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Abstract

Background: Harnessing heterosis is one of the major approaches to increase rice yield and has made a great
contribution to food security. The identification and selection of outstanding parental genotypes especially among
male sterile lines is a key step for exploiting heterosis. Two-line hybrid system is based on the discovery and
application of photoperiod- and thermo-sensitive genic sensitive male sterile (PTGMS) materials. The development
of wide-range of male sterile lines from a common gene pool leads to a narrower genetic diversity, which is
vulnerable to biotic and abiotic stress. Hence, it is valuable to ascertain the genetic background of PTGMS lines and
to understand their relationships in order to select and design a future breeding strategy.

Results: A collection of 118 male sterile rice lines and 13 conventional breeding lines from the major rice growing
regions of China was evaluated and screened against the photosensitive (pms3) and temperature sensitive male
sterility (tms5) genes. The total gene pool was divided into four major populations as P1 possessing the pms3, P2
possessing tms5, P3 possessing both pms3 and tms5 genes, and P4 containing conventional breeding lines without
any male sterility allele. The high genetic purity was revealed by homozygous alleles in all populations. The
population admixture, principle components and the phylogenetic analysis revealed the close relations of P2 and
P3 with P4. The population differentiation analysis showed that P1 has the highest differentiation coefficient. The
lines from P1 were observed as the ancestors of other three populations in a phylogenetic tree, while the lines in
P2 and P3 showed a close genetic relation with conventional lines. A core collection of top 10% lines with
maximum within and among populations genetic diversity was constructed for future research and breeding
efforts.

Conclusion: The low genetic diversity and close genetic relationship among PTGMS lines in P2, P3 and P4
populations suggest a selection sweep and they might result from a backcrossing with common ancestors
including the pure lines of P1. The core collection from PTGMS panel updated with new diverse germplasm will
serve best for further two-line hybrid breeding.
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Background
Rice (Oryza sativa L.) is the most important cereal and
staple food for more than 50% of global population and
90% of the world’s rice is grown in Asia [1]. The world
population is expected to rise to 10 billion by 2050 and
to feed this population agriculture production needs to
be expanded by 70%. It was estimated that the world
population would require 763 million tons of rice in
2020, and 852 million tons by 2035 [2, 3]. Harnessing
heterosis is one of the major approaches to increase rice
yield and has made a great contribution to food security
in China and many other countries [2, 4]. The hybrid
rice production systems as three-line hybrid rice (cyto-
plasmic male sterile, CMS) and two-line hybrid rice
(photoperiod- and thermo-sensitive genic male sterility)
are based on the male sterility. AnnongS-1 was the first
indica temperature sensitive genic male sterile line
(TGMS) developed in China, which opened a new way
of heterosis utilization in rice [5]. The two line hybrid
system is based on the discovery and application of en-
vironmentally sensitive genic male sterile (EGMS) mate-
rials. Compared with three-line hybrid system, it has
obvious technical advantages of easy fertility restoration
and requires lesser time and labor in breeding hybrid
rice lines [4, 6, 7]. The photo or temperature sensitive
genetic male sterile (PTGMS) lines have occupied mil-
lions of hectares of rice field in China for more than a
decade [4]. Despite the wide range usage of PTGMS
lines in China, the knowledge of their genetic compo-
nents is lacking [4]. Hence, it is valuable to ascertain the
genetic background of PTGMS lines and to understand
their relationships in order to select and design a future
breeding strategy.
The identification and selection of outstanding paren-

tal genotypes especially among male sterile lines is a key
step for exploiting heterosis. As per previous studies, the
majority of cultivated rice varieties are resulted from hy-
brid rice combinations with wild abortive cytoplasm,
which accounted for 69 and 6.8% of total rice cultivated
area in China and India, respectively [6, 8, 9]. The
monophyletic cytoplasm is likely to result in the genetic
vulnerability. Therefore, the identification and utilization
of excellent male sterile lines with new cytoplasm and
broader genetic diversity should be the major task to
achieve. Marker assisted selection (MAS) could be the
best tool to select the plants based on their genotype.
Next generation sequencing (NGS) technology is now

available for both plant biology research and plant
breeding [10]. Various studies have been conducted to
determine the genetic diversity, relationship, population
structure, heterotic grouping, genes and quantitative
trait locus (QTL) mapping in rice germplasm, including
inbred lines using different genotyping platforms and
marker density [11–15]. Recently, various traits of

