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Abstract: The exploitation of heterosis through intersubspecific hybridisation between indica and
japonica has been a major breeding target in rice, but is marred by the cross incompatibility between
the genomes. Wide compatibility (WC) is a triallelic system at the S5 locus on chromosome 6 that
ensures the specificity of hybridisation within and between indica and japonica. The S5n allele that
favours intercrossing is sparsely distributed in the rice gene pool and therefore warrants identification
of diverse WC sources to develop superior intersubspecific hybrids. In this study, we have identified
several novel WC sources through the marker-assisted screening of a large set of 950 rice genotypes.
Seventeen percent of the genotypes carried S5n, which fell into two subpopulations. The WC
genotypes showed wide phenotypic and genotypic variability, including both indica and japonica
lines. Based on phenotypic performance, the WC varieties were grouped into three clusters. A
subset of 41 WC varieties was used to develop 164 hybrids, of which WC/japonica hybrids showed
relative superiority over WC/indica hybrids. The multilocation evaluation of hybrids indicated
that hybrids derived from WC varieties, such as IRG137, IRG143, OYR128, and IRGC10658, were
higher yielding across all the three different locations. Most of the hybrids showed the stability of
performance across locations. The identified diverse set of wide compatible varieties (WCVs) can be
used in the development of intersubspecific hybrids and also for parental line development in hybrid
rice breeding.

Keywords: indica-japonica; wide compatible varieties; S5n; inter sub-species hybridization

1. Introduction

The yield advantage of hybrid progenies over their parents, the heterosis, has con-
tributed immensely to boosting the productivity of rice. In self-pollinated crops, heterosis
is relatively weak compared to cross-pollinated crops, due to the dominion of homozygous
balance [1]. Therefore, parental selection to promote cross-fertilization is of paramount
importance in breeding hybrid rice. A significant breakthrough in hybrid rice breeding
came with the discovery of wild-abortive (WA) cytoplasmic male sterility (CMS), which
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promoted a great deal of controlled cross-fertilization [2]. However, the WA system was
found to work better within the indica subgroup than within the japonica, due to poor
fertility restoration in the latter [3]. Using CMS systems, a significant effort has been
placed into developing several rice hybrids in the last four decades worldwide. In India
alone, 127 rice hybrids have been commercially released during the last three decades all
in the indica background. Among the heterotic systems in rice, however, intersubspecific
crosses are more heterotic than intrasubspecific crosses [4]. Yield heterosis in rice can
be arranged in the descending order of sub-specific combinations as indica/temperate
japonica > indica/tropical japonica > temperate japonica/tropical japonica > indica/indica
> japonica/japonica [5]. The development of intersubspecific hybrids, particularly the in-
dica/japonica combination, remains poorly resolved due to the major limitation of hybrid
sterility. Although the singular or dual origin of rice is still debated [6,7], the subspecific
differentiation is prominently associated with the reproductive barrier between indica and
japonica subtypes [8]. Further divergence of phenotypes and adaptations among indica and
japonica subspecies resulted in their genetic differentiation. Despite the heterotic potential,
indica–japonica hybrids were unsuccessful due to several hindrances viz., low seed setting,
poor spikelet filling, and transgression of plant height and growth duration [9]. Therefore,
it is important to break the crossability barrier between the two sub-species and harness
the heterotic potential of the indica/japonica hybrids.

The major hindrance in producing viable hybrids from indica/japonica crosses is hybrid
sterility, which occurs to varying degrees [10]. Sterility can occur either due to prezygotic
or postzygotic mechanisms. The prezygotic mechanism prevents the formation of hybrid
seed, while the postzygotic mechanisms occur after fertilization and seed formation and
encompass hybrid necrosis, hybrid weakness, hybrid sterility/semi sterility and lethality.
Hybrid sterility is one of the key forms of postzygotic reproductive isolation between
indica and japonica, caused due to the failure of chromosome pairing at the meiosis stage
abetted by the structural differences between parental chromosomes [11]. One of the major
genetic systems regulating the reproductive isolation of indica and japonica is the triallelic
system of the S5 locus [12]. Popularly known as the wide compatibility (WC) system, the
S5 locus has three alleles, S5-i, S5-j and S5-n [13]. Localized to chromosome 6 are two
specific alleles, S5-i to indica sub-species and S5-j to japonica sub-species. The third allele,
the S5-n allele, is neutral and does not show any subspecies allegiance. Among the alleles,
the hybridity of S5-i and S5-j alone leads to sterility, while all the other combinations result
in fertile grains. Plants with the S5-n/S5-j (or S5-i) genotype are fully fertile, while plants
with the S5-i/S5-j genotype have poor fertility. Specifically, the genotypes carrying S5-n
alleles can cross with both indica and japonica lines effectively, and are therefore called
wide compatible varieties (WCV). The S5-n allele has a 136 bp deletion in the S5 gene,
causing the deranged sub-cellular localization of the aberrant S5 protein and rendering
the gene non-functional. Therefore, whenever a WCV (S5-n) was crossed with indica (S5-i)
or japonica (S5-j) genotype, fertile hybrids would be produced [14]. Because of this ability,
WCVs can act as the bridge for indica–japonica hybridization. WCVs have been known for a
long time to the rice breeders as genotypes that cross freely with both indica and japonica
lines. Therefore, WC has been recognised as one of the key requirements to overcome the
fertility barrier among intersubspecific hybrids [15]. Moreover, WCVs can act as potential
donors for S5-n alleles, which can replace either S5-i or S5-j alleles in the parental stocks
to generate potentially viable hybrids. Integrating the portability of the S5-n allele into
WA-CMS restorers that are locally well adapted and agronomically desirable can generate
wide compatible restorer (WCR) lines. Conventionally, WCVs could be identified through
test crossing and analysing the spikelet fertility of the F1 hybrids, which is tedious and time
consuming. Moreover, identification on the basis of spikelet fertility data or by using other
morphological traits associated with the WC gene may be inconclusive due to interactions
from the external environment. The recent development of molecular markers linked to the
S5 locus could aid to overcome these limitations. A PCR-based co-dominant S5 functional
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multiplex marker system (S5-MMS) could identify indica and japonica alleles based on the
SNP they are carrying and also the S5-n allele based on the deletion [14].

Among the subspecies of Oryza sativa, there is a third group of genotypes that were
characteristically distinct from the major subtypes. Known previously as javanica types,
and later as tropical japonica, these groups of genotypes show an intermediary behaviour
between indica and japonica [15]. Most of these types are also characteristically cross
compatible with both indica and japonica genotypes and are known to harbour WC alleles.
However, utilization of tropical japonica in hybrid rice breeding has been limited due to
their lower productivity and other undesirable traits [16]. Further, the information on
their natural diversity among these group of genotypes is restricted, and they are less
well characterized at the molecular level [17]. Notwithstanding, the natural diversity and
distribution of the S5-n allele are not limited to tropical japonica. Two earlier known WCVs,
Dular and Nagina 22, come from the aus type of rice. To utilize the WC system in hybrid
diversification in rice, it is necessary to use genotypes with suitable allele combinations. It
may be difficult to utilize WCVs for developing hybrids directly, because of the undesirable
traits they may carry. This requires pre-breeding to incorporate desirable alleles including
WC into suitable backgrounds and then to improve parental lines for further hybrid
breeding. Therefore, recruiting the S5-n allele into the parental stock should be considered a
preliminary step for the development of heterotic indica/japonica hybrids. Moving towards
this, in the present study, we have surveyed a diverse set of 950 rice genotypes, including
tropical japonica lines and several other germplasm lines, for WC system diversity. Since
not much information is available, other than for Dular and Nagina 22, we have further
characterized the WCVs for their agronomic potential and hybrid fertility.

