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Abstract  The primary constraint in Indian hybrid 
rice breeding programs is the limited genetic diver-
sity of parental lines. To address this, pre-breeding 
strategies are essential for broadening the genetic 
base. In this study, we evaluated 106 indica × tropical 
japonica-derived (IJD) lines, along with their respec-
tive parental lines and standard checks (n = 150 geno-
types). The evaluation focused on morphological, 
molecular, and grain quality traits to identify high-
yielding lines with desirable grain characteristics. 

Morphological characterization focused on 12 yield-
related traits and revealed several derived lines that 
significantly outperformed the standard checks across 
multiple attributes. Notably, the genetic distance 
between B (female) and R (male) lines increased sub-
stantially in the newly developed parental lines com-
pared to previously used lines, indicating enhanced 
genetic divergence. Combining ability and heterosis 
of the newly developed inter subspecific R lines were 
also assessed. Molecular analysis using random sim-
ple sequence repeat (SSR) markers showed a signifi-
cant positive correlation (r = 0.30, P < 0.05) between 
molecular genetic distance and the general combining 
ability (GCA) of male parents for grain yield. These 
findings highlight the value of selecting genetically 
diverse parents with high GCA to generate heterotic 
hybrids and improve breeding efficiency. Overall, this 
study developed a set of genetically diverse and agro-
nomically superior parental lines, offering a valuable 
resource for future hybrid rice breeding and trans-
gressive segregation-based improvement programs.
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Introduction

In the context of climate change and increasing global 
food demand, hybrid rice breeding has become a 
key strategy to develop high-yielding cultivars with 
enhanced resistance to both biotic and abiotic stresses, 
alongside improved grain quality (Hari et  al. 2013; 
Prasad et al. 2019). Recent innovations in this domain 
include the development of DRRH4 and DRRH5—
the world’s first aerobic and coastal salinity-tolerant 
rice hybrids, respectively. Under Indian field condi-
tions, DRRH4 has demonstrated a yield advantage of 
11–30%, while DRRH5 has shown a yield increase 
of 35–70% over standard check varieties (Senguttu-
vel et al. 2023; 2024). In China, hybrid rice occupies 
approximately 57% of the total rice cultivation area 
of about 16 million hectares out of 30.18 million hec-
tares and contributes around 65% of total rice produc-
tion, achieving average productivity levels of 7.5 t/ha 
(Qian et al. 2021; Ali et al. 2021). India has also made 
notable progress, with the release of 162 rice hybrids 
to date (ICAR-IIRR, Progress Report, AICRPR, Vol. 
1 Varietal Improvement 2023). However, despite 
these advances, the area under hybrid rice cultivation 
in India remains limited. One of the primary chal-
lenges in hybrid rice breeding is to enhance the heter-
osis level or yield advantage of hybrids over varieties. 
Additionally, addressing regional grain quality pref-
erences—particularly for medium slender (MS) or 
short slender (SS) grain types with cooking and eat-
ing qualities similar to BPT5204 is crucial, especially 
in Southern India. To overcome these challenges, 
harnessing diverse germplasm sources to broaden 
the genetic base represents a key approach for maxi-
mizing heterosis and breaking through current yield 
plateaus. To overcome the yield plateau associated 
with the predominant use of indica germplasm and 
the narrow genetic base of parental lines, hybrid rice 
breeding must explore alternative strategies (Peng 
et  al. 2004). These include the deployment of two-
line breeding systems and inter-subspecific hybridi-
zation, particularly between indica and tropical 
japonica lines. While indica × japonica hybrids often 
exhibit strong vegetative heterosis, they frequently 
suffer from reproductive sterility and poor grain qual-
ity due to high inter-subspecific divergence and seg-
regation of undesirable traits in the hybrid progeny 
(Yang 1990; Khush and Aquino 1994). Partial ste-
rility in indica × japonica hybrids is another major 

challenge encountered in their crosses, often limit-
ing their effective use in hybrid breeding programs 
(Kato et al. 1928). To mitigate these challenges, Yuan 
(1991a, b) proposed the use of tropical japonica 
(javanica) cultivars or biased indica/japonica lines 
as parental sources. Building on this approach, Khush 
and Aquino (1994) developed tropical japonica lines 
at the International Rice Research Institute (IRRI), 
characterized by a novel plant type with reduced till-
ering, larger panicles, and fewer unproductive tillers 
traits associated with enhanced yield potential. Given 
their broader genetic diversity compared to indica 
rice (Glaszmann 1987), tropical japonica lines are 
expected to express stronger heterotic responses when 
crossed with indica lines. Therefore, the development 
and evaluation of indica × tropical japonica-derived 
parental lines and their hybrids offer a promising 
avenue to enhance heterosis and broaden the genetic 
base of hybrid rice breeding programs. In the present 
study, we analyzed a set of 150 genotypes, includ-
ing 106 lines derived from indica × tropical japonica 
crosses and their parental lines. These lines were 
characterized using both agro-morphological traits 
and molecular markers (SSR) to assess genetic diver-
sity. The selected parental lines were evaluated for 
their combining ability and heterotic response, with 
the aim of identifying superior hybrid combinations 
and gaining insights into the combining ability and 
heterotic potential of newly developed indica tropical 
japonica derived-R lines.

Material and methods

Plant material

A total of 150 genotypes comprising 106 
indica × tropical japonica-derived (IJD) lines devel-
oped from 32 inter-subspecific crosses were evaluated 
for morphological characterization. The female par-
ents in these crosses included 16 elite indica hybrid 
parental lines, and the male parents consisted of 24 
tropical japonica lines. Of the original 24 tropical 
japonica parents, six were excluded from field evalu-
ation due to poor germination. In addition, 10 checks 
were included for comparative analysis (Supplemen-
tary Table 2). To assess performance across different 
maturity groups, 10 high-yielding national checks 
were selected based on recommendations from the 
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All India Coordinated Research Project on Rice 
(AICRPR). Genotypes were categorized by flower-
ing duration in accordance with AICRPR classifica-
tion: early (81–90  days), mid-early (91–100  days), 
medium (101–110 days), and late (> 110 days to 50% 
flowering). For molecular characterization, a total of 
149 genotypes were analyzed using simple sequence 
repeat (SSR) markers (Supplementary Table 3). This 
included the same 106 IJD lines, along with 16 indica 
parental lines (IP), 24 tropical japonica parental lines 
(TPJ), and three reference lines: RPHR1005 (a widely 
used restorer line), IR58025B (a popular maintainer 
line), and IRGC328 (a representative tropical japon-
ica accession).

Phenotyping for yield and grain quality related traits

The experiment was conducted in wet season of 2018 
using an alpha lattice design with three replications, 
which was adapted from the IASRI design of the 
resource server (www.​iasri.​res.​in/​design). A total of 
150 genotypes (v = 150) were evaluated under three 
replications (r = 3), with 15 blocks per replication 
(s = 15) and a block size of 10 (k = 10). Each row 
contained 25 hills, with a spacing of 20 cm by 15 cm. 
Recommended agronomic practices were followed to 
ensure the healthy growth of the crop. Field data were 
collected on 12 yield and yield-related traits accord-
ing to the descriptors prescribed by the International 
Rice Research Institute (IRRI) (SES, IRRI 2013) at 
the research farm of ICAR-Indian Institute of Rice 
Research (ICAR-IIRR), located in Hyderabad (17° 
19′ N, 78° 29′ E) at an altitude of 549 m above mean 
sea level. A total of 12 agronomic traits were meas-
ured in the study, which included: days to 50% flow-
ering (DFF), plant height (cm) (PH), panicle length 
(cm) (PL), number of productive tillers per plant 
(PT), total number of filled grains per panicle (FG), 
total number of unfilled grains per panicle (UFG), 
spikelet fertility (%) (SF), single plant yield (g) 
(SPY), biological yield (g) (BY), harvest index (%) 
(HI), 1000-grain weight (g) (TGW), and per day pro-
ductivity (kg ha⁻1) (PDP). Data were recorded using 
the Field Book app on Android devices (Rife and 
Poland 2014). In addition to the yield-related traits, 
six grain quality parameters were also evaluated 
across the 150 genotypes. These included amylose 
content (%) (AC), gel consistency (mm) (GC), alkali 
spreading value (ASV), kernel length (mm) (KL), 

kernel breadth (mm) (KB), and the kernel length-to-
breadth ratio (L/B ratio).