isonuclear-alloplasmic male sterile rice lines, including
male sterility, agronomic characters, cytoplasmic effects,
and resistance to different stresses have also been stud-
ied [8]. However, few reports were based on the differen-
tiation of their nuclear genomes.
Currently, single nucleotide polymorphism (SNP)-chip

technique is one of the fastest and accurate approaches
of plant genotyping as compared to other molecular
markers. SNP markers are highly abundant, amendable
to high-throughput genotyping, and useful for a number
of breeding and genetic applications in crops, including
rice [16]. It enables researchers to readily select sub-sets
of informative SNPs for use on smaller, in-house plat-
forms for immediate applications in various genomic
and molecular approaches including marker-assisted or
genomic selection, genome-wide polymorphisms in high
throughput QTL and association mapping. It is also used
to select highly targeted sets of SNPs for high-resolution
haplotype analysis and gene discovery. Several medium-
density and high-density chip arrays have been devel-
oped for rice [17]. Theses SNP assays have been devel-
oped at different densities, for example the 50 K-SNP
chip [18], C6AIR [19], the RICE6K [20], the 44 K-SNP
chip [21], and the 700 K-SNP High Density Rice Array
[22]. The SNP density required to meet these criteria in
rice is ~ 6–7000 markers, due to the significant differ-
ences in SNP distribution and frequency that
characterize the deeply differentiated subpopulations of
O. sativa [19]. The availability of high-density SNP chips
for rice makes it possible to undertake large-scale, high-
throughput germplasm characterization, enhancing the
value of the genetic resources available in the world’s
major germplasm repositories.
In this study, 131 two-line PTGMS rice lines were

clustered on the basis of sterile genes. The clusters were
further genotyped by 56 K whole genome rice SNP-chip
and the genetic relationship among the materials was
analyzed. The core breeding collection of these materials
was screened and the selective sweep that occurred dur-
ing the breeding process was investigated. The results
provide important insights into the narrow genetic basis
of available PTGMS gene pool and is a reference for the
future two-line hybrid breeding and research programs
in rice.

Results
Screening for photo- and temperature-sensitive nuclear
genes
The collection of 131 two-line male sterile lines was
evaluated and screened against the photosensitive male
sterility (pms3) and temperature sensitive male sterility
(tms5) genes to identify the similarity among them. The
total gene pool was divided into four major populations.
There were 9.16% (12) lines in the population 1 (P1),

Zhang et al. BMC Plant Biology          (2021) 21:313 Page 2 of 13



possessing the pms3 and denoted as the photosensitive
genic male sterile population. A total of 77% (101) lines
were in the population 2 (P2) possessing tms5 and de-
noted as the thermo sensitive genic male sterile popula-
tion. Only 3.82% (5) lines possessed both pms3 and tms5
genes and were classified as the population 3 (P3). They
are denoted as the photo/thermo sensitive genic male
sterile population. The other 9.92% (13) lines were the
normal breeding lines without any PTGMS gene, classi-
fied in the population 4 (P4) and denoted as the conven-
tional breeding population (Additional Table 1).

Genotyping and evaluation of genomic variants
In the present study, we genotyped the 131 lines with
56 K SNP marker chip. The average SNP density was
1.52 SNPs per 10 kb genomic region with a range from
1.32 in the chromosome 12 to 1.74 SNP in the chromo-
some 3. The average filtered SNP density was one SNP
per 15.5 kb genomic region which varied from 1 SNP
per 9.7 kb for P4 to 26 kb for P3 (Fig. 1). The genome
coverage ranged from 91% for chromosome 1 to 100%
for most of the other chromosomes. The markers dens-
ity was much higher than 12 SNPs per Mb in intergenic
SNP based assay [19] but relatively lower than the previ-
ously reported 0.745 per kb 50 kb density in gene single
copy-based chip [23]. Hence, the markers density in this
study is suitable to investigate the genetic diversity
among genotypes.