2. Results
2.1. Marker-Assisted Identification of Wide Compatible Varieties (WCVs)

The 950 rice genotypes included 744 indica (78.3%), 188 japonica (19.7%), 14 Basmati
(1.5%), and 4 aus types (0.4%) (Table 1). Out of 950 rice genotypes, 17% of the genotypes
were identified as wide compatible varieties (WCVs) possessing a homozygous S5-n allele
with a band size of 281 bp, 69% of the genotypes had the S5-i allele with a band size of
527 bp and 14% of the genotype were homozygous for the S5-j allele with a band size of
325 bp (Figure 1). Among these, 14% of indica genotypes possessed S5-n alleles, followed by
27% of japonica genotypes. Representative gel images for different S5 alleles are presented
in Figure 2. Among the 160 wide compatible varieties, 41% were IRG lines, 32% were
japonica lines and the remaining 27% were rice germplasm (Table S4).

Table 1. Distribution of S5 alleles in the germplasm assembly.

Class Number
Allelic Frequency

S5-i S5-j S5-n

indica 744 637 2 105
Japonica 188 0 137 51

Basmati/aromaitc 14 13 1 0
Aus 4 1 0 3
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Figure 2. Representative gel images showing the amplification profile of functional markers for
different alleles of S5 locus viz., S5-n, S5-i and S5-j in the 967 lines. (a) Screening for S5-n allele
using S5-InDel primer; (b) screening for S5-i allele using S5-ELSP; (c) screening for S5-j allele using
S5-JASP1.

2.2. Variation in Morphological Traits among the Wide Compatible Varieties

Analysis of variance showed significant variation among the 92 WCVs for all twelve traits.
A combined ANOVA was also calculated, which showed that the genotypic effect was
significant for various traits viz., plant height, panicle length, number of tillers per plant,
filled grains per panicle, unfilled grains per panicle, total grains per panicle, spikelet fertility
percentage, pollen fertility percentage, grain length, grain width, yield per plant and days
to 50% flowering. However, the environmental effect was significant for plant height,
panicle length, number of tillers per plant, filled grains per panicle, unfilled grains per
panicle, and total grains per panicle. Significant GE interaction was observed for all the
traits except panicle length (Table 2). The mean days to 50% flowering was recorded to
be 90 days, with a minimum of 78 and a maximum of 116 days; the mean value for grain
number was recorded as 175.8, with a range of 20.7 to 302.2; the spikelet fertility varied
from 31.9% to 99.4%, with an average of 86.4%; the plant height of WCVs varied from
80 cm to 231.6 cm, with an average of 146.2 cm; and yield per plant varied from 4.1 gm per
plant to 44.3 gm per plant, with an average of 18.6 gm per plant. The CV for all the traits
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ranged from 2–10%, except for unfilled grain with a CV of 17.6%, contributing the highest
variation, followed by filled grains with a CV of 8.34% and the number of tillers with a CV
of 8.02%. Plant height and grain length showed the lowest variation with a CV of 2.2%.

Table 2. Pooled ANOVA for twelve different agro-morphological traits.

Source DFF PH PL NT FG UFG TG SF (%) PF (%) YPP GL GW

Location (L) 94.6 8519.1 * 206.1 * 189.1 * 14585.4 * 265.0 * 18781.2 * 33.5 * 1005.5 422.8 * 0.3 0.1
WCVs (V) 238.5 * 4216.9 * 62.8 * 90.2 * 10131.4 * 1715.8 * 14820.0 * 261.9 * 221.8 * 327.1 * 10.0 * 0.8 *

L × V 9.8 * 26.3 * 1.8 1.8 * 316.6 * 52.1 * 406.8 * 14.9 * 13.2 * 9.7 * 0.3 * 0.0 *
Mean 90.1 146.2 23.6 9.5 148.9 26.9 175.8 85.1 86.4 18.6 8.7 2.5
Min 78.0 80.0 10.6 3.0 20.7 2.2 56.0 31.9 58.9 4.1 5.1 1.3
Max 116.0 231.6 32.9 24.4 302.2 132.9 344.1 98.3 99.4 44.3 12.9 3.4

CV% 2.4 2.2 6.47 8.02 8.34 17.6 7.76 3.6 3.3 7.6 2.2 6.0

DFF, days to 50% flowering; PH, plant height in cm; PL, panicle length in cm; NT, number of tillers per plant; FG,
number of filled grains; UFG, number of unfilled grains; TG, total number of grains; SF, spikelet fertility in %;
PF, pollen fertility in %; YPP, yield per plant in g; GL, grain length in mm; GW, grain width in mm; * significant
variance at 5% level.

2.3. Relationship among Wide Compatible Varieties Based on Agro-Morphological Traits

Based on the mean data on different morphological traits, the wide compatible varieties
were grouped into three clusters (Figure 3). Among the clusters, cluster 3 had the highest
number of lines (39 WCVs, 42.4%), followed by cluster 1 (33 WCVs, 35.9%) and cluster 2
(20 WCVs, 21.7%). The cluster centroids for different agro-morphological traits indicated
that WCVs with more grain numbers and yield per plant were in cluster 2, followed by
cluster 3 and cluster 1. Cluster 2 and cluster 1 possessed relatively taller plants than cluster
3, whereas WCVs with a greater number of tillers were found in cluster 1, followed by
cluster 2 and cluster 3 (Table 3).
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Table 3. Cluster centroids for different agro-morphological traits.

Cluster DFF PH PL NT FG UFG TG SF (%) PF (%) YPP GL GW

1 88.31 147.76 23.32 10.70 111.23 18.53 129.77 85.77 87.30 18.15 8.98 2.54
2 91.40 149.57 25.11 8.93 210.16 37.42 247.58 85.22 87.02 21.84 8.81 2.43
3 90.42 143.01 23.11 9.00 146.90 28.85 175.75 84.02 86.07 17.56 8.49 2.53

SE 0.67 2.78 0.34 0.41 4.31 1.76 5.17 0.71 0.63 0.77 0.14 0.04

DFF, days to 50% flowering; PH, plant height in cm; PL, panicle length in cm; NT, number of tillers per plant;
FG, number of filled grains; UFG, number of unfilled grains; TG, total number of grains; SF, spikelet fertility in %;
PF, pollen fertility in %; YPP, yield per plant in g; GL, grain length in mm; GW, grain width in mm.

2.4. Genotypic Variation among the Wide Compatible Varieties

The 92 wide compatible lines along with four checks, namely PS5, PRR78, Pusa6B
and Pusa44, were evaluated using 71 simple sequence repeat (SSR) markers distributed
throughout the rice genome to determine the molecular diversity among the WCVs. Based
on screening, 71 SSR markers generated a total of 199 different alleles with a minimum
amplified product of 60 bp and a highest of 530 bp and the allelic range varied from 2 to 5
for a single locus. A total of 29 micro-satellite markers were bi-allelic, 29 markers were
tri-allelic, 11 markers were tetra-allelic and 2 markers were penta-allelic. The highest
numbers of alleles were observed in RM24 and RM152. Major allele frequency (MAF),
which can be defined as alleles with more than 5% frequency, ranged from 0.3611 to 0.9063
with a mean MAF of 0.6133. RM144 had a minimum MAF of 0.3611 followed by RM6
(0.375), whereas qGN4.1 had a maximum MAF of 0.9063 followed by InDel-S5 (0.8854)
and RM26 (0.8646). The molecular genetic diversity index ranged from 0.1699 (qGN4)
to 0.6963 (RM24); the average was 0.4909. The average heterozygosity was 0.00077, and
ranged from 0 to 0.033. The polymorphic information content (PIC) ranged from 0.1555 to
0.647; the average was 0.41225. RM24 was found to be the most polymorphic marker in
the genotype panel, with a PIC of 0.647, followed by RM144 (0.622), and RM19 (0.6205).
Likewise, qGN4 was found to be least polymorphic with a PIC value of 0.1555, behind
InDel-S5 (0.1823). The overall information on genetic variability, PIC, and the total number
of alleles is provided in Table 4.

