled by a major locus that
mapped on the long-arm of rice chromosome 10
(Mishra et al. 2003; Wang et al. 2006). Considering
the monogenic inheritance of fertility restoration, a
set of 138 random F, individuals derived from the
cross between CMS line Pusa6A and restorer line
PRR78 were used in the present investigation, which
was well in excess of the minimum population size
required (Mather 1951). The test of goodness of fit of
the observed ratio of fertile plants to sterile plants to
the expected segregation of 3 fertile: 1 sterile for
pollen fertility in F, revealed a clear monogenic
inheritance pattern when the plants having up to 40%
pollen fertility were included under the sterile class.
In contrast, when the recommended 30% limit was
applied, the observed ratio did not fit to the expected
ratio of 3:1. These results thus suggested that
although there is a major locus for the trait, the
additional loci did influence its expression. Influence
of more than one locus on pollen fertility has also
been reported for BT as well as WA cytoplasm based
male sterility (Govinda Raj and Virmani 1988) in
rice. Further genetic characterization of the segre-
gants is thus needed to determine the number and
location of other genes responsible for fertility
restoration in the restorer line PRR78 used in this
study.

A major locus for male fertility restoration of WA
cytoplasm based male sterility present in the Basmati
Restorer line PRR78 was earlier mapped on rice
chromosome 10 at a distance of 9.9 cM from the
microsatellite marker RM258 (Mishra et al. 2003).
Based on this result, the present study focused on
identification of additional markers tightly linked
with gene of interest. Out of several rice microsat-
ellite and EST based STS markers used, only two
(RM6737 and RM6100) additional informative
markers could be identified, which were found tightly
linked and flanking the gene of interest. The marker
RM6100 is also reported to be tightly linked to the
gene for fertility restoration of BT-cytoplasm (Akagi
et al. 2004; Komori et al. 2004; Wang et al. 2000).
Recently, Sheeba et al. (2009) have also validated its
tight linkage with fertility restoration of WA cyto-
plasm based male sterility using two different map-
ping populations. These results suggested that
RM6100 is a common marker for fertility restoration
of both BT and WA cytoplasm and thus should be

useful in marker assisted breeding of improved
restorers in rice.

Considering the role of PPR motif-containing
genes located on the long-arm of rice chromosome
10 for fertility restoration of BT-CMS in rice
(Kazama and Toriyama 2003; Akagi et al. 2004;
Komori et al. 2004; Wang et al. 2006), a physical
region of 1.66 Mb on the long-arm of rice chromo-
some 10 was analyzed for such genes. Though the
target gene was genetically mapped to a 0.8 cM
interval (163.6 kb physical interval), effort was made
to analyze a longer region of 1.66 Mb to gain insight
into the location, orientation and distribution of all
the PPR genes. A total of 13 PPR motif-containing
genes including four (PPR1, 2, 3 and 4) in the target
fertility restorer gene region were identified in both
indica and japonica sequences. Similarity in both
nucleotide and aminoacid sequences among the PPR
genes of the two rice sub-species suggested their
evolution through duplication. The PPR3 gene in
indica as well as in japonica, was most similar to
PPRS gene and thus have remained more conserved
as compared to others. Such duplication within the
rice genome is, however, known based on whole
genome sequence information (RCSC 2005; Lin et al.
2008). High-degree of correspondence of the order of
PPR genes between indica and japonica was clearly
evident. Such conservation of gene order is, however,
expected keeping in view that the two subspecies of
Oryza sativa possibly diverged from each other about
one million years ago (Sang and Ge 2007). Conser-
vation of the PPR motifs although suggested a
common origin, great variation was observed in their
organization with regard to their size, number of
exons and the number of PPR motifs. It is not
surprising in view of the earlier observation that
duplication followed by sequence divergence is an
established mode of evolution of gene families like
R-genes (RCSC 2005) and PPR genes (Geddy and
Brown2007; O’Toole et al. 2008) in crop plants.

Integration of the genetic map constructed in the
present study with the sequence based physical map
enabled identification of the candidate genes having
the RNA binding PPR motifs and mitochondrial
transit peptides, which suggested their possible role
in RNA processing in mitochondria as reported
earlier for the other CMS systems (Akagi et al.
2004; Komori et al. 2004; Wang et al. 2006; Schmitz-
Linneweber and Small 2008). The PPR3 gene located

@ Springer



290

Mol Breeding (2010) 26:275-292

in the marker interval RM6737-RM6100 in the long-
arm of rice chromosome 10 was identified as the most
likely candidate involved sporophytically in fertility
restoration of WA cytoplasm based male sterility in
indica line PRR78. This possibly corresponds to the
Rf4 gene that maps in the same genomic region in
another indica line Amoll and restores fertility of
WA-CMS in sporophytic mode (Ahmadikhah and
Karlov 2006). However, PPR3 candidate gene
appears different from another two fertility restorer
genes namely, Rf6(t) present in the indica cultivar
93-11 for HongLian (HL) CMS (Liu et al. 2004) and
RfI carried in the japonica line MTC-10R for BT-
CMS (Akagi et al. 2004), which have been mapped
on the long arm of rice chromosome 10 but function
gametophytically. It is supported by our observation
that PPR3 has different sequence and physical
location as compared to Rfla and Rf1b, which were
cloned and characterized earlier (Kazama and Toriy-
ama 2003; Akagi et al. 2004; Komori et al. 2004).
However, further experiment is required to function-
ally validate the identified candidate PPR gene and
establish its precise role in restoration of fertility of
WA-CMS. Recent identification and functional val-
idation of a non-PPR gene on the rice chromosome 4
having role in fertility restoration of Chinese wild
(CW) type CMS (Fujii and Toriyama 2009), how-
ever, suggests desirability of widening the search for
candidates beyond PPR genes. Nevertheless, the
integrated genetic and the physical map data guided
development of a robust STS marker based on one of
the candidate genes, which has several PPR motifs.
Interestingly, informativeness of this marker being
based on the presence of 105 nucleotides that
encoded a single PPR motif in the CMS line and
their absence in the restorer provides an allele
specific marker for the trait. Besides, the polymorphic
GNMS marker identified in the 5UTR of the same
PPR gene with more number of microsatellite repeats
in the CMS than the restorer is of significance. The
fact that the STS and GNMS markers identified
precisely the sterile and fertile segregants in the F,
population and all the restorers which are being used
in hybrid breeding in India without any ambiguity,
these would be useful in marker assisted breeding for
new restorers in rice.

In summary, the present study clearly revealed
high degree of differentiation of male-sterility induc-
ing WA-cytoplasm from its normal fertile counterpart
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most likely through DNA rearrangements involving
mitochondrial genes such as coxl, coxIll, cob, atp6
and rps3. CAPS marker could be successfully
designed and efficiently used for clear differentiation
of the CMS line from its maintainer as well as in
purity testing of the CMS line. The major locus for
fertility restoration was localized to a physical
interval of 163.3 kb that led to identification of four
PPR motif containing candidate genes with possible
role in fertility restoration of WA based CMS. STS
and GNMS markers based on one of the candidate
genes were designed and validated that would be of
use in efficient marker assisted selection for fertility
restoration of WA-CMS in rice.
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