Genotyping and data analysis

A set of 50 SSR markers, selected by IRRI under the 
Generation Challenge Programme (GCP) of CGIAR 
(Gramene SSR markers), was used for molecular 
diversity analysis. Seed material from 149 lines was 
initially germinated in Petri plates, and leaf samples 
were collected from 14-day-old seedlings for DNA 
extraction. Total genomic DNA was isolated follow-
ing the protocol described by Zheng et  al. (1991). 
The extracted DNA from all 149 lines was then used 
for PCR amplification. PCR was performed using a 
programmable thermocycler (Veriti Thermo Cycler, 
Applied Biosystems). The reaction mixture (pre-
pared in a 1.5 ml microcentrifuge tube) consisted of 
3  μl of nuclease-free water, 0.5  μl each of forward 
and reverse primers, 4  μl of EmeraldAmp GT PCR 
Master Mix (Takara), and 2 μl of template DNA. The 
thermal cycling conditions included an initial dena-
turation at 95 °C for 5 min, followed by 35 cycles of 
denaturation at 95 °C for 30 s, annealing at 50–69 °C 
for 30 s, and extension at 72 °C for 1 min, with a final 
extension step of 10 min at 72 °C. The amplified PCR 
products were resolved on a 3% agarose gel prepared 
in 1× TBE buffer and stained with ethidium bromide. 
The bands were visualized and documented using a 
gel documentation system (Bio-Rad, USA). Allele 
scoring was performed manually with reference to a 
100 bp DNA ladder.

To identify genotypes with statistically significant 
superiority over duration-based varietal and hybrid 
checks, replicated field data were analyzed using 
alpha lattice design in PB Tools version 1.4. Corre-
lation analysis was performed in R Studio using the 
cor function to examine relationships among traits 
(R Core Team 2020). Morphological diversity was 
assessed using DARwin software version 6.0.010 
(Perrier and Jacquemoud-Collet 2006). For molecu-
lar diversity analysis, genetic data were processed 
using POWERMARKER version 3.25 (Liu and Muse 
2005), and population structure was inferred using 
STRU​CTU​RE software version 2.3.4 (Pritchard et al. 
2000). STRU​CTU​RE HARVESTER (Earl 2012) was 
used to determine the optimal number of subpopu-
lations (K) based on the ΔK method. To assess the 
congruence between morphological and molecular 

http://www.iasri.res.in/design
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distance matrices, a Mantel test was conducted in R 
Studio using the mantel.rtest function from the ade4 
package.

Combining ability and heterosis

Out of a total of 106 IJD lines, fertility restorers were 
identified using functional markers for fertility resto-
ration genes and further validated through test cross 
nursery performance (Sruthi et  al. 2023). Based on 
the validation results, 13 restorer lines were selected 
and subsequently crossed with four CMS lines—
IR68897A, IR79156A, APMS6A, and PUSA5A—
using a line × tester mating design during the Rabi 
season of 2019–20. This crossing program resulted 
in the development of 52 hybrid combinations. The 
52 hybrids, along with 17 parents (13 restorer lines 
and 4 maintainer lines) and 8 checks, were evalu-
ated during the Kharif season of 2019 at the Research 
Farm of ICAR-IIRR, Rajendranagar, Hyderabad. 
The evaluation was conducted in a randomized com-
plete block design (RCBD) with two replications. 
To assess hybrid performance across varying matu-
rity durations, 8 high-yielding national checks from 
the AICRPR were included—comprising 4 varietal 
checks (BPT5204, ISM, Gontrabidhan, and NDR359) 
and 4 hybrid checks (US314, US312, HRI174, and 
DRRH3). Data were recorded for 11 yield and yield-
contributing traits, which included: days to 50% flow-
ering (DFF), plant height (cm) (PH), panicle length 
(cm) (PL), number of productive tillers (PT), pollen 
fertility (%) (PF), spikelet fertility (%) (SF), 1000-
grain weight (g) (TGW), single plant yield (g) (SPY), 
biological yield (g) (BY), harvest index (%) (HI), and 
per day productivity (kg ha⁻1) (PDP).

Results

Morphological and grain quality characterization

The mean performance of 150 genotypes for yield 
and yield-related traits is presented in Supplementary 
Table  2, while data for grain quality traits are sum-
marized in Supplementary Table 4. Analysis of vari-
ance revealed highly significant differences among 
the genotypes for all the traits studied (Sruthi et  al. 
2020; Supplementary Table 1). With respect to DFF, 
the IJD lines, IP, and TJP were classified as mid-early 

maturing, with flowering durations ranging from 96 
to 100  days. Among the four groups, TJP exhibited 
the greatest average PH at 111.8 cm, followed by IJD 
lines (105.3 cm), IP (99.2 cm), and checks (92.26 cm). 
For PL, TJP again recorded the highest mean value 
(24.28  cm), whereas the other groups showed com-
parable average lengths (23  cm). In traits such as 
PT, FG, UFG, and SPY, TJP consistently recorded 
the lowest mean values, while the IJD lines, IP, and 
checks demonstrated similar performance. Among all 
groups, checks achieved the highest average FG (156) 
and also recorded the highest SF%, while IP had the 
lowest SF%.TJP showed the highest TGW at 24.14 g. 
The checks recorded the highest HI at 50% and PDP 
at 31.06 kg ha⁻1. All four groups exhibited intermedi-
ate AC, and similarly, GC values across groups were 
indicative of hard consistency, measuring less than 
40 mm. Grain type across the four groups generally 
fell under the medium slender category, although 
TJP lines were primarily classified as short bold. In 
terms of ASV, all four groups fell under the interme-
diate gelatinization temperature category, with ASV 
values ranging from 4 to 5. Trait-wise significance 
among the four groups was assessed using Tukey’s 
multiple comparison test (Fig. 1). No significant dif-
ferences were observed among groups for DFF, UFG, 
SF%, SPY, HI, and PDP. However, TJP exhibited sig-
nificantly higher PH (mean: 111.82 cm) compared to 
the checks (92.26 cm) and IP (99.24 cm). Significant 
differences in PL were observed between IJD lines 
(23.03 cm) and TJP (24.24 cm). TJP also showed sig-
nificantly lower PT compared to IJD lines and IP. For 
FG, IJD lines (148) significantly outperformed TJP 
(123). A significant difference in TGW was recorded 
between IP (20.54 g) and TJP (24.14 g). In terms of 
biological yield (BY), TJP (20 g) showed significantly 
lower performance compared to checks (25.34 g) and 
IJD lines (23.55 g).

Superior performance of IJD lines based on pairwise 
comparisons with checks

In the pairwise comparison analysis with checks, 
the best-performing check for each trait was selected 
from a set of 10. Among these, DRRH3 showed supe-
rior performance for several traits: PT (9), FG (259), 
SPY (19.83  g), BY (37.04  g), and PDP (47.99  kg/
ha). Gontrabidhan performed best for UFG (14), 
SF% (91.89%), and HI (61%). NDR359 recorded 
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Fig. 1   Phenotypic performance of indica parents, tropical japonica parents, indica tropical japonica derived lines and checks for 12 
yield attributing traits and their significance indicated through letters using tukeys multiple comparison test
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the highest PL (26.01  cm) and TGW (27.63 g), fol-
lowed by US312 with a PL of 25.09  cm. No geno-
type showed significant superiority over these two 
checks in PL. For PT, none of the genotypes signifi-
cantly outperformed the checks. However, RP6375-
68 (341) showed significant superiority in FG over 
all 10 checks. For SF%, no genotype surpassed Gon-
trabidhan (91.89%). In TGW, although none exceeded 
NDR359, three genotypes—RP6389-83 (32.42  g), 
RP6389-85 (32.34  g), and RP6389-100 (32.08  g)—
were significantly superior to the other nine checks. 
In terms of SPY, RP6380-44 (23.84 g) and RP6378-
89 (23.73  g) significantly outperformed all checks 
except DRRH3. For BY, HI, and PDP, no genotype 
showed significant improvement over the respective 
best-performing checks.