Table 4. Chromosome-wise summary of genetic variation based on 71 microsatellite markers.

Chromosome Markers
Allele Number

MAF GD PIC
Range Mean

1 10 2–5 3.10 0.57 0.54 0.46
2 9 2–3 2.56 0.56 0.53 0.44
3 11 2–3 2.73 0.67 0.44 0.36
4 1 2 2.00 0.91 0.17 0.16
5 9 2–4 2.78 0.67 0.46 0.39
6 5 2–3 2.20 0.67 0.42 0.34
7 3 2–3 2.67 0.63 0.46 0.39
8 8 2–5 3.00 0.60 0.51 0.44

10 5 2–4 2.80 0.59 0.50 0.40
11 5 2–4 2.80 0.53 0.55 0.47
12 2 4 4.00 0.57 0.56 0.50

MAF, major allele frequency; GD, genetic distance; PIC, polymorphism information content.

2.5. Population Structure

The population structure of the WCVs indicated the presence of two distinct subpopu-
lations (Figure 4). Within a group, wide compatible varieties with affiliation probabilities
≥50% were assigned to a distinct group and those with <95% were treated as ‘admixture’.
A total of 71 WCVs had affiliation probabilities ≥95%, whereas 25 lines had shown mixed
ancestry. A total of 35 genotypes (36.5%) were grouped into a first population (POP1),
while 61 genotypes (63.5%) were grouped in the second population (POP2) (Figure 4).
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Out of the total 25 admixed genotypes, 10 were from POP1 and 15 from POP2. The
proportion of admixtures was more in POP1 (0.29) than in POP2 (0.25). The allele frequency
divergence among the subpopulations was 0.134 (Table 5). The average expected heterozygos-
ity between the individuals within POP1 was 0.47, while that of POP2 was 0.38. The fixation
index (FST) of POP1 was 0.15 and POP2 was 0.32. POP1 consisted of 7.4% of indica genotypes
and 92.6% of japonica genotypes. Contrarily, POP2 accounted for 80.6% of indica lines and
19.4% of japonica lines along with two aus genotypes. Interestingly, 12 genotypes belonged
to the phenotypic cluster 1 in POP1, which included 3 indica and 9 japonica lines. Likewise,
8 cluster 2 genotypes (all japonica), and 13 cluster 3 genotypes (1 indica and 12japonica) were
found in POP1. In POP2, there were 21 cluster 1 genotypes (18 indica and 3 japonica), 12 indica
genotypes belonging to cluster 2 and 26 cluster 3 genotypes (20 indica, 4 japonica, and
2 aus). Among the checks used, Pusa 6B and PRR78 were grouped into POP1 and showed
admixing with POP2 alleles. Among the aus-type WCVs, Nagina 22 showed apparent
admixing, while Dular did not and belonged to POP2. In addition, the checks Pusa 44 and
Pusa Sugandh 5 (PS5) showed no admixing and were grouped into POP2.

Table 5. Subpopulation genetic parameters and distribution of various classes of WCVs and agro-
nomic clusters among the subpopulations.

Particulars
POP1 POP2

CI CII CIII CI CII CIII

indica 3 0 1 18 12 20
japonica 9 8 12 3 0 4
Aus 0 0 0 0 0 2
Total members 12 8 13 21 12 26
Membership proportion 0.359 0.641
Proportion of admixtures 0.242 0.254
Distance within cluster (He) 0.466 0.38
FST 0.148 0.327
Distance between cluster 0.134

He, expected heterozygosity; FST, fixation statistic.

2.6. Graphical Clustering Based on Genetic Distance

Based on the genetic distance estimated using simple matching coefficients, the WCVs
fell into two major clusters (Figure 5), group 1 comprising 34 WCVs and group 2 comprising
58 WCVs including checks. Group 1 was predominantly made up of japonica genotypes
(32) along with two indica varieties, Shah Pasand and Pusa 1176, whereas group 2 had an
equal distribution of indica (30) and japonica (26) along with two aus varieties, Dular and
Nagina 22.
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2.7. Performance of Intersubspecific Hybrids across the Locations

A total of 164 hybrids were developed utilizing 41 wide compatible varieties with
two indica and two japonica lines, namely Pusa44, IR64, TPJ29 and TPJ52. Analysis of
variance showed that there was significant variation for genotypic effect for all the locations
(Table 6).

Table 6. Combined ANOVA for different agro-morphological traits based on evaluation of 164
hybrids along with 4 checks in augmented block design across 3 environments.

Trait
WC/indica WC/japonica Variance

Mean Range Mean Range Geno Loc GxL

Tiller number 9.4 4.3–24.1 10.0 4.0–25.2 7.9 ** 10.82 ** 9.16 **
Plant height 115.4 91.7–151.9 121.0 94.7–148.0 47.1 ** 55.40 ** 86.2 **

Panicle length 23.3 17.1–30.8 22.8 18.3–29.7 5.8 ** 4.90 ** 9.13 **
Filled grain 93.8 21.3–192.2 99.0 21.1–189.8 132.9 ** 66.30 ** 458.1 **

Unfilled grain 37.5 6.1–122.3 40.8 9.0–152.5 64.5 ** 59.90 ** 296.6 **
Spikelet fertility 71.8 22.2–91.5 72.3 17.6–90.0 13.5 ** 6.6 ** 104.3 **
Yield per plant 21.5 4.7–47.1 22.1 6.7–53.5 5.8 ** 3.0 ** 3.8 **

** p ≤ 0.00; Geno, genotype; Loc, location; WC, wide compatible.

Further, hybrids were sub-grouped based on allelic status, namely S5-nS5-I and S5-
nS5-j, and single-factor ANOVA was performed for spikelet fertility (%) between the
groups. ANOVA revealed no significant variance between groups in each location. A
similar analysis was also performed for spikelet fertility (%) based on the overall mean and
a non-significant effect was observed between groups (Table S5). Based on overall mean
performance, plant height of the inter sub-specific crosses derived from wide compatible
varieties ranged between 85.0 cm (WCH141) and 146.00 cm (WCH113), with a mean value
of 113.60. Crosses with IRGC15046 had a high mean value for plant height (117.5 cm)
followed by IR64 (106.5 cm). As far as the number of tillers per plant is concerned, crosses
derived from wide compatible varieties WCV86 (26) produced a greater number of tillers.
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Hybrids derived from IRGC137 (177.00 and 176.00), BJ-1 (171.6) and Lalan Kanda (166)
were found to be superior for filled grain per panicle. Spikelet fertility percentage was
higher in WCH15 (91.8), followed by WCH47 (91.2), WCH125 (90.9), WCH86 (90.4) and
WCH16 (90.3). Hybrids developed using wide compatible varieties IRG137 (50.40 gm),
IRG143 (48.8 gm), OYR128 (46.8 gm) and IRGC10658 (44.50 gm) were found to be promising
across all three different locations (Table S6).