Genetic purity
Genetic purity among the genotypes can be evaluated by
the available homozygous or heterozygous alleles. In the

current study, we assessed the frequency of homozygous
and heterozygous alleles per locus and estimated the nu-
cleotide diversity and Shannon’s index (I). The genome
of all four populations was highly homozygous with 93
to 97% homozygous alleles. The lowest population het-
erozygosity among alleles was observed in P4 (2.66%)
followed by P3 (3.14%), while the maximum heterozy-
gosity was observed for P1 (6.80%) followed by P2
(3.70%) (Fig. 2, Additional Table 1).

Genome wide nucleotide diversity
The genetic diversity among 118 male sterile lines
and 13 conventional breeding lines was evaluated.
The population’s nucleotide diversity (π) was low,
ranging from 7.54 × 10− 8 to 4.29 × 10− 4. It indicates
the close relatedness among the genotypes and sug-
gests the limited number of available signature-genes
in the germplasm. Among all four populations, we
observed the lowest genome-wide π-value in the P4
(male fertile) genotypes (π = 0.0000339), while the
highest genetic diversity (π = 0.0000503) was in P1.
The values for genetic diversity among P2 (π =
0.0000348) and P3 (π = 0.0000347) were approxi-
mately same (Fig. 2, Additional Table 1). Within each
population, the widest genetic diversity range was
observed for P3, while it was the lowest in P2.

Genome-wide genetic differentiation
Although the genetic differentiation between the whole
male sterile population (P1, P2, P3) and the conventional
lines was not very high (weighted Fst = 0.078), the
highest levels (mean weighted Fst > 0.2) of genetic

Fig. 1 SNP markers density per Mb in the 12 chromosomes of rice genome genotyped by using 56 K SNP-Chip for 118 PTGMS lines and 13
conventional breeding lines
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differentiation was revealed by P1 with other popula-
tions. It was maximum with P4 (weighted Fst = 0.252)
followed by P3 (weighted Fst = 0.178) and P2 (weighted
Fst = 0.108) (Fig. 3, Table 1). The level of genetic differ-
entiation between P3 and P4 was similar to that of P1
from P2. On the other hand, the genetic differentiation

of P2 from P3 and P4 was not very high (weighted Fst =
0.045 and 0.099, respectively). It suggests a driving force
of pms3 and tms5 genes in shaping the genetic variation
pattern and indicates the genetic similarity of P2 and P3.
The linkage disequilibrium (LD) was estimated by r2 for
the distance classes of < 1 kb in 30 kb distance around

Fig. 2 The trend and relationship among four populations for various genetic diversity parameters, including Number homozygous-1 alleles,
Number of heterozygous alleles, Number homozygous-2 alleles, P-values for the Hardy Weinberg equilibrium, Genetic diversity parameter (π), and
Shannon’s diversity index (I). The populations (P1-P4) were defined based on the presence of photosensitive male sterility (pms3) and
temperature sensitive male sterility (tms5). P1 has pms3, P2 has tms5, P3 has both pms3 and tms5, and P4 is the conventional breeding lines
without male sterility genes
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Fig. 3 The genetic differentiation evaluated by FST values and the ratio of π-values among P4 versus others male sterile populations (P1, P2, P3).
The red boxes in Chromosomes (Chr) 2, 4, and 6 indicate the top selective sweeps
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the loci pms3 and tms5. The average r2 value reached
the threshold of r2 < 0.5 at the distance of 3.9 kb for
markers around the tms5 locus while this value
remained above threshold for the pms3 locus (Additional
Fig. 5).

Phylogenetic cluster analysis of the four populations of
PTGMS lines of rice
The phylogenetic analysis was performed with all se-
lected SNP markers to reveal the ancestral relation
among the 118 male sterile lines and 13 conventional
breeding lines. According to the neighbor joining (NJ)
tree, all the lines could be divided into four clades at the
0.05 genetic distances (Fig. 4). Among them, the first
clade consisted of five lines (N5088S, Nongken58S,
Wan2304S, 7001S, and N95076S). These lines were at
the maximum genetic distance of 0.29 and were the root
of the phylogenetic tree. These lines could be the ances-
tors of other male sterile lines. The second clade was
composed of six genotypes, including five genotypes
(GD-1S, H03S, S242, S240, and 1103S) belonging to P1,
and one genotype (11Fan17S) belonging to P2. Four ge-
notypes (H03S, S242, S240, and 1103S) in this clade
grouped together and showed a relatively high distance
from other genotypes, while the two other genotypes
from P1 (GD1S) and P2 (11Fan17S) made the root of