Duration‑wise mean performance of genotypes

In the early duration category, 12 genotypes were 
identified, comprising 7 IJD lines, 1 IP, 2 TJP, and 
2 checks (Supplementary Table  5). Among them, 
DR 714-1-2R (PH: 79.40  cm), RP6369-2 (PL: 
25.74  cm), and two TJP genotypes—IRGC34018 
(TGW: 29.81  g) and IRGC5726 (TGW: 27.49  g)—
showed significant superiority in PH, PL, and TGW 
over US314, the best-performing check in this group. 
However, for PT, FG, SPY, BY, HI, and PDP, none of 
the early-duration genotypes surpassed the respective 
best checks. In the mid-early category, 106 genotypes 
were grouped, including 77 IJD lines, 12 IP, 15 TJP, 
and 2 checks (Supplementary Table 6). Gontrabidhan 
and US312 used as the varietal and hybrid checks, 
respectively. For FG, RP6375-68 (341) was signifi-
cantly superior to Gontrabidhan (185). RP6380-44 
also outperformed Gontrabidhan in SPY, BY, and 
PDP. The medium duration group included 26 geno-
types: 17 IJD lines, 3 IP, 1 TJP, and 5 checks (ISM, 
NDR359, HRI174, JKRH3333, DRRH3). Their mean 
performance is presented in Supplementary Table 7. 
No genotype in this group showed significant supe-
riority over the trait-wise best checks. In the late cat-
egory, 6 genotypes were evaluated (5 IJD lines and 1 
check—BPT5204), with mean performance summa-
rized in Supplementary Table 8.

Table 1 provides a summary of duration-wise aver-
age trait performance. The early group recorded the 
highest average PH, followed by mid-early, late, and 
medium groups. The late group showed the highest 

mean values for PL (23.69 cm), SPY (12.77 g), BY 
(23.88 g), and HI (52.01%). However, the mid-early 
group exhibited the highest individual genotype val-
ues: SF% (95.19%), TGW (32.42 g), SPY (23.84 g), 
BY (38.25  g), HI (69.65%), and PDP (59.31  kg/
ha). PT values were similar across all four duration 
groups. The medium group had the highest averages 
for FG (165) and UFG (52). For SF% (82.26%), TGW 
(22.97  g), and PDP (28.20  kg/ha), the mid-early 
group recorded the highest group means.

Correlation studies

Correlation among IJD lines for yield traits: SPY 
showed significant positive correlations with sev-
eral traits: PH (0.17, p < 0.05), PL (0.20, p < 0.05), 
PT (0.36, p < 0.01), TT (0.31, p < 0.01), BY (0.90, 
p < 0.01), HI (0.75, p < 0.01), and PDP (0.99, 
p < 0.01).

Correlation among hybrid yield traits: The corre-
lation analysis among hybrid yield traits revealed that 
SPY was significantly and positively associated with 
PH (0.62, p < 0.01), PL (0.43, p < 0.01), PF% (0.43, 
p < 0.01), SF% (0.53, p < 0.01), BY (0.97, p < 0.01), 
HI (0.79, p < 0.01), PDP (0.94, p < 0.01), Specific 
combining ability for grain yield (SCA_GY) (0.71, 
p < 0.01), General combining ability of male parents 
for grain yield (GCAMP_GY) (0.35, p < 0.01), and 
General combining ability of female parents for grain 
yield (GCAFP_GY) (0.61, p < 0.01). Furthermore, 
the molecular genetic distance (GD) between paren-
tal lines exhibited a weak positive correlation with 
hybrid SPY (0.12) but showed a significant positive 
correlation with GCAMP_GY (r = 0.30, P < 0.05) 
(Fig. 2).

Genetic relationships through phenotypic clustering

Phenotypic clustering was performed using Darwin 
software ver. 6.0.010 based on 12 yield traits and six 
grain quality traits, resulting in the formation of eight 
distinct clusters (Fig. 3a). Cluster IV was the largest, 
comprising 38 genotypes, followed by Cluster VII 
with 28 genotypes and Cluster I with 21 genotypes 
(Supplementary Table  9). The clustering pattern 
reflected both phenotypic similarities and pedigree 
(Table 2). Cluster I consisted mainly of lines derived 
from RPHR1005 and IBL-57, including the parent 
RPHR1005. ISM is an improved line of BPT5204 
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with enhanced resistance to bacterial blight. Both 
genotypes exhibited the least phenotypic genetic dis-
tance and were grouped together in Cluster I. Clus-
ter II was the smallest, consisting of seven distinct 
crosses. Cluster III included several maintainer lines 
and their derivatives. Cluster IV comprised derived 
and tropical japonica lines. Cluster V primarily fea-
tured lines derived from RPHR619-2, while Cluster 
VI contained ten derived lines and one check variety. 
Cluster VII included 28 genotypes such as RP6390-
91 and KMR3R, and Cluster VIII comprised ten 
restorer-derived lines along with two hybrid checks 
(US312 and US314). The morphological genetic dis-
tance among genotypes ranged from 1.64 to 14.15, 
with a mean of 6.10. Duration-wise, medium-duration 
genotypes were predominant in Cluster I, while late-
duration types were grouped in Cluster II. Clusters 
I, II, III, V, and VI had semi-dwarf PH (< 110 cm), 
while Clusters IV, VII, and VIII exhibited intermedi-
ate PH (110–130 cm). Cluster I recorded the highest 
average FG (195) and UFG (63), while Cluster VIII 

showed the highest average SF%. Cluster V exhibited 
the highest TGW (29.19 g), with genotypes predomi-
nantly having long bold (LB) grain types. Cluster VII 
recorded the highest averages for SPY, BY, and PDP. 
Grain type distribution across clusters showed that 
Clusters I, II, III, VI, and VIII were associated with 
medium slender (MS) types, Clusters IV and VII with 
short bold (SB) types, and Cluster V with long bold 
(LB) types (Supplementary Table 10).

Genotypic clustering

All 50 SSR markers used in this study were poly-
morphic, generating a total of 306 alleles across 149 
IJD lines. The number of alleles per locus ranged 
from 2 (RM495) to 13 (RM536), with an average 
of 6.12 alleles per locus (Supplementary Fig.  3). 
Major allele frequency varied from 0.32 (RM316) 
to 0.75 (RM431), with a mean of 0.48. Gene diver-
sity ranged from 0.41 (RM431) to 0.77 (RM316 
and RM552), averaging 0.65 across markers. 

Table 1   Comparison of trait performance among different duration groups

DFF  Days to 50 per cent flowering; PH  Plant height (cm); PL  Panicle length (cm); PT  Productive tillers plant-1; FG  Number of 
filled grains; UFG Number of unfilled grains; SF Spikelet fertility (%); TGW  Thousand grain weight (g); SPY Single plant yield (g); 
BY  Biological yield (g); HI  Harvest index (%); PDP Per day productivity (kg ha−1); AC Amylose content (%); GC Gel consistency 
(mm); ASV Alkali spreading value; KL Kernel length (mm); KB Kernel breadth (mm); L/B ratio- Length/breadth ratio

Sl. No. Trait Early Duration (80–90 
Days DFF)

Mid Early Duration 
(91–100 Days DFF)

Medium Duration 
(101–110 Days DFF)

Late Duration (Above 
110 Days DFF)