2.8. Multi-Locational Evaluation of Hybrids Using GGE Biplot

In the GGE biplot analysis, a stable genotype is placed closest to the average envi-
ronment axis and is distributed over it based on the highest mean performance. The GGE
biplot for most variable traits, namely plant height and filled grain in the present study,
revealed that the majority of the variance is explained by the first two principal components;
PC1 and PC2 explained 91.4% and 7.2% of variation, respectively. The genotypes WCH89,
WCH51, and WCH113 (154.1 cm) had greater plant height at Cuttack, whereas WCH20
performed better at Aduthurai. The vector length of Barapani was less and it was unable to
differentiate the genotypes for plant height. Based on ranking genotype WCH14, WCH113
had greater plant height and occupied the origin of the GGE graph (Figure 6). The total
variance for filled grains was mostly explained by two principal components; 90.71% was
explained by PC1 and 8.68% was explained by PC2. The genotypes WCH8 and WCH9
showed better performance for filled grains at Aduthurai, followed by WCH4, whereas
WCH14 and WCH6 showed better performance at Barapani and Cuttack. Most of the
genotypes showed stable performance across the environment and occupied origin. The
ranking genotype graph showed that WCH155, WCH20 and WCH160 have more filled
grain and occupy the origin of the GGE graph.
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3. Discussion

Currently, the extent of rice cultivation in India is ~44 million hectares (mha), which
is the highest in the world. With an annual production of ~118 million tonnes (mt), India
ranks second after China in production. China produces 211.1 mt from 30.44 mha, a
productivity of 69.3 q/ha as compared to India’s productivity of 23.9 q/ha [18]. The major
reasons for China’s productivity can be attributed to the predominant cultivation of japonica
rice, as well as to the formidable success in extensive cultivation of rice hybrids. India
almost totally grows indica rice, which is less productive than japonica. Further, the extent
of cultivation of hybrid rice is marginal (6.8%) in India, extending ~3.0 mha, as compared
to ~48% in China [19]. The demand for rice in India is poised to take a quantum leap in the
future, 16% by 2030, 41% by 2040, and 67% by 2050 from the current production level [20].
To bridge the ensuing gap in food demand, rice production needs to be boosted, and one of
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the probable approaches is extending hybrid rice cultivation. However, the popularity of
rice hybrids in India has been very slow, primarily due to factors such as low marginal yield
gain over pure line varieties, increased seed cost and the need for seed renewal at every
cropping cycle [21]. To meet this challenge, heterosis in rice hybrids needs to be improved.

Rice hybrids are to be produced independently for different utilisation segments and
ecologies to achieve sustained spread and extensive cultivation. Therefore, the diversifi-
cation of parental lines for hybrid rice needs to be context specific. This needs a holistic
approach with respect to the requirements of the target segment, including grain quality
as well as general genetic systems that improve yield heterosis. If the indica–japonica
hybrids can be realised with the same ease of producing three-line or two-line hybrids
as currently practised in rice, the challenge of heterotic boosting can be met rather easily.
Judicious deployment of the WC system is hence required to meet this task. However, the
availability of WCVs across different rice segments is rather limited and comprehensive
information is seldom available on the diversity of the WC genetic system. Further, only
a limited number of WCVs have been utilized in the intersubspecific hybridization pro-
gram [22]. This requires an extensive survey across various rice types and source WCVs
within each group to develop/improve the parental stocks with WC. The availability of
marker systems targeting the S5-n allele can simplify this task by integrating the allele
through marker-assisted breeding.

More than 50 loci have been identified associated with hybrid sterility in rice [23].
Among all loci causing embryo sac abortion, the S5 locus has been recognised as prominent
in controlling indica–japonica hybrid compatibility. Therefore, the S5 alleles pertaining to
the two major subspecies ensure their reproductive isolation. However, the neutral allele,
S5-n is found distributed in both indica and japonica types with varying frequencies. This
study, despite being dominated by the indica genotypes, indicated an overall distribution
of the S5-n allele with a frequency of 0.17. The allelic frequencies among the 950 genotypes
tested were 0.69 for the S5-I allele and 0.14 for the S5-j allele. The indica genotypes possessed
the S5-n alleles with a frequency of 14%, whereas the japonica genotypes indicated a larger
proportion of S5-n, with a frequency of 27%. It may be pertinent here to emphasize that
most of the japonica types used in this study came from the tropical japonica group, which
is already known to harbour a relatively higher proportion of the S5-n allele [24]. Apart
from this, the Basmati/aromatic group did not carry the WC allele. Almost all of the
indica types contained S5-i, as expected, except for two IRG lines, IRG-17 and IRG-20. In
the case of japonica types, S5-j alleles predominated. There were three aus genotypes that
carried the S5-n allele. In an earlier study, Revathi et al. [24] found 46% of the genotypes
possessing the S5-n allele using an S5-InDel marker, along with 0.06% of the heterozygotes.
However, we could not find any S5-n heterozygotes in this evaluation. There are also
reports of the presence of 19.9% WCVs among a germplasm set of 584 genotypes comprising
154 cultivars, 207 IRRI germplasm accessions, 37 aromatic genotypes, 157 restorer lines,
12 maintainer lines and 17 breeding lines [14]. All the genotypes that were identified to
carry the S5-n alleles in this study can be construed as novel sources of WC, as they have
never been intentionally used for intersubspecific hybridisation. These 150 WCVs can
further be utilized in parental diversification and the development of indica/japonica-based
breeding programmes.

For further utilization of the WCVs, it is essential to characterise them agronomically
and genetically. Genetic diversity could help classify the genotypes into different target
classes, either agronomically, such as duration, yield and plant stature, or genetically, into
subpopulations. In order to do this, we further pooled the 160 WCVs identified to draw
a random subset for diversity analysis. The subset contained 92 WCVs along with four
checks for agronomic and molecular evaluation. Agronomically, the genotypes displayed a
three-cluster formation. Irrespective of the genetic grouping based on genomic differences,
the agronomy-based grouping helped us to practically utilise the genotypes for breeding
based on the similarity/contrast of quantitative and morphological traits [25]. This aids in
formulating crossing schemes considering flowering synchrony, as well as by matching the
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duration classes. High- and low-yielding types can also be distinguished. Moreover, photo-
sensitive and -insensitive lines can be distinguished for choosing the breeding seasons.
Therefore, morphology-based grouping can supplement the genetic grouping in designing
effective breeding strategies for forming an intersubspecific breeding program [26]. Using
a similar strategy, Kumar et al. [27] grouped iso-cytoplasmic rice restorers derived from
the commercial hybrids into two major groups based on morphological traits. The number
of groups based on agronomic traits often varies from the genetic groups because of the
extreme phenotypic variation that can occur within a genetically similar class. There are
earlier reports in which a small group of 41 rice genotypes were grouped into 6 clusters
based on 13 morphological traits [28].

As emphasised above, molecular marker-based diversity studies provide the opportu-
nity to classify the population based on genomic similarities. Genotypes based on 71 SSR
markers and 92 WCVs fell into two subpopulations in both the graphical and model-based
approaches. The estimated genetic diversity of the markers indicated sufficient resolving
power suitable for genetic groping of the WCVs. The overall genetic distance revealed that
the genetic variability present among these lines was moderate, with 2.80 alleles per marker
and an average PIC value of 0.41, with an overall Nei’s gene diversity of 0.49. The aver-
age allele number per marker found among the WCVs was similar to that recorded from
genotype sets with a narrow genetic base, such as Japanese [29] and Korean cultivars [30],
but lower than from diverse germplasm sets [31–35]. The allele frequency divergence
between the subpopulations or subgroups of genotypes indicates the population struc-
ture [36,37]. The genotypes from different subpopulations are assumed to be descended
from different sets of ancestors that have become isolated in the evolutionary process.
Therefore, there may be common alleles distributed across the whole population along
with specific alleles that are characteristic of subpopulations. Therefore, an admixed model
with correlated allelic frequencies is preferred in estimating the population structure. The
allelic frequencies either use identical by descent or identical by state probabilities. The
assumed subpopulations (K) therefore show a maximum difference in the log probability
at each K, Pr(X|K) at the best K [38]. Accordingly, the two subpopulations identified in
this study, one with 31 genotypes and the other with 49 genotypes indicated a large level
of admixing between the subpopulations. The same Bayesian model-based approach has
been used to study the population structure of plant populations by various researchers.
In most of the studies on rice subpopulations, two subpopulations are most commonly
detected, pertinently due to indica–japonica subspecific differentiation [39]. However, there
are reports of up to 7 subpopulations reported among 416 rice accessions collected from
China [33]. Besides, the admixtures are common in rice subpopulations, indicating high
admixing between populations. However, there are currently no studies reporting the
population structure of WCVs, except for the inclusion of a few genotypes among the large
populations studied [40]. Genetic differentiation among WCV subpopulations indicated
that they are moderately divergent and contained admixtures (28.6% in POP1 and 24.6% in
POP2). Based on genetic differentiation among the wide compatible varieties identified,
within-group variability was high among the subpopulations. The genetic diversity iden-
tified herein may not reflect the phenotypic diversity effectively, since the SSR markers
are mainly present in non-coding regions [41]. The use of random markers for assessing
genetic diversity might not reflect the functionally useful variations prevalent in the coding
regions of the genome [42], and thus may not classify genotypes based on the quantitative
expression of traits. Nevertheless, the overall genetic diversity would be useful in selecting
genetically diverse parents for breeding programmes. Phenotypic analysis, therefore, needs
to be integrated into genetic variations for ensuring the effective use of functional variants
in breeding. The selection of parental lines from distant clusters would help in improved
heterosis, which may further improve the yielding potential of hybrids.