Table 1 The Fst values for pairwise comparison among
populations

P1 P2 P3 P4 P123

P1 – 0.085 0.149 0.223 –

P2 0.108 – 0.022 0.078 –

P3 0.178 0.045 – 0.085 –

P4 0.252 0.099 0.108 – 0.059

P123 – – – 0.078 –

Note: Above diagonal are mean Fst values, while below diagonal are weighted
Fst values. The populations (P1-P4) were defined based on the presence of
photosensitive male sterility (pms3) and temperature sensitive male sterility
(tms5). P1 has pms3, P2 has tms5, P3 has both pms3 and tms5, P4 is the
conventional breeding lines without male sterility genes, and P123 represents
the whole population of genotypes with male sterility genes

Fig. 4 Neighbor joining (NJ) phylogenetic tree of 131 selected genotypes indicating the genetic distances based on SNP markers. The different
clusters were indicated in different branch colors. The cluster with green and blue branch color belongs to P1 indicating the root of tree, the
cluster with red branch color possessed the conventional breeding lines. The clusters with black and pink branch colors belong to P2 and
P3, respectively
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remaining genotypes. These genotypes might be the pro-
genitors of clade 1 lines and the ancestors of the
remaining as they showed close relation to other geno-
types. The remaining genotypes from P2 and P3 were
grouped with the genotypes from P4, indicating their
genetic resemblance.

Principal component analysis of the four populations of
PTGMS lines of rice
The results were further supported by the principal
component analysis (PCA). The top two principal
components PC1 and PC2 explained 19.77 and 7.62%
of the total variation, respectively, and divided the
germplasm into two major categories. The next two
PCs such as PC3 and PC4 explained 6.23 and 3.82%
of the total variation, respectively (Additional Fig. 1).
One of two clusters grouped the five breeding lines
of P1 (clade-I of phylogenetic tree) with a wide gen-
etic distance from other clade, while the other clus-
ters possessed all of the genotypes from P2, P3 and
P4 with a narrow genetic distance. Being an inde-
pendent cluster from others, the Cluster 1 harbored
the highest level of genetic differentiation (Table 1,
Fig. 5, Additional Fig. 1). Its unique genetic variation
pattern could also be evidenced in the top two PCs.

The succeeding clusters could further be classified
into three overlapping groups (Fig. 5).

Admixture cluster analysis of the four populations of
PTGMS lines of rice
To infer the admixture degree across the 131 samples,
we further performed an unsupervised admixture ana-
lysis with 56 K SNP markers based on K run from 2
to 4. We found that at K = 2, a genetic divergence oc-
curred between the P1 genotypes and their close rela-
tives, while K = 3 and K = 4 sub-divided the groups.
At K = 4, the whole germplasm was divided into four
(S1, S2, S3, S4) groups of 28, 5, 23 and 75 genotypes,
respectively. Except for the genetically distant five ge-
notypes from P1 grouped as S2 in the structure ana-
lysis, a potential widespread genetic introgression
from conventional breeding lines of P4 to other pop-
ulations was observed across K = 2 to K = 4 (Fig. 6).
There were 10, 10 and 13 genetically pure lines in S1,
S3 and S4, and the remaining showed genomic intro-
gression. These results reinforce the previous analysis
with pure lines and mixed genomic lines [21, 24].
Among the populations, 5, 31, and 1 genotype from
P1, P2, and P4, respectively, were observed to be pure
lines. In contrast, all the conventional breeding lines
in P4 had the introgressed genomic components. The

Fig. 5 Principal component analysis of 131 rice genotypes, with PC1 and PC2 classifying the whole germplasm into clusters
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pure lines specifically the genotypes in S2 are likely
the ancestors of the remaining germplasm.