Mean Range Mean Range Mean Range Mean Range

1 DFF 89 86–90 96 91–100 103 101–108 118 110–137
2 PH 106.4 79–125 105.79 75.8–152.73 99.79 72.4–119.73 100.12 72–112.67
3 PL 23.45 20.49–25.74 23.31 17.7–28.1 22.71 18.51–26.01 23.69 19.68–26.22
4 PT 6 5–9 7 3–10 7 4–9 7 6–8
5 FG 129 89–162 142 91–341 165 97–270 135 102–209
6 UFG 31 17–65 32 5–88 52 12–142 35 23–53
7 SF 80.66 64.91–89.03 82.26 65.85–95.19 76.99 56.4–90.03 78.80 69.13–87.59
8 TGW​ 22.41 18.24–29.81 22.97 14.86–32.42 19.49 12.06–27.63 22.38 15.06–32.34
9 SPY 10.05 4.21–14.26 11.32 4.39–23.84 11.01 5.97–19.83 12.77 6.64–23.73
10 BY 21.03 14.52–26.19 23.46 12.22–38.25 23.86 13.21–37.05 23.88 13.19–36.33
11 HI 47.13 25.64–57.4 47.62 25.23–69.65 45.70 32.93–56.34 52.01 43.87–65.33
12 PDP 26.38 11.16–36.29 28.20 11.02–59.31 26.09 14.45–47.99 27.70 14.87–52.81
13 AC 22.54 18.1–25.89 24.33 12.49–27.49 24.76 17.12–27.25 25.37 20.32–27.37
14 GC 44.75 22–64 37.83 21.67–93.67 43.17 23.67–73.33 33.78 25.33–62.67
15 ASV 5.00 3–7 4.45 3–7 4.35 3–7 4 3–5
16 KL 5.19 4.44–6.28 5.40 4.57–6.69 5.21 4.61–6.34 5.27 4.87–6.32
17 KB 2.17 1.82–2.76 2.17 1.73–2.68 1.99 1.7–2.44 2.08 1.83–2.49
18 L/B ratio 2.43 2.13–2.8 2.52 1.81–3.51 2.63 2.17–3.07 2.56 2.37–2.85
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Fig. 2   Correlation among 
yield and its contributing 
traits a IJD lines correlation 
analysis, b hybrid data cor-
relation analysis
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Heterozygosity ranged from 0.00 (observed in 
markers such as RM277, RM552, RM484, RM284, 
RM454, RM133, RM178, RM431, RM237, RM312, 
RM283, and RM452) to 0.24 (RM144), with an 
overall mean heterozygosity of 0.042. Out of the 
50 loci, 32 showed heterozygosity while 12 exhib-
ited none. Polymorphism information content (PIC) 
values ranged from 0.35 (RM133) to 0.74 (RM552 
and RM124), with a mean PIC value of 0.60 (Sup-
plementary Table  11). A total of 149 genotypes 
were grouped into three clusters: two major (Clus-
ters I and II) and one minor (Cluster III) (Fig.  3b; 
Supplementary Table 12). Cluster I (95 genotypes) 
consisted mainly of IJD lines, while Cluster II (48 
genotypes) included both TJP and IP lines. Clus-
ter III comprised six genotypes, all IJD. Cluster I 
was further divided into five subclusters (IA–IE): 
IA was dominated by RPHR1005-derived lines; IB 
included lines from 10 crosses; IC from 7 crosses; 
ID was primarily from Uttrirajappan-derived lines; 
and IE was mostly Akshyadhan-derived. Cluster 
II included four subclusters (IIA–IID), with more 
diverse lineage backgrounds. Genetic distances 
ranged from 0.02 to 0.85 (mean = 0.33), indicating 
wide genetic variability. A weak and non-significant 
correlation (r = −0.00928) was observed between 
phenotypic and genotypic distance matrices.

Population structure analysis

STRU​CTU​RE analysis revealed two distinct popu-
lations (K = 2) (Fig.  4a, b). Population I contained 
54 pure lines from IP and TJP, while Population II 
comprised 94 pure IJD genotypes, along with one 
admixed genotype (< 80% membership probability) 
(Supplementary Table  13). Further subdivision of 
Population I (based on ΔK peak at K = 3; Fig.  4c, 
d) revealed three subgroups, reflecting greater het-
erogeneity among IJD lines. The allele frequency 
divergence between clusters was 0.1481. Average 
genetic distances within Population I and II were 
0.6596 and 0.5435, respectively. The mean alpha 
value was 0.0290, indicating low admixture. Fixa-
tion index (Fst) values were 0.1112 (Population I) 
and 0.3342 (Population II), suggesting moderate to 
high genetic differentiation.

Inter‑sub specific derived restorer lines: genetically 
distinct and diverse

To evaluate the genetic diversity of newly developed 
inter-subspecific restorer (R) lines in comparison 
with existing indica parental lines, a separate diver-
sity analysis was conducted using both molecular 
and morphological data. The molecular genetic dis-
tance (based on the Simple Matching method) among 
the newly developed R lines and existing indica 
parental lines ranged from 0.030 to 0.668, with an 
average of 0.333 (Fig.  5a). The clustering pattern 
clearly indicated that the new R lines formed distinct 
groups, separate from the existing indica parental 
lines. Within the indica parental lines, genetic dis-
tances ranged from 0.061 to 0.364 (mean = 0.226) 
(Fig. 5b), while within the newly developed R lines, 
distances ranged from 0.030 to 0.630, with an aver-
age of 0.311 (Fig. 5c), suggesting considerable diver-
sity among the new lines. Morphological genetic 
distances between the new and existing indica lines 
ranged from 1.81 to 13.02 (mean = 6.08) (Supple-
mentary Fig. 1a). Within indica lines, the range was 
2.37 to 9.65 (mean = 6.14) (Supplementary Fig. 1b), 
while within the newly developed R lines—most of 
which were derived through inter-subspecific hybridi-
zation—the range was 1.87 to 11.94, averaging 6.10 
(Supplementary Fig. 1c). When compared with com-
monly used B lines, the average molecular distance 
was higher for the newly developed R lines (0.37) 
than for the existing indica R lines (0.23). However, 
morphological distances were relatively similar, with 
B vs. new R lines at 6.32 and B vs. indica R lines at 
6.53.

Heterotic potential and combining ability of 
inter‑subspecific derived R lines

Analysis of variance revealed highly significant differ-
ences among the genotypes for all traits under study, 
indicating substantial genetic variability among the 69 
genotypes (including parents and hybrids) (Table 3). 
The mean performance of hybrids, along with their 
parents and checks, is presented in Fig. 6. Among the 
eight checks, the mid-early duration hybrid US312 
recorded the highest yield (24.02 g), followed by the 
medium duration hybrid HRI-174 (23.33  g) and the 
late duration hybrid DRRH3 (16.18  g). The stand-
ard heterosis for single plant yield  relative to the 
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best check, US312, ranged from − 89.03 to 33.08%. 
Against HRI-174, heterosis ranged from − 88.71 to 
37.01%, and for DRRH3, it ranged from − 83.71 to 
97.62% (Supplementary Table 14). Out of 52 hybrids 
evaluated, 16 exhibited significant positive mid par-
ent heterosis, while 8 showed significant superiority 
over the better parent. In terms of standard heterosis, 
none of the hybrids surpassed US312 significantly; 
however, one hybrid outperformed HRI-174. Addi-
tionally, four hybrids demonstrated significant superi-
ority over DRRH3, and eleven hybrids outperformed 
US314. Notably, the hybrid PUSA5A × RP6370-13 
showed significant superiority for grain yield over 
all checks except US312, against which it recorded a 
non-significant positive standard heterosis of 33.08%. 
The trait-wise minimum and maximum heterosis over 
the best check is illustrated in Supplementary Fig. 2.

Analysis of variance (ANOVA) further revealed 
significant genotypic differences across all traits stud-
ied. Variance due to parents was significant for most 
traits, except PH, SF%, and HI%. According to Sharma, 
1988, in the present study, male sterile lines were used 
as testers (female parents) and test genotypes were used 
as lines (pollen parents). Among the parents, lines (R 
lines) showed significant variation for DFF, PH, PL, 
SPY, TGW, BY, and PDP, whereas testers (CMS lines) 
were significant for DFF, PL, PF%, SF%, and TGW. 
The mean sum of squares comparing parents and 
crosses was non-significant for PT, SF%, TGW, and BY. 
The variance due to crosses and line × tester interaction 
was significant for all traits. GCA variance exceeded 
SCA for DFF, PH, SPY, BY, and HI, suggesting a pre-
dominance of additive gene action. Conversely, SCA 
variances were greater than GCA for PL, PT, PF, SF, 
TGW, and PDP, indicating the importance of non-addi-
tive gene action. The line × tester interaction contrib-
uted substantially to variation in all traits: PH (39.13%), 
PL (64.08%), PT (57.93%), PF (64.04%), SF (61.02%), 
SPY (50.52%), TGW (59.83%), BY (50.28%), HI 
(47.39%), and PDP (63.65%). DFF was the only trait 
where testers accounted for the highest contribution 
(48.48%) among hybrids. Overall, while the line × tester 

interaction accounted for the largest share of variance 
in hybrid performance, testers contributed more to traits 
such as DFF, PH, SPY, BY, and PDP, whereas lines had 
a greater influence on PF, SF, TGW, and HI.