The agronomic performance of WCVs indicated that they can be grown in wider
ecologies, which is essential for their effective utilisation as WC donors. Donor geno-
types with lesser diversity with the target set of recipients can help in improved breeding
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efficiency due to fewer alterations in the target traits and leverages the recovery of the
recipient genome.

Yet, WCVs are to be evaluated for their ability in cross compatibility. We have selected
a subset of 41 genotypes to test this, and the selection was made based on their flowering
behaviour and plant type. Two indica parents, Pusa 44 and IR64, were selected along with
two japonica parents, IRGC8146 and IRGC15046, and the 164 hybrids showed average
spikelet fertility of 70.5%, implying that the WCVs identified in the study are effective and
useable in breeding. Hybrids also showed significant variation for other agronomic traits,
as well as varying stability levels. Hybrids and checks showed differential behaviour with
changes in the environment. Therefore, the hybrids were evaluated across three locations
and it was found that the majority of the hybrids had excellent spikelet fertility (%), with an
average of 70.53%. Dular and Nagina 22 have been extensively utilized in inter sub-specific
hybridization by Vijayakumar et al. [22]. Here, we also aimed to identify superior wide
compatible varieties with higher spikelet fertility than the existing ones. We have identified
a few combinations, namely WCH 41, WCH 73, WCH 120, WCH 36 and WCH 80, which
showed higher spikelet fertility (%) than hybrids derived from Dular and Nagina 22. Our
results justify the selection of parental lines for the development of intersubspecific hybrids.
The average mean value was higher for spikelet fertility when indica testers were crossed
with indica lines carrying neutral alleles, whereas in the case of the japonica tester, higher
spikelet fertility was observed when crossed with japonica lines carrying the neutral allele.
Additionally, average spikelet fertility was higher (72.3%) when japonica lines were used
as the female parent. In our study, we used all wide compatible varieties as male parents
and found higher expression of spikelet fertility. Vijayakumar et al. [22] observed higher
expression of traits in hybrids when the WC gene in a male parent was used.

To study the variation in spikelet fertility between S5-i/S5-n and S5-j/S5-n, F1 hybrids
were classified into two groups. In this study, 82 hybrids were derived from crosses
between 41 wide compatible varieties with two indica lines, and another 82 hybrids were
derived from crosses between 41 wide compatible varieties with two japonica lines, and it
was observed that there were no significant differences between the groups with respect
to spikelet fertility (%). Therefore, the potentiality of identified WCVs is assumed and
the utility of a PCR-based functional marker (InDel S5) is shown for quick and precise
identification of wide compatible varieties. These identified superior wide compatible
varieties can further be used as a novel source of WC genes and will be utilized for marker-
assisted incorporation of neutral alleles into elite rice varieties and the development of inter
sub-specific hybrids.

4. Materials and Methods

A total of 950 genotypes, which included 178 tropical japonica lines, 293 IRG (Interna-
tional Rice Germplasm) lines collected from IRRI, along with 479 germplasm lines (released
varieties) maintained at the Division of Genetics, ICAR-IARI, were used for the study. The
details of the lines used are provided in Table S1.

4.1. Molecular Screening of Germplasm for Wide Compatibility Gene (S5-n)

Initially, all the 950 genotypes were subjected to screening using PCR-based functional
markers, namely S5-InDel for the neutral allele, S5-ELSP for the indica allele and S5-JASP1
for the japonica allele, to analyse the allelic status at the S5 locus. The list of primers used for
screening germplasm is provided in Table S2. Three-week-old seedlings were used to isolate
genomic DNA using a standard protocol [43]. A 10 µL reaction volume was prepared to
perform polymerase chain reaction (PCR). Initially, template DNA was denatured at 94 ◦C
(5 min), and then continuous PCR amplification (35 cycles) was performed. These 35 cycles
of PCR amplification consist of three steps, denaturation at 94 ◦C for 30 s, annealing for
1 min at 55 ◦C and primer extension for 1 min at 72 ◦C, with a final extension for 7 min
at 72 ◦C; the product was then cooled to 4 ◦C. The amplicons were analysed through
electrophoresis in a 3.5% agarose gel mixed with 0.1 mg/mL using TAE buffer (1×). Based
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on the banding pattern of the gel, the lines were scored as indica, japonica, neutral or
heterozygous types.

4.2. Phenotyping

The 92 wide compatible genotypes identified along with Dular and Nagina 22 were
grown in two replications in a randomized block design at three different locations: IARI-
ICAR, Experimental farm, New Delhi during Kharif 2020; off-season 2020 at RBGRC,
ICAR-IARI Research station, Aduthurai, Tamil Nadu; and ICAR-IARI Research station,
Karnal, Haryana during Kharif 2020. Phenotypic data were recorded on five healthy plants
for each of wide compatible genotypes for twelve agro-morphological traits, namely days
to 50% flowering, plant height, panicle length, number of tillers, number of filled grains
per panicle, number of unfilled grains per panicle, the total number of grains per panicle,
spikelet fertility (%), pollen fertility (%), grain length, grain width and yield per plant. Agro-
morphological traits were subjected to analysis of variance (ANOVA). All the analyses
were carried out using the R statistical environment [44].

4.3. Genotyping

A total of 71 microsatellite markers (Table S3), which are evenly distributed across
12 chromosomes for assessing molecular diversity, were used for the estimation of genetic
relation among 92 wide compatible genotypes along with 4 checks, namely PS5, PRR78,
Pusa6B and Pusa44.

4.4. Diversity Analysis

The statistical analysis consists of, alleles/locus, major allele frequency, expected and
observed heterozygosity, gene diversity and polymorphic information content (PIC). The
molecular distance-based clustering was performed with UPGMA by using Power Marker
v3.25 [45]. Polymorphic information content was calculated as per the formula given by [46]
for self-pollinated crops and further modified by [47].

PICi= 1−
n

∑
j=1

P2
ij

where Pij is the proportion of the jth allele of the ith marker.
Genetic distance between the tropical japonica accessions was computed using Rogers

distance [48] and the distance matrix was subjected to hierarchical clustering using the un-
weighted pair group method using averages (UPGMA). The dendrogram was constructed
using Power Marker v3.25 and visualized using MEGA X.