Genome-wide selective sweep signals, their molecular
function and validation
In order to better detect genome-wide selection signals
related to the male sterility in the genotypes, we divided
the populations into male sterile (P1, P2, P3) and male
fertile (P4) groups. The high Fst values (top 1%, Fst
value> 0.34) were used as criteria for classifying the se-
lective sweeps. There was no selection sweep on
chromosome 3, 5, and 8. A total of 1044 candidate genes
were found within the sweeps detected on other chro-
mosomes. Some of these genes could be associated with
sterility (Additional Table 3). Five sweeps located on
chromosomes 1, 2, 4 and 6 exhibited high Fst values
(0.888, 0.718, 0.652, 0.650, 0.643) indicating obvious gen-
etic differentiation between male sterile and fertile popu-
lations. The largest genomic region of 2Mb containing
376 candidate genes was observed on chromosome 2
followed by 1Mb region of chromosome 4 containing
174 candidate genes (Additional Table 2). Kyoto
Encyclopedia of genes and genomes (KEGG) pathway
enrichment analysis revealed that the candidate genes in
the selection sweeps were mainly involved in the ‘Ala-
nine, aspartate and glutamate metabolism’ and ‘ABC
transporters’ pathways (Fig. 7A). Gene ontology (GO)
analysis revealed 113 GO terms of which the molecular
binding was identified as the top enriched ‘Molecular
function’ (Fig. 7B).
To further validate the genome-wide selective sweep

signals, three pedigree groups A, B, and C were obtained
from the rice breeding database according to their

breeding history (Additional Fig. 2). In the pedigree
groups A, there were 7, 15 and 1 genotypes containing
pms3, tms5 and pms3.tms5 genes, respectively, while the
genotypes in group B and C possessed tms5 gene. The
genome wide diversity for all three groups was investi-
gated and the genetic differentiation from conventional
genotypes (P4) was studied. A total of 185, 182 and 181
selection sweep signals were observed for pedigree group
A, B and C, respectively, in comparison with conven-
tional lines at the Fst threshold of top 5% selective sweep
signals (Additional Fig. 3, Additional Table 4). Among
the top 1% selective sweeps, we found the same genomic
regions as identified in top genetic differentiation hits
for male sterile (P1, P2, and P3) and conventional breed-
ing lines (P4). The genes in candidate regions were sub-
jected to GO analysis. The ‘Binding’ type of molecular
functions involved in ‘metabolic’ and ‘signal transduc-
tion’ processes in ‘Nucleus’ and ‘membrane complexes’
were on top hits (Additional Fig. 4).

Selection of core germplasm
All the genotypes were arranged on the basis of genetic
diversity and top 30% genotypes were selected at the first
step. All the cluster analysis and the male sterility allele’s
evaluation grouped the germplasm into four groups. The
genotypes in each group were arranged on the basis of
their available sterility allele and the genetic diversity
among the genotypes. The top 10% of commonly se-
lected genotypes from both procedures resulted in the
selection of 13 genotypes to develop a core collection.
Among them, 2 (GD1S and N5088S), and 11 (ZhunS,
Biao506S, Shen08S, JinShanS, 2301S, S204, Ke8S,
Long605S, 66S, Longke638S, and 99S) genotypes were

Fig. 6 Population admixture analysis of 131 genotypes up to K = 4, indicating the genetically stable and mixed genotypes
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selected from P1 and P2, respectively. Furthermore, one
genotype (S239) from P3 and one conventional genotype
(Shuhui881) were also included in the core collection.

Discussion
Crop breeding programs aim to harness genetic diversity
for desirable phenotypes to meet human demands [25].
To achieve the ideal genotype, the bottleneck effect on
phenotypic selection in elite varieties during rice breed-
ing programs have dramatically narrowed down their
genetic diversity [26]. However, the information about
genes which generated the changes in desirable pheno-
types in elite rice varieties is limited. Even some genes
may cause the transition of PGMS line to TGMS line
[27]. The photosensitive (pms3) and temperature sensi-
tive male sterility (tms5) genes could classify the collec-
tion of 131 two-line male sterile lines into four major
populations in this study. The information about

available PTGMS genes and markers will not only help
the direct selection of genotypes in hybrid breeding but
also for the future research programs. Based on these
genetic markers, other germplasm resources could also
be evaluated and manipulated to enhance the genetic di-
versity. In addition, genome-wide marker analysis of
various rice populations has demonstrated that shifts in
genetic population structures have occurred multiple
times in history [28]. The shift of genetic diversity in the
local gene pool may be managed with the use of germ-
plasm for human demands in rice breeding programs
[28].