General and specific combiners for yield and related 
traits

Parents exhibiting significant General Combining 
Ability (GCA) effects for various yield-attributing 
traits are illustrated through a stacked bar graph 
(Fig.  7 and Supplementary Table  15). Among the 
four testers, PUSA5A emerged as the strongest 
general combiner for most yield and yield-related 
traits, except PL and TGW. IR68897A was iden-
tified as a good general combiner for DFF and PH, 
while IR79156A showed strong GCA for PL and PT. 
APMS6A was a strong general combiner specifically 
for PF%. Among the 13 R lines evaluated, five were 
identified as top general combiners for yield-related 
traits: RP6376-28 excelled in SPY and BY; RP6368-
38 showed high GCA effects for PT, PF%, and SF%; 
RP6370-13 was superior for PL and TGW; RP6370-4 
for TGW; and RP6376-30 for PF, SF, and BY. Based 
on Specific Combining Ability (SCA) effects, the 
following hybrids were identified as top perform-
ers, with their corresponding mean performance and 
GCA effects of the parents provided in Supplemen-
tary Table 16. PUSA5A × RP6372-75 showed highly 
significant SCA effects for SPY (12.996, P < 0.01), 
PDP (34.976, P < 0.01), DFF (− 8.673, P < 0.01), and 
HI (18.933, P < 0.01). IR68897A × RP6368-38 was 
significant for SPY (10.38, P < 0.01), PDP (25.598, 
P < 0.05), PL (1.905, P < 0.01), and BY (14.66, 
P < 0.01). PUSA5A × RP6370-13 recorded high 
SCA effects for SPY (9.537, P < 0.01), PDP (22.026, 
P < 0.05), PL (3.803, P < 0.01), SF (11.287, P < 0.01), 
and BY (13.058, P < 0.01). APMS6A × RP6376-
30 showed significant SCA effects for SPY (8.014, 
P < 0.01), BY (10.263, P < 0.01), and PT (4.632, 
P < 0.01). Similarly, APMS6A × RP6376-29 had 
significant SCA for SPY (7.406, P < 0.05) and BY 
(9.154, P < 0.05).

Discussion

Morphological characterization plays a crucial 
role in assisting breeders with the identification 

Fig. 3   a Phenotypic cluster from DARwin software based on 
Euclidean genetic distance, b Unweighted neighbor joining 
radial tree showing distribution of 149 indica tropical japonica 
derived lines based on 50 GCP SSR marker allelic data. Green 
colour indicates indica tropical japonica derived lines; Red 
colour indicates tropical japonica lines; Blue colour indicates 
indica female parents. (Color figure online)

◂
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Table 2   Pedigree details of 106 indica tropical japonica 
derived lines

S. No Genotype Cross Combination

1 RP6369-1 APMS-6B × IRGC3388
2 RP6369-2 APMS-6B × IRGC3388
3 RP6370-3 RPHR-1005 × IRGC43372
4 RP6370-4 RPHR-1005 × IRGC43372
5 RP6370-5 RPHR-1005 × IRGC43372
6 RP6370-6 RPHR-1005 × IRGC43372
7 RP6370-7 RPHR-1005 × IRGC43372
8 RP6370-8 RPHR-1005 × IRGC43372
9 RP6370-9 RPHR-1005 × IRGC43372
10 RP6371-10 RPHR-1005 × IRGC47216
11 RP6370-11 RPHR-1005 × IRGC43372
12 RP6370-12 RPHR-1005 × IRGC43372
13 RP6370-13 RPHR-1005 × IRGC43372
14 RP6370-14 RPHR-1005 × IRGC43372
15 RP6370-15 RPHR-1005 × IRGC43372
16 RP6370-16 RPHR-1005 × IRGC43372
17 RP6370-17 RPHR-1005 × IRGC43372
18 RP6372-18 Akshayadhan × IRGC50836
19 RP6372-19 Akshayadhan × IRGC50836
20 RP6372-20 Akshayadhan × IRGC50836
21 RP6372-21 Akshayadhan XIRGC50836
22 RP6373-22 APMS-6B × IR 79156B
23 RP6373-23 APMS-6B × IR 79156B
24 RP6373-24 APMS-6B × IR 79156B
25 RP6374-25 RPHR-1096 × IRGC1797
26 RP6374-26 RPHR-1096 × IRGC1797
27 RP6375-27 RPHR-1005 × IRGC67614
28 RP6376-28 RPHR-1005 × IRGC56735
29 RP6376-29 RPHR-1005 × IRGC56735
30 RP6376-30 RPHR-1005 × IRGC56735
31 RP6375-31 RPHR-1005 × IRGC67614
32 RP6375-32 RPHR-1005 × IRGC67614
33 RP6375-33 RPHR-1005 × IRGC67614
34 RP6367-34 RPHR-1096 × IRGC66755
35 RP6377-35 RPHR-1096 × IRGC66891
36 RP6377-36 RPHR-1096 × IRGC66891
37 RP6368-37 IBL-57 × IRGC66651
38 RP6368-38 IBL-57 × IRGC66651
39 RP6378-39 IBL-57 × IRGC67431
40 RP6379-40 BCP-123 × IRGC63102
41 RP6380-41 Uttri Rajappan × IRGC69857
42 RP6380-42 Uttri Rajappan × IRGC69857
43 RP6380-43 Uttri Rajappan × IRGC69857
44 RP6380-44 Uttri Rajappan × IRGC69857
45 RP6380-45 Uttri Rajappan × IRGC69857

Table 2   (continued)

S. No Genotype Cross Combination

46 RP6380-46 Uttri Rajappan × IRGC69857
47 RP6380-47 Uttri Rajappan × IRGC69857
48 RP6381-48 RPHR-1096 × IRGC15073
49 RP6382-49 RPHR-1096 × IRGC16073
50 RP6383-50 RPHR-1005 × FBR-1
51 RP6372-51 Akshayadhan × IRGC50836
52 RP6372-52 Akshayadhan × IRGC50836
53 RP6372-53 Akshayadhan × IRGC50836
54 RP6372-54 Akshayadhan × IRGC50836
55 RP6384-55 DR714-1-2R × IRGC8196
56 RP6385-56 RPHR-1096 XIRGC328
57 RP6385-57 RPHR-1096 × IRGC328
58 RP6369-58 APMS-6B × IRGC3388
59 RP6369-59 APMS-6B × IRGC3388
60 RP6369-60 APMS-6B × IRGC3388
61 RP6372-61 Akshayadhan × IRGC50836
62 RP6372-62 Akshayadhan × IRGC50836
63 RP6373-63 APMS-6B × IR 79156B
64 RP6373-64 APMS-6B × IR 79156B
65 RP6373-65 APMS-6B × IR 79156B
66 RP6373-66 APMS-6B × IR 79156B
67 RP6373-67 APMS-6B × IR 79156B
68 RP6375-68 RPHR-1005 × IRGC67614
69 RP6380-69 Uttri Rajappan × IRGC69857
70 RP6380-70 Uttri Rajappan × IRGC69857
71 RP6382-71 RPHR-1096 × IRGC16073
72 RP6383-72 RPHR-1005 × FBR-1
73 RP6383-73 RPHR-1005 × FBR-1
74 RP6383-74 RPHR-1005 × FBR-1
75 RP6372-75 Akshayadhan × IRGC50836
76 RP6372-76 Akshayadhan × IRGC50836
77 RP6385-77 RPHR-1096 × IRGC328
78 RP6385-78 RPHR-1096 × IRGC328
79 RP6386-79 RPHR-1005 × IRGC34018
80 RP6387-80 DRR-4B × IRGC51498
81 RP6375-81 RPHR-1005 × IRGC67614
82 RP6388-82 DRR-9B × IRGC25966
83 RP6389-83 RPHR-619-2 × IRGC328
84 RP6389-84 RPHR-619-2 × IRGC328
85 RP6389-85 RPHR-619-2 × IRGC328
86 RP6373-86 APMS-6B × IR 79156B
87 RP6373-87 APMS-6B × IR 79156B
88 RP6378-88 IBL-57 × IRGC67431
89 RP6378-89 IBL-57 × IRGC67431
90 RP6388-90 DRR-9B × IRGC25966
91 RP6390-91 KMR-3 × IRGC25239
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and selection of high-performing genotypes. The 
results showed that TJP exhibited higher PH, PL, 
and TGW, but fewer PT, while IJD lines showed 
medium PH and high TGW. Three groups (IP, IJD, 
and Checks) had medium slender grains, while 
TJP displayed short bold grains, consistent with 
Jyothi et al. (2018). A negative correlation between 
PL and grain number was observed, likely due to 
panicle branching patterns, aligning with Xu et  al. 
(2005). Although environmental factors influenced 
phenotypic traits, the phenotypic clustering pattern 
primarily reflected overall genetic lineage rather 
than strict subspecies differentiation.