4.5. Determination of Population Structure

It is established that different gene frequencies among the individuals in a population
can stratify them into several subgroups. These differences may arise due to geographical
isolation or any sort of selection performed on a population i.e., artificial or natural. To
determine the geographical effects on the population structure of tropical japonica lines,
pairwise FST values were computed between each geographical group. Analysis was per-
formed using PopGene Version 1.32 [49]. The pairwise FST values were used for Euclidean
clustering using hierarchical agglomerative methods, such as UPGMA, and visualized
using the R statistical environment. Further, to detect the cumulative population structure
of the test panel, Bayesian modelling of genotype data was used. The analysis assumes
an admixture model for the population with correlated allelic frequencies. Analysis was
carried out using Structure v.2.3.4. To detect the number of subpopulations, the structure
generates a matrix of co-ancestry coefficients (Q matrix) that explains the probabilities of
an individual falling into a subpopulation. The optimum number of subpopulations was
determined using simulation summary statistics, by determining the ∆K using an ad hoc
procedure [50]. Analysis was performed using the online tool Structure Harvester [51].
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4.6. Development and Evaluation of Inter Sub-Species Hybrids across Three Locations

A total of 164 inter sub-specific hybrids were developed utilizing 41 wide compatible
varieties by hybridizing with two indica parents, Pusa44 and IR64, and two japonica parents,
TPJ29 (IRGC8146) and TPJ52 (IRGC15046). These hybrids were grown for multi-locational
evaluation at three locations: Aduthurai, Cuttack and Barapani. Morphological data
were recorded on five healthy plants for each wide compatible hybrid for seven agro-
morphological traits: days to plant height, panicle length, number of tillers, number of
filled grains per panicle, number of unfilled grains per panicle, spikelet fertility (%) and
yield per plant. We tested the hybrids for their stability in performance across the multiple
locations using the GGE biplot approach [52].

5. Conclusions

The functional marker system was found to be highly effective in the screening of
rice germplasms to identify wide compatible varieties that will greatly reduce labour costs
and time. A novel panel of WCVs identified in the study could be used to incorporate
the WC gene into elite genotypes, including elite maintainer lines (B line) with either an
indica or japonica background. Based on the diversity analysis, the diverse lines belonging
to the different clusters can be evaluated and used as parents for developing superior
intersubspecific hybrids. The wide compatible varieties identified in the present study
would be useful in obtaining the fertile hybrids between indica and japonica crosses and in
combining the superior traits of both the sub-species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11151930/s1, Table S1: Genotyping of 950 different rice
lines for S5 locus based on three functional markers viz., S5-InDel, S5-IASP2 and S5-JASP1; Table
S2: List of primers used for screening of the rice germplasm; Table S3: List of 71 standard SSR
primers used for genetic diversity analysis; Table S4: List of wide compatible varieties identified;
Table S5: Mean of hybrids for spikelet fertility (%) in indica and japonica subgroups; Table S6: Mean
performance of hybrids across three locations.

Author Contributions: Conceptualization, P.K.B. and A.K.S.; Data curation, V.J.S., K.K.V. and S.N.;
Formal analysis, J.K., V.J.S., K.K.V., S.N. and R.K.E.; Funding acquisition, A.K.S.; Investigation, J.K.,
V.J.S., S.N., M.N., A.K., M.C., R.K.S. and P.K.B.; Methodology, V.J.S., S.G.K., B.K.D., R.K.E., H.B.
and P.K.B.; Project administration, P.K.B. and A.K.S.; Resources, S.G.K., M.N. and P.K.B.; Software,
K.K.V.; Supervision, S.G.K. and T.K.M.; Visualization, K.K.V.; Writing—original draft, J.K. and V.J.S.;
Writing—review & editing, K.K.V. and P.K.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by an IARI fellowship to the senior author (J.K.) and by the
Consortia Research Platform on Hybrid Technology (CRP-HT) of the Indian Council of Agricultural
Research, New Delhi (Project code: 12-142A).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the Supplementary
Materials.

Acknowledgments: Authors acknowledge the help and support received from IARI-Rice Breeding
and Genetics Research Centre, Aduthurai, ICAR-National Rice Research Institute, Cuttack, and ICAR-
Research Complex for North-Eastern Hill Region, Barapani, during field experimentation.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/plants11151930/s1
https://www.mdpi.com/article/10.3390/plants11151930/s1


Plants 2022, 11, 1930 15 of 16

References
1. Jinks, J.L.; Mather, K. Stability in development of heterozygotes and homozygotes. Proc. R. Soc. Lond. Ser. B Biol. Sci. 1955, 143,

561–578. [CrossRef]
2. Lin, S.C.; Yuan, L.P. Hybrid rice breeding in China. In Innovative Approaches to Rice Breeding; International Rice Research Institute:

Manila, Philippines, 1980; pp. 35–51.
3. Shidenur, S.; Singh, V.J.; Vinod, K.K.; Krishnan, S.G.; Ghritlahre, S.K.; Bollinedi, H.; Ellur, R.K.; Dixit, B.K.; Singh, B.; Nagarajan,

M.; et al. Molecular detection of WA-CMS restorers from tropical japonica-derived lines, their evaluation for fertility restoration
and adaptation. Plant Breed. 2019, 138, 553–567. [CrossRef]

4. Singh, V.J.; Bhowmick, P.K.; Vinod, K.K.; Krishnan, S.G.; Nandakumar, S.; Kumar, A.; Kumar, M.; Shekhawat, S.; Dixit, B.K.; Malik,
A.; et al. Population Structure of a Worldwide Collection of Tropical Japonica Rice Indicates Limited Geographic Differentiation
and Shows Promising Genetic Variability Associated with New Plant Type. Genes 2022, 13, 484. [CrossRef] [PubMed]

5. Yuan, L.P. Increasing yield potential in rice by exploitation of heterosis. In Hybrid Rice Technology: New Developments and Future
Prospects; Virmani, S.S., Ed.; International Rice Research Institute: Los Baños, Philippines, 1994; pp. 1–6.

6. Silva, F.; Stevens, C.J.; Weisskopf, A.; Castillo, C.; Qin, L.; Bevan, A.; Fuller, D.Q. Modelling the geographical origin of rice
cultivation in Asia using the rice archaeological database. PLoS ONE 2015, 10, e0137024. [CrossRef]

7. Gutaker, R.M.; Groen, S.C.; Bellis, E.S.; Choi, J.Y.; Pires, I.S.; Bocinsky, R.K.; Slayton, E.R.; Wilkins, O.; Castillo, C.C.; Negrão, S.;
et al. Genomic history and ecology of the geographic spread of rice. Nat. Plants 2020, 6, 492–502. [CrossRef] [PubMed]

8. Ouyang, Y. Reproductive isolation between indica and japonica subspecies. In Genetics and Genomics of Rice. Plant Genetics and
Genomics: Crops and Models; Zhang, Q., Wing, R., Eds.; Springer: New York, NY, USA, 2013; Volume 5. [CrossRef]

9. Yanagihara, S.; Kato, H.; Ikehashi, H. A new locus for multiple alleles causing hybrid sterility between an aus variety and javanica
varieties in rice (Oryza sativa L.). Jpn. J. Breed. 1992, 42, 793–801. [CrossRef]

10. Kostylev, P.I.; Alabushev, A.V.; Krasnova, E.V.; Redkin, A.A.; Kostyle, L.M. A study of F1 rice hybrids from crossing two subspecies:
Indica and japonica, in south Russia’s climate. Biosci. Biotechnol. Res. Asia 2017, 14, 209–217. [CrossRef]

11. Ikehashi, H.; Araki, H. Genetics of F1 sterility in remote crosses of rice. In Rice Genetics I: (In 2 Parts), Proceedings of the International
Rice Genetics Symposium; International Rice Research Institute: Manila, Philippines, 1985; pp. 119–130.