Genetic purity
Maintenance of genetic purity in inbred lines by minim-
izing residual heterozygosity (heterogeneity) is important
for quality seed production [29]. The threshold value
may vary depending on the purpose of the line

Fig. 7 The candidate genes function analysis revealed by (A) KEGG and (b) (GO databases
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development program and level of inbreeding. In the
current study, the genome of all four populations re-
vealed a high level of homozygosity with 93 to 97%
homozygous alleles (Fig. 2, Additional Table 2). Gener-
ally, the male sterile lines are bred by backcross for
many generations. Therefore, they may show morpho-
logical differences but have minor to negligible differ-
ences in the nuclear genome. This level of heterogeneity
may be due to the use of different methods for line-
maintenance or the natural variation through crossing
over. Currently, there is more demand in developing
uniform hybrids using genetically pure parental lines, es-
pecially doubled haploid lines [29]. As a result, rice
breeders are using fixed lines in their new pedigree starts
up and advance each generation through selfing than
sib-mating. In the long-term solution to improve the
homogeneity, it is recommended to use doubled haploid
(DH) technology in developing genetically pure DH lines
that can be derived in a short period of time [29].

Genome wide nucleotide diversity
There was a low nucleotide diversity (π) in all four pop-
ulations (Fig. 2, Additional Table 2), which indicated a
close relation among the genotypes and suggested the
limited number of available signature-genes in the germ-
plasm. The lowest genetic diversity in P4 revealed that
the conventional breeding lines are facing an intensive
selection pressure than the PTGMS lines. The widest
range of genetic diversity was observed for P3, while it
was the narrowest in P2. Among the male sterile popula-
tions, P2 and P3 were selected at similar levels and
showed higher selective sweep than P1. In general, the
average genetic diversity value of 0.67 and 0.90 within
Asian cultivated rice and common wild rice has been ob-
served with SSR markers [30]. The analysis of 4408 ac-
cessions of Chinese cultivated rice germplasm with 12
isozyme loci reported an average gene diversity range
from 0.012 to 0.547 [31]. In our experiment, the results
showed that the genetic diversity of the tested materials
was very low. It indicates the genetic similarity among
the genotypes and a similar pedigree, resulting in the de-
creased nuclear genome diversity.

Genetic relationship and population structure among the
two-line hybrid rice lines
To understand the genetic admixture, the relative kin-
ship coefficients are used as indicators of genetic rela-
tionship among the pairs of genotypes. The values of
admixture ranged from zero for lack of relation to
higher values for stronger relationships. The results from
admixture and PCA analyses in this study revealed that
the genetic divergence first occurred between the P1 ge-
notypes and their close relatives. The presence of pure
lines in each subgroup reinforced the population

admixture. The admixture results were reinforced by the
phylogenetic analysis and revealed the ancestral relation-
ship among the 131 lines of rice (Fig. 4). As a whole, the
majority of the genotypes could not be well grouped into
specific cluster as indicated by the phylogenetic and ad-
mixture analyses, suggestive of a complex genetic struc-
ture. Besides, it was hard to separate the rice breeding
lines of different populations from each other, indicating
high admixture among them.

Genome-wide genetic differentiation
The accumulation of differences in allelic frequencies
between completely or partially isolated populations due
to evolutionary forces such as selection or genetic drift
could be evaluated by population differentiation analysis.
The population differentiation was studied by Fst-values.
The P1 population was genetically differentiated from
other populations. There was no significant difference
between population P3 from P4 and the P1 from P2. It
suggests a driving force of pms3 and tms5 genes in shap-
ing the genetic variation pattern, and indicates the gen-
etic similarity of P2 with P3. The results may not totally
support the arguments given by [32, 33] that a critical
role might have been played by distance based isolation
in shaping the genomic variation. Hence a strong artifi-
cial selection can be proposed as the main driving force
in shaping rice genomic variation.