High polymorphism (100%) was recorded with 
the SSR primers deployed in 150 genotypes with 
88% of primers showing PIC values above 0.5, 
demonstrating a high level of genetic diversity 
within the studied genotypes. This corroborates 
with the earlier studies by Garris et al. (2005), Roy 
et  al. (2016) and Ali et  al. (2011). These markers 
have been widely used in diversity analyses (Ali 
et  al. 2011; Yadav et  al. 2013; Roy et  al. 2016; 
Kumar et al. 2019; Sruthi et al. 2019), consistently 
demonstrating high polymorphism across various 
materials. Clustering analysis using DARwin soft-
ware effectively separated the indica and tropical 
japonica subgroups, consistent with previous find-
ings (Ali et al. 2011; Thomson et al. 2007).

Heterosis and combining ability of inter‑subspecific 
derived R lines

Expanding the genetic base of parental lines is crucial 
for enhancing heterosis, as supported by recent stud-
ies emphasizing the role of tropical japonica germ-
plasm and derived NPT lines in heterosis breeding 
(Shidenur et al. 2019, 2020; Singh et al. 2022). The 
genetic distance analysis revealed a significant broad-
ening of  the genetic base in the new parental lines 
developed by crossing indica lines with bulu, with 
notable increases in genetic distance between newly 
developed restorers (R lines) and existing maintainers 
(B lines). To understand the genetic potential of newly 
developed restorers, 52 hybrids, 17 parental lines, 
and 8 checks were evaluated. Male parents showed 
considerable variation for most traits, but significant 
line vs tester variance was observed only for DFF, 
BY, and PF%. No significant parent vs. hybrid differ-
ences were found for PT, SF%, TGW, and BY, indi-
cating limited average heterosis. Interaction effects 
were high for all traits except DFF, where 48.48% of 
hybrid variance was contributed by the female par-
ent. Female parents influenced DFF (48.48%) and 
PH (35.01%) more, this observation contradicts to 
Gramaje et  al. (2020) observed male parents more 
influential except for PF%. Additive gene action 
(higher GCA variance) predominated for DFF, PH, 
SPY, BY, and HI; non-additive gene action (higher 
SCA variance) governed PT, PL, PF, SF, TGW, and 
PDP. The findings align with previous reports: Sravan 
Raju et al. (2017) and Parimala et al. (2018) for DFF, 
PT, PL, SF, and TGW; Gramaje et al. (2020) for SPY; 
Kulkarni et  al. (2022) for the predominance of non-
additive gene action in most yield traits and Anusha 
et al. (2021) for TGW.

Correlation among genetic distance, hybrid yield, 
combining ability, and other yield‑attributing traits

In both IJD lines and hybrids, SPY showed significant 
positive correlations with PH, PL, BY, HI, and PDP, 
with stronger correlations between SPY and PH/PL 
in hybrids than in parental lines. This observation 
aligns with the findings of Wang et al. (2023). Addi-
tionally, PF%, SF%, GCA_MP, GCA_FP, and SCA 
were significantly associated with hybrid SPY. Paren-
tal performance for mid parent grain yield (MPGY) 
and better parent grain yield (BPGY) did not directly 

Table 2   (continued)

S. No Genotype Cross Combination

92 RP6391-92 SG 26-120 × IRGC56704
93 RP6392-93 BK 49-80 × IRGC66756
94 RP6392-94 BK 49-80 × IRGC66756
95 RP6389-95 RPHR-619-2 × IRGC328
96 RP6389-96 RPHR-619-2 × IRGC328
97 RP6393-97 IR 58025B × IRGC44076
98 RP6393-98 IR 58025B × IRGC44076
99 RP6394-99 BCW-56 × IRGC44076
100 RP6389-100 RPHR-619–2 × IRGC328
101 RP6389-101 RPHR-619–2 × IRGC328
102 RP6373-102 APMS-6B × IR 79156B
103 RP6395-103 L2-182 × IRGC24528
104 RP6396-104 DR 714–1-2R × IRGC50865
105 RP6396-105 DR 714–1-2R × IRGC50865
106 RP6397-106 CRMS-32B × IRGC5726
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influence hybrid SPY but was linked to the female 
parent’s GCA for grain yield. Gupta et al. (2020) and 
Wang et al. (2015) also reported significant relation-
ships between parental and hybrid grain yields. This 
highlights the importance of selecting female parents 
with good combining ability along with male parents 
to enhance grain yield. A weak positive correlation 
(0.12) was observed between GD of parental lines 
and hybrid SPY, with no correlation with SCA. The 
molecular genetic distance (GD) showed a statisti-
cally significant correlation with GCA_MP for grain 
yield (r = 0.30, p < 0.05). However, the strength of this 
correlation is relatively weak. This indicates that GD 
may assist in identifying male parents with favora-
ble GCA. However, its predictive utility remains 

limited and is currently being validated through field-
based evaluation of test crosses for combining abil-
ity, using parents with high genetic divergence. This 
observation is consistent with findings by Liu and 
Wu (1998), who reported a significant correlation 
(r = 0.571, p < 0.01) between GCA and hybrid yield. 
The relationship between GD and GCA can vary 
depending on the genetic background of the materi-
als used (Maroof et  al. 1997), and positive associa-
tions are generally observed only within an optimal 
range of genetic divergence (Würschum et al. 2023). 
Poor or negative correlations between GD and hybrid 
yield or SCA have been reported in various crops (Xu 
et al. 2002; Singh et al. 2011; Xie et al. 2013; Wang 
et al. 2015; Yingheng et al. 2018; Gupta et al. 2020; 

Fig. 4   a Estimation of population using LnP(D) derived delta 
K for determining optimum number of subpopulations. The 
maximum of adhoc measure ΔK determined by structure har-
vester was found to be K = 2 which showing peak at K = 2; b 
Population structure of 149 genotypes with K = 2; c Estima-

tion of sub groups in POP1 using LnP(D) derived delta K. The 
maximum of adhoc measure ΔK determined by structure har-
vester was found to be K = 3; d Population structure showing 
the sub groups of POP1 with K = 3
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Kumar et  al. 2020; Labroo et  al. 2021). GCA_MP_
GY was not associated with MPGY, while GCA_
FP_GY correlated significantly with parental MPGY, 

emphasizing the need to select parents with both high 
GCA and good per se performance to maximize het-
erosis and hybrid breeding efficiency (Liu and Wu 
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1998; Gowda et al. 2012). Ultimately, parental mean 
performance remains crucial, as seed yield is derived 
from parents (Falconer and Macay 1983).

In this study, four female parents belonged to dif-
ferent duration groups, while all male parents were 
late duration. Most hybrids were medium dura-
tion (25), followed by mid-early (15) and late (12). 
Crosses between early duration A line and late R lines 
yielded mid-early to medium duration hybrids. Mid-
early A line crossed with late R lines mostly produced 
mid-early to late duration hybrids, with most being 
medium duration. Medium duration A lines crossed 
with late R lines resulted in medium to late duration 
hybrids. Late × late crosses also produced medium 
and late duration hybrids, mostly medium duration. 
All parents and hybrids were semi-dwarf (< 110 cm), 
except one hybrid (PUSA5A × RP6370-13) and 
two R lines (RP6370-4 at 127.9  cm, RP6370-13 at 
114.6 cm). The tallest hybrid, PUSA5A × RP6370-13, 
recorded the highest mean values for panicle length 
(PL: 27.9  cm), spikelet fertility (SF%: 93.37%), sin-
gle plant yield (SPY: 31.97  g), and biomass yield 
(BY: 49.15 g), significantly outperforming all checks 
except US312 in terms of SPY (Table 4). SPY showed 
a significant positive correlation with plant height 
(PH) (r = 0.62, p < 0.01), indicating the potential role 
of PH in enhancing hybrid grain yield. This finding 
aligns with the results of Li et al. (2019), reported a 
strong positive association between PH and yield in 
indica hybrids, noting that this relationship may vary 
across rice ecotypes. Furthermore, a recent review 
by Li et al. (2025) emphasized the critical role of PH 
in contributing to increased grain yield in rice. For 
TGW, the IJD-derived R lines performed best. This 
observation is consistent with the findings of Jyothi 
et  al. (2018), who reported that tropical japonica 
accessions commonly exhibit bold grain types, with 
some lines having a thousand grain weight (TGW) 
exceeding 30 g.