12. Chen, J.; Ding, J.; Ouyang, Y.; Du, H.; Yang, J.; Cheng, K.; Zhao, J.; Qiu, S.; Zhang, X.; Yao, J.; et al. A triallelic system of S5 is a
major regulator of the reproductive barrier and compatibility of indica–japonica hybrids in rice. Proc. Nat. Acad. Sci. USA 2008,
105, 11436–11441. [CrossRef]

13. Ikehashi, H.; Araki, H. Varietal screening of compatibility types revealed in F1 fertility of distant crosses in rice. Jpn. J. Breed. 1984,
34, 304–313. [CrossRef]

14. Sundaram, R.M.; Sakthivel, K.; Hariprasad, A.S.; Ramesha, M.S.; Viraktamath, B.C.; Neeraja, C.N.; Balachandran, S.M.; Shobha
Rani, N.; Revathi, P.; Sandhya, P.; et al. Development and validation of a PCR-based functional marker system for the major
wide-compatible gene locus S5 in rice. Mol. Breed. 2010, 26, 719–727. [CrossRef]

15. Revathi, S.; Sakthivel, K.; Manonmani, S.; Umadevi, M.; Ushakumari, R.; Robin, S. Genetics of wide compatible gene and
variability studies in rice (Oryza sativa L.). J. Genet. 2016, 95, 463–467. [CrossRef] [PubMed]

16. Mackill, D.J.; Lei, X. Genetic variation for traits related to temperate adaptation of rice cultivars. Crop Sci. 1997, 37, 1340–1346.
[CrossRef]

17. Shidenur, S.; Singh, V.J.; Vinod, K.K.; Krishnan, S.G.; Ghritlahre, S.K.; Bollinedi, H.; Dixit, B.K.; Ellur, R.K.; Nagarajan, M.; Singh,
A.K.; et al. Enhanced grain yield in rice hybrids through complementation of fertility restoration by Rf3 and Rf4 genes as revealed
by multi-location evaluation of tropical japonica derived rice (Oryza sativa L.) hybrids. Plant Breed. 2020, 139, 743–753. [CrossRef]

18. Kumar, A.; Bhowmick, P.K.; Singh, V.J.; Malik, M.; Gupta, A.K.; Seth, R.; Nagarajan, M.; Krishnan, S.G.; Singh, A.K. Marker-
assisted identification of restorer gene (s) in iso-cytoplasmic restorer lines of WA cytoplasm in rice and assessment of their fertility
restoration potential across environments. Physiol. Mol. Biol. Plants 2017, 23, 891–909. [CrossRef] [PubMed]

19. Huang, M. The decreasing area of hybrid rice production in China: Causes and potential effects on Chinese rice self-sufficiency.
Food Secur. 2021, 14, 267–272. [CrossRef]

20. Pathak, H.; Tripathi, R.; Jambhulkar, N.N.; Bisen, J.P.; Panda, B.B. Eco-regional rice farming for enhancing productivity, profitability
and sustainability. In NRRI Research Bulletin No. 22; ICAR-National Rice Research Institute: Cuttack, India, 2020; p. 28.

21. Rout, D.; Jena, D.; Singh, V.; Kumar, M.; Arsode, P.; Singh, P.; Katara, J.L.; Samantaray, S.; Verma, R. Hybrid rice research: Current
status and prospects. In Recent Advances in Rice Research; Ansari, M.R., Ed.; Intech Open: London, UK, 2020; pp. 1–23. [CrossRef]

22. Vijayakumar, C.H.M.; Ahmed, M.I.; Viraktamath, B.C.; Ramesha, M.S. Identification and utilisation of wide compatibility gene in
rice. Indian J. Genet. Plant Breed. 1999, 59, 139–148.

23. Li, J.; Zhou, J.; Hang, Y.; Yang, Y.; Pu, Q.; Tao, D. New insights into the nature of interspecific hybrid sterility in rice. Front. Plant
Sci. 2020, 11, 1445. [CrossRef]

24. Revathi, P.; Singh, A.K.; Sundaram, R.M.; Senguttuvel, P.; Kemparaju, K.B.; Hariprasad, A.S.; Viraktamath, B.C. Molecular
screening for the presence of wide compatibility gene S5 neutral allele in the parental lines of hybrid rice. Indian J. Genet. Plant
Breed. 2010, 70, 373.

25. Franco, J.; Crossa, J.; Ribaut, J.M.; Bertran, J.; Warburton, M.L.; Khairallah, M. A method for combining molecular markers and
phenotypic attributes for classifying plant genotypes. Theor. Appl. Genet. 2001, 103, 944–952. [CrossRef]

http://doi.org/10.1098/rspb.1955.0029
http://doi.org/10.1111/pbr.12701
http://doi.org/10.3390/genes13030484
http://www.ncbi.nlm.nih.gov/pubmed/35328038
http://doi.org/10.1371/journal.pone.0137024
http://doi.org/10.1038/s41477-020-0659-6
http://www.ncbi.nlm.nih.gov/pubmed/32415291
http://doi.org/10.1007/978-1-4614-7903-1_21
http://doi.org/10.1270/jsbbs1951.42.793
http://doi.org/10.13005/bbra/2437
http://doi.org/10.1073/pnas.0804761105
http://doi.org/10.1270/jsbbs1951.34.304
http://doi.org/10.1007/s11032-010-9482-5
http://doi.org/10.1007/s12041-016-0640-3
http://www.ncbi.nlm.nih.gov/pubmed/27350693
http://doi.org/10.2135/cropsci1997.0011183X003700040051x
http://doi.org/10.1111/pbr.12818
http://doi.org/10.1007/s12298-017-0464-5
http://www.ncbi.nlm.nih.gov/pubmed/29158637
http://doi.org/10.1007/s12571-021-01199-z
http://doi.org/10.5772/intechopen.93668
http://doi.org/10.3389/fpls.2020.555572
http://doi.org/10.1007/s001220100641


Plants 2022, 11, 1930 16 of 16

26. Shahidullah, S.M.; Hanafi, M.M.; Ashrafuzzaman, M.; Ismail, M.R.; Khair, A. Genetic diversity in grain quality and nutrition of
aromatic rices. Afr. J. Biotech. 2009, 8, 1238–1246.

27. Kumar, A.; Singh, V.J.; Krishnan, S.G.; Vinod, K.K.; Bhowmick, P.K.; Nagarajan, M.; Ellur, R.K.; Bollinedi, H.; Singh, A.K.
WA-CMS-based iso-cytoplasmic restorers derived from commercial rice hybrids reveal distinct population structure and genetic
divergence towards restorer diversification. 3 Biotech 2019, 9, 299. [CrossRef] [PubMed]

28. Mazid, M.S.; Rafii, M.Y.; Hanafi, M.M.; Rahim, H.A.; Shabanimofrad, M.; Latif, M.A. Agro-morphological characterization and
assessment of variability, heritability, genetic advance and divergence in bacterial blight resistant rice genotypes. S. Afr. J. Bot.
2013, 86, 15–22. [CrossRef]

29. Hashimoto, Z.; Mori, N.; Kawamura, M.; Ishii, T.; Yoshida, S.; Ikegami, M.; Takumi, S.; Nakamura, C. Genetic diversity and
phylogeny of Japanese sake-brewing rice as revealed by AFLP and nuclear and chloroplast SSR markers. Theor. Appl. Genet. 2004,
109, 1586–1596. [CrossRef] [PubMed]

30. Song, M.T.; Lee, J.H.; Lee, S.B.; Cho, Y.S.; Ku, J.H.; Seo, K.I.; Choi, S.H.; Hwang, H.G. Genetic diversity of Korean rice breeding
parents as measured by DNA fingerprinting with simple sequence repeat (SSR) markers. Korean J. Plant Res. 2003, 6, 16–26.