Genome-wide selective sweep signals and the role of
candidate genes
The genome-wide selection signals related to the male
sterility in genotypes was also observed by comparing
the male sterile (P1, P2, P3) and male fertile (P4) groups.
There are various traits in plants such as plant height,
seed color, and stem angle that can be influenced by se-
lective sweep [29, 34]. The study on distinct phenotypic
evaluation of rice revealed the physiological and mor-
phological effects of selection sweep on rice breeding
[29, 34]. The candidate genes identified in this study can
be functionally characterized for their roles in genetic
differentiation and induction of male sterility.
As shown in the Manhattan plot (Fig. 3, Additional

Table 3), the highest Fst score (0.888) was observed
within 120 kb interval on chromosome 4 (4:7920001–8,
040,000). This region harbored 19 protein-coding genes,
including (i) RPM1 disease resistance protein which fa-
cilitates a rapid and sustained increase in cytosolic cal-
cium that is necessary for the oxidative burst and
hypersensitive cell death ([35], (ii) TRAF-type zinc finger
family protein, its function is extraordinarily diverse and
includes DNA recognition, RNA packaging, transcrip-
tional activation, regulation of apoptosis, protein folding
and assembly, and lipid binding [36], (iii) wall associated
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receptor like Kinase (osWAK) protein, its central role in
resisting a range of fungal and bacterial diseases [37].
Two of the selective sweeps on chromosome 2 (2:

4860001–5,080,000 & 6,080,001–6,600,000) consisted of
48 and 103 candidate genes, respectively. Amon the can-
didate genes, we have (i) AP2 domain containing genes
which are necessary for flower development, stem cell
maintenance, seed development, and abiotic stresses re-
sistance [38, 39], (ii) MYB protein, which are the key fac-
tors in the regulatory networks controlling development,
metabolism and responses to biotic and abiotic stresses
[40], (iii) GDSL like lipase, which possesses anti-
microbial activity and regulates pathogen resistance in
association with ethylene signaling [41], (iv) F-box do-
main (osFBX39), which was reported to contribute in
regulation of drought tolerance and regulation of stoma-
tal closure in plants [42] and multi drug resistance pro-
teins. The candidate genes mentioned above could be
potentially influencing traits of adaptation in rice.
The selection sweep results were further validated by

estimation of genetic differentiation between conven-
tional breeding lines in P4 and the three pedigree groups
(A, B, C) based on their breeding history. The ‘Nong-
kan58S’ with pms3, and ‘Annong S-1’ and ‘Zhu1S’ with
tms5 genes were observed as the root ancestors of all the
other genotypes in groups A, B, and C, respectively
(Additional Fig. 2). Annong S-1 has been reported as the
first indica TGMS line [5]. Its significant reaction to
temperature and light in fertility expression, inheritance
of sterility and physio-biochemical characteristics have
also been reported [5]. Most of the PTGMS lines in the
breeding panel for two-line rice hybrid system in the
study possessed the tms5 gene, which may result from
the major contribution of Annong S-1 to their
development.

Selection of core germplasm
With the identification of genetic similarity and diversity
among the PTGMS lines, it was important to design a
genetically diverse sample with all possible genetic vari-
ation among the population. Selecting a representative
sample of all the diversity in the large collection would
facilitate the enhanced use of germplasm in the breeding
programs [43]. The selection of core collection from
two-line PTGMS lines will help accelerate the work on
germplasm evaluation and development of new breeding
plan. The open sharing of PTGMS resources will also be
helpful to minimize the adverse environmental effects
on seed production in two-line hybrids [44]. Such sam-
ples are favored for excellent exploitation and utilization
of diversity, and would be cost effective and easy to
maintain by individual breeders [43]. A core collection is
a subset, consisting of ~ 10% of total genotypes, which
between them capture most of the available diversity in

the entire collection and nearly as diverse as the entire
collection [24]. Hence, the core PTGMS collection de-
signed in this study carrying the maximum possible di-
versity from all four populations will result in more
efficient and effective utilization of two-line PTGMS
germplasm in rice. This core collection should be up-
dated periodically with the availability of new PTGMS
lines and other biological information. The information
of the genetic diversity among the PTGMS lines will
help to select the suitable parental lines for sustainable
hybrid rice seed production and also for the evaluation
of various quantitative and qualitative traits of agro-
nomic importance.

Conclusion
In the present study, the diversity, relationships, selec-
tion sweep and breeding inferences were investigated in
a collection of 131 rice genotypes including, 118 male
sterile lines and 13 conventional breeding lines. The col-
lection was clearly grouped into 4 gene pools according
to the presence of the male sterility genes. Based on the
within and among populations genetic diversity, a core
collection was constructed which will be useful for fu-
ture breeding efforts. The population containing the
photosensitive gene (pms3) was highly divergent and
suggested to be the ancestor of other populations. Sev-
eral candidate genes were identified in the selective
sweeps and could the targets of future studies to unravel
their contribution to rice adaptation, genetic differenti-
ation and male sterility.