Mean performance and combining ability

To evaluate the genetic potential of parental lines 
for hybrid development, combining ability analy-
sis is essential in hybrid breeding programs. It helps 
to  determine the nature of gene action involved in 
trait expression and informs breeding strategies. Gen-
eral Combining Ability (GCA) reflects additive gene 
action, indicating a parent’s average performance 

across multiple crosses. A high GCA means the par-
ent consistently contributes desirable alleles to its 
progeny (Fasahat et  al. 2016). Specific Combining 
Ability (SCA), on the other hand, highlights the per-
formance of a particular hybrid cross relative to the 
average, indicating non-additive gene action (Sharma 
JR, 1988). Interestingly, no consistent correlation 
was found between mean performance and GCA. For 
example, although APMS6B had the highest mean 
performance across traits, PUSA5A was identified as 
a good general combiner for PT, PF%, SF%, SPY, BY, 
HI, and PDP (Table 5), as also reported by Saidaiah 
et al. (2010) for SPY and PDP. A similar observation 
was made among male parents.

In the present study, high per se performance and 
high GCA did not always lead to the best hybrids. 
RP6376-30, which had the highest mean yield 
(21.69 g), showed no significant GCA, while RP6376-
28 exhibited significant positive GCA (SPY = 9.58 g) 
but did not contribute to the top three hybrids by SCA 
effects. Notably, the fourth-best hybrid was derived 
from RP6376-30. These results confirm earlier find-
ings (Allard 1960; Shukla and Pandey 2008; Kenga 
et al. 2004; Anusha et al. 2021) that parents with high 
mean performance do not always produce heterotic 
hybrids, likely due to the predominance of non-addi-
tive gene action for most traits except DFF.

Also, good general combiners did not consistently 
contribute to top specific combiners, as observed by 
Gramaje et al. (2020) across most traits and Mohanty 
et  al. (2025). While PUSA5A and RP6376-28 were 
good general combiners among A and R lines respec-
tively, they did not produce the best specific combiner 
for yield, though the resulting hybrid ranked third by 
mean performance (26.4 g). Moreover, the best spe-
cific combiners did not always show the highest per 
se performance. For TGW, only one hybrid with sig-
nificant SCA had a TGW of 28.8 g, while five other 
hybrids had TGW > 28.8 g with non-significant SCA. 
Similar patterns were observed across other traits. In 
analysing specific combiners, at least one parent typi-
cally showed good GCA for that trait. For example, 
IR68897A, the earliest flowering line, was a good 
general combiner for DFF and contributed to the best 
specific combiner, suggesting additive gene action 
for DFF. For PH, the tallest parents, APMS6A and 
RP6370-4, contributed to the best specific combiner 
for reduced height, indicating complementary gene 
action.
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Table 5   Summary of trait wise hybrid performance data, including the highest-performing female and male parents, top-yielding 
hybrids, and the best general and specific combiners

Trait Female parent 
with highest 
value

Male parent 
with highest 
value

Hybrid Combina-
tion with Highest 
Value

Average Hybrid 
Combination

Best General Combiner Best Specific 
Combiner

Female Male

DFF 87 (IR68897B) 116 (RP6367-
34)

87 × 118 = 96 99 × 126 = 105 IR68897A IJD31 IR68897A × 
RP6380-46IR68897A × 

RP6370-4
PH (cm) 71.78 

(IR79156B)
92.3(RP6375-

31)
73.47 × 97 = 74.2 79.13 × 

100.86 = 90
IR68897A RP6367-34, 

RP6380-46, 
RP6372-75, 
RP6376-29

APMS6A × 
RP6370-
4(83.63)87.1 (APMS6B) 127.9(RP6370-

4)
IR68897A × 

RP6376-29
84.1 × 

114.6 = 119.66
PL (cm) 20.54 

(IR68897B)
26.1 (RP6370-

4)
20.3 × 

22.4 = 27.9
20.02 × 

21.46 = 22.19
IR79156A RP6370-13 PUSA5A × 

RP6370-
13(27.9)

PUSA5A × 
RP6370-13

PUSA5A × 
RP6370-
4(24.3)

PT 13 (PUSA5B) 15 (RP6368-38) 9 × 8 = 26 10 × 11 = 11 IR79156A RP6368-38 IR79156A × 
RP6367-
34(26)

IR79156A × 
RP6367-34

PUSA5A PUSA5A × 
RP6375-
33(19)

13 × 10 = 19 APMS6A × 
RP6376-
30(12)

PUSA5A × 
RP6375-33

PF (%) 82 (IR79156B) 87.17( RP6368-
38)

71.16 × 
87.17 = 90.1

78.31 × 
78.12 = 66.59

PUSA5A RP6368-38, 
RP6375-31, 
RP6376-
30, IJD32, 
RP6375-33, 
RP6380-46

IR68897A × 
RP6370-4 
(78.76)

SF (%) 84.37 
(APMS6B)

88.01 (RP6375-
68)

76.96X 
83.27 = 93.37

80.73 × 
78.12 = 75.86

PUSA5A RP6368-38, 
RP6376-30, 
RP6375-
31, IJD32, 
RP6375-33, 
RP6376-29

IR68897A × 
RP6370-4 
(76.89)PUSA5A × 

RP6370-13

SPY (g) 13.91 
(APMS6B)

21.69 (RP6376-
30)

10.37 × 
12.93 = 31.97

9.69 × 
13.65 = 15.09

PUSA5A RP6376-28 PUSA5A × 
RP6372-
75(29.9)

PUSA5A × 
RP6370-13

PUSA5A × 
RP6370-
13(31.97)

APMS6A × 
RP6376-
30(26.07)

TGW (g) 26.2 
(IR68897A)

31.55 (RP6367-
34)

20.5 × 21.7 = 32 22.61 × 
22.01 = 23.13

RP6370-13, 
RP6375-68, 
RP6370-4

IR68897A × 
RP6375-
33(28.8)

IR79156A × 
RP6375-68
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In the present study, the indica × tropical japonica-
derived restorer (R) lines were observed to exhibit 
several desirable traits, including good pollen shed-
ding capacity, strong culm, tall plant stature, elon-
gated panicles, and a wider angle between the panicle 
and flag leaf. These traits are known to contribute to 
efficient pollen dispersal in hybrid seed production 
plots, as supported by earlier findings: pollen shed-
ding capacity (Chakrabarty et  al. 2023), taller plant 
stature (Xu et al. 2002), elongated panicles (Virmani 
and Edwards 1983; Rutger and Carnahan 1981), and 
panicle–flag leaf angle (Jiang et al. 2022).

Genetic diversity, heterosis and combining ability

The study clearly demonstrates that the introgres-
sion of the tropical japonica genome into indica 
parental lines has effectively broadened the genetic 
base of the newly developed restorer (R) lines, par-
ticularly in relation to existing maintainer (B) 
lines. Grain yield heterosis estimates varied widely 
across hybrids. Average heterosis ranged from 
− 80.15% (APMS6A × RP6372-75) to 175.86% 

(PUSA5A × RP6376-28), heterobeltiosis ranged from 
− 81.05 to 129.88%, and standard heterosis over the 
best check (US312) ranged from − 89.03 to 33.08%, 
with the highest standard heterosis recorded in 
PUSA5A × RP6370-13. Data from a single location 
showed that standard heterosis can reach up to 30% 
over the best-performing hybrid check, underscoring 
the potential of these new lines. This strategy aligns 
with China’s super hybrid rice breeding approach, 
which integrates ideotype breeding with intersub-
specific heterosis (Cheng et  al. 2007). Yuan (1991a, 
b) advocated the use of javanica cultivars, along-
side indica-inclined and japonica-inclined lines, to 
enhance yield potential. Supporting evidence from 
IRRI (Virmani 1994; IRRI 1995) indicated that 
indica × tropical japonica hybrids showed higher het-
erosis and yields than either indica × indica or tropi-
cal japonica × tropical japonica hybrids.