31. Singh, V.J.; Gampala, S.; Chakraborti, S.K.; Singh, A.K. Molecular characterization and genetic diversity analysis of rice varieties
and landraces based on SSR markers. Ecoscan 2015, 9, 363–368.

32. Cho, Y.G.; Ishii, T.; Temnykh, S.; Chen, X.; Lipovich, L.; McCouch, S.R.; Park, W.D.; Ayres, N.; Cartinhour, S. Diversity of
microsatellites derived from genomic libraries and GenBank sequences in rice (Oryza sativa L.). Theor. Appl. Genet. 2000, 100,
713–722. [CrossRef]

33. Yu, G.Q.; Bao, Y.; Shi, C.H.; Dong, C.Q.; Ge, S. Genetic diversity and population differentiation of Liaoning weedy rice detected
by RAPD and SSR markers. Biochem. Genet. 2005, 43, 261–270. [CrossRef]

34. Zhang, P.; Li, J.; Li, X.; Liu, X.; Zhao, X.; Lu, Y. Population structure and genetic diversity in a rice core collection (Oryza sativa L.)
investigated with SSR markers. PLoS ONE 2011, 6, e27565. [CrossRef]

35. Sruthi, K.; Divya, B.; Senguttuvel, P.; Revathi, P.; Kemparaju, K.B.; Koteswararao, P.; Sundaram, R.M.; Singh, V.J.; Kumar, E.R.;
Bhowmick, P.K.; et al. Evaluation of genetic diversity of parental lines for development of heterotic groups in hybrid rice (Oryza
sativa L.). J. Plant Biochem. Biotechnol. 2020, 29, 236–252. [CrossRef]

36. Pritchard, J.K.; Stephens, M.; Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 2000, 155,
945–959. [CrossRef]

37. Novembre, J. Pritchard, Stephens, and Donnelly on population structure. Genetics 2016, 204, 391–393. [CrossRef] [PubMed]
38. Evanno, G.; Regnaut, S.; Goudet, J. Detecting the number of clusters of individuals using the software STRUCTURE: A simulation

study. Mol. Ecol. 2005, 14, 2611–2620. [CrossRef] [PubMed]
39. Vanniarajan, C.; Vinod, K.K.; Pereira, A. Molecular evaluation of genetic diversity and association studies in rice (Oryza sativa L.).

J. Genet. 2012, 91, 9–19. [CrossRef] [PubMed]
40. Yu, H.; Li, Q.; Li, Y.; Yang, H.; Lu, Z.; Wu, J.; Zhang, Z.; Shahid, M.Q.; Liu, X. Genomics analyses reveal unique classification,

population structure and novel allele of neo-tetraploid rice. Rice 2021, 14, 16. [CrossRef] [PubMed]
41. Krishnan, G.S.; Singh, A.K.; Waters, D.L.; Henry, R.J. Molecular markers for harnessing heterosis. In Molecular Markers in Plants;

Henry, R.J., Ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2012; pp. 67–80. [CrossRef]
42. Yadav, S.; Singh, A.; Singh, M.R.; Goel, N.; Vinod, K.K.; Mohapatra, T.; Singh, A.K. Assessment of genetic diversity in Indian rice

germplasm (Oryza sativa L.): Use of random versus trait linked microsatellite markers. J. Genet. 2013, 92, 545–557. [CrossRef]
43. Prabhu, K.V.; Singh, A.K.; Basavaraj, S.H.; Cherukuri, D.P.; Charpe, A.; Gopala Krishnan, S.; Gupta, S.K.; Joseph, M.; Koul, S.;

Mohapatra, T.; et al. Marker assisted selection for biotic stress resistance in wheat and rice. Indian J. Genet. 2009, 69, 305–314.
44. Team, R.C.; R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria.

2020. Available online: https://www.R-project.org/ (accessed on 7 May 2022).
45. Liu, K.; Muse, S.V. PowerMarker: An Integrated analysis environment for genetic marker analysis. Bioinformatics 2005, 9,

2128–2129. [CrossRef]
46. Botstein, D.; White, R.L.; Skolnick, M.; Davis, R.W. Construction of a genetic linkage map in man using restriction fragment

length polymorphisms. Am. J. Hum. Genet. 1980, 32, 314–331.
47. Anderson, J.A.; Churchill, G.A.; Autrique, J.E.; Tanksley, S.D.; Sorrells, M.E. Optimizing parental selection for genetic linkage

maps. Genome 1993, 36, 181–186. [CrossRef]
48. Rogers, J.S. Measures of genetic similarity and genetic distance. In Studies in Genetics VII; University of Texas Press: Austin, TX,

USA, 1972; pp. 145–153.
49. Yeh, F.C.; Yand, R.C.; Boyle, T.J.B. POPGENE, the User-Friendly Shareware for Population Genetic Analysis (Ver.1.32); University of

Alberta Press: Edmonton, AB, Canada, 2000.
50. Earl, D.A.; vonHoldt, B.M. Structure Harvester: A website and program for visualizing STRUCTURE output and implementing

the Evanno method. Conserv. Genet. Resour. 2012, 4, 359–361. [CrossRef]
51. Excoffier, L.; Laval, G.; Schneider, S. Arlequin (version 3.0): An integrated software package for population genetics data analysis.

Evol. Bioinform. 2005, 1, 47–50. [CrossRef]
52. Yan, W.; Kang, M.S. GGE Biplot Analysis—A Graphical Tool for Breeders, Geneticists, and Agronomists; CRC Press: Boca Raton, FL,

USA, 2003.

http://doi.org/10.1007/s13205-019-1824-3
http://www.ncbi.nlm.nih.gov/pubmed/31355108
http://doi.org/10.1016/j.sajb.2013.01.004
http://doi.org/10.1007/s00122-004-1794-6
http://www.ncbi.nlm.nih.gov/pubmed/15375619
http://doi.org/10.1007/s001220051343
http://doi.org/10.1007/s10528-005-5218-3
http://doi.org/10.1371/journal.pone.0027565
http://doi.org/10.1007/s13562-019-00529-9
http://doi.org/10.1093/genetics/155.2.945
http://doi.org/10.1534/genetics.116.195164
http://www.ncbi.nlm.nih.gov/pubmed/27729489
http://doi.org/10.1111/j.1365-294X.2005.02553.x
http://www.ncbi.nlm.nih.gov/pubmed/15969739
http://doi.org/10.1007/s12041-012-0146-6
http://www.ncbi.nlm.nih.gov/pubmed/22546822
http://doi.org/10.1186/s12284-021-00459-y
http://www.ncbi.nlm.nih.gov/pubmed/33547986
http://doi.org/10.1002/9781118473023.ch8
http://doi.org/10.1007/s12041-013-0312-5
https://www.R-project.org/
http://doi.org/10.1093/bioinformatics/bti282
http://doi.org/10.1139/g93-024
http://doi.org/10.1007/s12686-011-9548-7
http://doi.org/10.1177/117693430500100003

	Introduction 
	Results 
	Marker-Assisted Identification of Wide Compatible Varieties (WCVs) 
	Variation in Morphological Traits among the Wide Compatible Varieties 
	Relationship among Wide Compatible Varieties Based on Agro-Morphological Traits 
	Genotypic Variation among the Wide Compatible Varieties 
	Population Structure 
	Graphical Clustering Based on Genetic Distance 
	Performance of Intersubspecific Hybrids across the Locations 
	Multi-Locational Evaluation of Hybrids Using GGE Biplot 

	Discussion 
	Materials and Methods 
	Molecular Screening of Germplasm for Wide Compatibility Gene (S5-n) 
	Phenotyping 
	Genotyping 
	Diversity Analysis 
	Determination of Population Structure 
	Development and Evaluation of Inter Sub-Species Hybrids across Three Locations 

	Conclusions 
	References