Methods
Plant materials and genotyping
To gain insight into the genetic relationship of the male-
sterile germplasm and to better utilization in rice breed-
ing programs, we employed 131 genotypes including 118
2-line PTGMS rice lines and 13 conventional breeding
lines (Additional Table 1). The germplasm was obtained
from Hunan Hybrid Rice Research Center, Hunan
China, and grown in the experimental farm of the same
institute. All the standard cultivation practices were
adopted. The fresh leaves of at least six plants of each
male sterile line were collected and total DNA was ex-
tracted by the simple CTAB method with minor modifi-
cations [45]. The DNA samples (50–100 ng/μL per
sample) in a 96-well plate format were prepared for
genotyping with high-density Illumina 56 K infinium
SNP Chip in Huazhi Biotech Co. Ltd., Changsha, China.
Monomorphic markers, with missing values < 20%, with
a minor allele frequency < 5%, and/or showing unclear
SNPs were excluded from the analysis. The filtered
genotypic data was used in subsequent analysis.
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PCR reaction and genomic screening
Two male sterile genes, pms3 and tms5 were used to
characterize the germplasm. The polymerase chain reac-
tion (PCR) was conducted in 20 μL containing 3 μL
primers, 2 μL 10 × PCR buffer (involving 15mmol/L
MgCl2), 0.3 μL dNTPs (10 mmol/L), 50–100 ng template
DNA, 1 U Taq enzyme. The reaction program was pre-
denatured at 94 °C for 5 min, 35 cycles with 1 min at
94 °C, 1 min at 55 °C and 1min at 72 °C, finally extended
for 5 min at 72 °C. Then, the amplified products were
electrophoresed on a 6% denatured polyacrylamide gel.
On the basis of male sterility genes the germplasm was
clustered into four classes as the genotypes carrying
“pms3”, “tms5”, both “pms3 and tms5” genes, and the
conventional breeding strains without any male sterility
allele (Additional Table 1).

Statistical analysis
To investigate the relationship among genotypes, the
population structure was calculated by using all of fil-
tered SNPs in model-based program Structure v2.4.2
[46]. Ten independent simulations were carried out for
each K (the number of populations) ranging from 1 to 6.
For each simulation, 10,000 iterations before a burn-in
length of 50,000 Markov Chain Monte Carlo replications
were performed with the selection of admixture and re-
lated frequency models. The LnP(D) values and optimal
K-value was estimated using Evanno’s 1 K method [46]
with online tool Structure Harvester [47]. Furthermore,
principal component analysis was performed. Genome-
wide diversity (π) within each population and the pair
wise genetic differentiation between each population was
computed using VCFtools version 0.1.14 [48], with a
window size of 100 kb and a step size of 20 kb [49]. The
linkage disequilibrium decay rate was estimated by r2

values with distance across the loci. The < 1 kb distance
window for SNP pairs in 30 kb distance was used. The
NJ method based on Nei’s genetic distances among ge-
notypes [50] using the Mega X [51] followed for phylo-
genetic cluster analysis of germplasm. The tree was
visualized and edited by Evolview online tool [52].
PowerMarker v3.25 [53] was used to identify the core
germplasm for breeding. The PTGMS genes based clus-
ters of the germplasm were compared in seven possible
combinations viz.; 1) ‘pms3’ vs ‘tms5’, 2) ‘pms3’ vs
‘pms3 + tms5’, 3) ‘pms3’ vs Normal, 4) ‘tms5’ vs ‘pms3 +
tms5’, 5) ‘tms5’ vs Normal, 6) ‘pms3 + tms5’ vs Normal,
and 7)’ pms3,tms5,pms3 + tms5’ vs normal. The results
from comparison of normal genotypes to others (PTGM
S genes containing) lines were used to identify the candi-
date genes in selection sweeps and for their GO [54] and
KEGG enrichment analyses [55]. Finally, the top 10% of
germplasm repeatedly discovered in both methods was

identified as the core germplasm for future rice
breeding.
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