As part of parental improvement programs, 
Satyanarayana et  al. (2005) developed 44 potential 
restorers and 20 maintainers using indica × tropical 
japonica crosses and reported a mean heterosis of 
38.3%. Similarly, Shidenur et al. (2020) documented 

Table 5   (continued)

Trait Female parent 
with highest 
value

Male parent 
with highest 
value

Hybrid Combina-
tion with Highest 
Value

Average Hybrid 
Combination

Best General Combiner Best Specific 
Combiner

Female Male

BY (g) 24.42 
(APMS6B)

35.88 ( 
RP6368-38)

18.15 × 
27.72 = 49.15

17.93 × 
27.14 = 26.03

PUSA5A RP6376-28, 
RP6376-30

PUSA5A × 
RP6372-
75(46.56)

PUSA5A × 
RP6370-13

IR68897A × 
RP6368-
38(33.79)

PUSA5A × 
RP6370-
13(49.15)

HI (%) 56.93 
(APMS6B)

60.61( RP6376-
30)

56.93 × 
41.39 = 67.1

50.97 × 
49.72 = 54.96

PUSA5A – PUSA5A × 
RP6372-
75(64.15)APMS6A × 

RP6376-28
PDP (kg/ha) 30.61 

(APMS6B)
45.9( RP6376-

30)
22.1 × 

25.1 = 74.34
21.1 × 

29.09 = 36.79
PUSA5A – PUSA5A × 

RP6372-
75(74.34)

PUSA5A × 
RP6372-75

IR68897A × 
RP6368-
38(52.35)

PUSA5A × 
RP6370-
13(73.77)
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a maximum standard heterosis of 26.89% across 
three locations. Notably, the recently released Indian 
public sector rice hybrid DRRH6, developed from 
IR68897A × RP6380-46 (Government of India, 
Gazette Notification S.O. 4388(E), 8 October 2024), 
incorporates an indica × tropical japonica-derived 
restorer line. Based on three-year averages from 54 
AICRPR trial locations, it demonstrated 18 and 34% 
yield superiority over the national hybrid (US314) 
and varietal (CO-51) checks, respectively. The indica 
tropical japonica derived R lines carries approxi-
mately 50–55% tropical japonica genome segments 
in the indica background (Ayeella et  al. 2021). Fur-
ther breeding cycles may improve heterosis levels 
beyond 30% by enabling more precise recombina-
tion to retain favorable tropical japonica alleles while 
eliminating undesirable ones. Beyond genetic diver-
sity alone, the key to realizing high heterosis lies in 
optimizing the balance between favorable and unfa-
vorable allelic interactions within each parent, and 
maximizing positive inter-parental (heterogenic) 
interactions (Liu and Wu 1998). As successive cycles 
of selection and recombination advance, both the per 
se performance and combining ability of the paren-
tal lines can be enhanced, ultimately leading to the 
development of highly heterotic and agronomically 
superior rice hybrids. Although standard heterosis 
reached up to 30% over the best hybrid check at a sin-
gle location, multilocation trials are essential to accu-
rately assess the heterotic potential and to account for 
genotype × environment interactions influencing yield 
heterosis and stability. The present findings lay a 
strong foundation for future research. Promising hete-
rotic combinations identified in this study can be fur-
ther validated through multilocation trials. Superior 
inter-subspecific derived R lines will be integrated 
into the existing parental pool and subjected to high-
throughput genotyping, enabling the application of 
genomic selection strategies and predictive modeling 
to enhance the precision of hybrid development.

Best specific combiners/best identified hybrids

Based on mean performance, SCA, and 
GCA effects, the top seven hybrids identi-
fied (Fig.  8) were: PUSA5A × RP6370-13, 
PUSA5A × RP6372-75, PUSA5A × RP6376-28, 
APMS6A × RP6376-30, APMS6A × RP6376-29, 
IR68897A × RP6368-38, and APMS6A × RP6376-
28. Notably, PUSA5A × RP6376-28 involved two 
good general combiners. The top three hybrids—
PUSA5A × RP6370-13, PUSA5A × RP6372-75, and 
PUSA5A × RP6376-28—each had at least one par-
ent with significant GCA. The top three hybrids were 
derived from female parents that exhibit high GCA 
for grain yield. This female parent effectively com-
bined low-GCA and high-GCA parents to achieve 
high yields. This highlights the strategic importance 
of selecting female parents with both high mean per-
formance and good GCA to improve the likelihood 
of producing high-yielding hybrids and enhancing 
breeding efficiency as emphasized by Liu and Wu 
(1998), Gowda et al. (2012), Huang et al. (2015) and 
Casco et al. (2021).

Conclusion

The present study revealed considerable genetic 
diversity among indica × tropical japonica-derived 
(IJD) lines and newly developed restorer (R) lines, 
reflecting the successful integration of tropical japon-
ica and indica genetic backgrounds. Preliminary 
results on heterosis and combining ability are prom-
ising, with the best-performing hybrids exhibiting up 
to 30% standard heterosis over the best check, which 
has a yield potential of 6.0 t/ha—equivalent to an 
estimated yield gain of 1.8 t/ha. While these findings 
highlight the potential of inter-subspecific crosses in 
enhancing hybrid rice performance, the results are 
currently based on evaluations conducted under a sin-
gle environment. Therefore, multi-location trials are 
necessary to validate the stability, adaptability, and 
economic viability of the identified best hybrids.



Euphytica         (2025) 221:138 	 Page 23 of 26    138 

Vol.: (0123456789)

Acknowledgements  We would like to express our gratitude 
to the Director of the Indian Council of Agricultural Research 
(ICAR)-Indian Institute of Rice Research (IIRR) Hyderabad for 
the encouragement and for providing the necessary research 
facilities. We also thank the Consortia for Research Platform 
(CRP) on Hybrid Technology (CRPHT) for their financial 
assistance (Grant No. IARI/CRP/2015/1912) that enabled us to 
conduct this research.

Authors’ contributions  ASH, KBE, and KS conceptual-
ized the study. ASH, PK, SA, PS, PR, and KBK developed 
the breeding materials. KS conducted the laboratory and field 
experiments, with data collection carried out by KS, MBSS, 
and KSL.Data analysis was performed by KS and AD. KS 
drafted the initial version of the manuscript. The manuscript 

was revised by ASH, RMS, DB, AD, KBE, ChDR, MSM, 
ChSR, and MBK. ASH secured the funding for the study.

Funding  This study was funded by  the ICAR-Consor-
tia  for  Research  Platform (CRP) on  Hybrid Technology 
(CRPHT) (Grant No. IARI/CRP/2015/1912).

Data Availability  No datasets were generated or analysed 
during the current study.

Declarations 

Conflict of Interest  The authors have no conflicts of interest 
to declare that are relevant to the content of this article.

0
25
50
75
100
125

Trait

M
ea

n 
V

al
ue

PUSA5A X IJD13

0
25
50
75
100

Trait

M
ea

n 
V

al
ue

PUSA5A X IJD75

0

30

60

90

Trait

M
ea

n 
V

al
ue

PUSA5A X IJD28

0
30
60
90
120

Trait

M
ea

n 
V

al
ue APMS6A X IJD30

0
30
60
90

Trait

M
ea

n 
V

al
ue APMS6A X IJD29

0

30

60

90

Trait

M
ea

n 
V

al
ue

APMS6A X IJD28

0
25
50
75
100

Trait

M
ea

n 
V

al
ue IR68897A X IJD38

0
25
50
75
100

Trait

M
ea

n 
V

al
ue

US312

PUSA5A X RP6376-28

PUSA5A X RP6370-13

APMS6A X 
RP6376-29 IR68897A X RP6368-38

PUSA5A X IJD75

APMS6A X RP6376-30

DRRH-3 DRRH-3 APMS6A X 
RP6376-28

US312 HRI-174

Fig. 8   Trait wise performance and panicle type of identified best hybrids from the present study



	 Euphytica         (2025) 221:138   138   Page 24 of 26

Vol:. (1234567890)

Ethical approval  This article does not contain any studies 
with human participants or animals performed by any of the 
authors.

References

Ali ML, Mc Clung AM, Jia MH, Kimball JA, McCouch SR, 
Eizenga GC (2011) A rice diversity panel evaluated for 
genetic and agro-morphological diversity between sub-
populations and its geographic distribution. Crop Sci 
51:2021–2035. https://​doi.​org/​10.​2135/​crops​ci201.0.​11.​
0641

Ali J, Dela Paz M, Robiso CJ (2021) Advances in two-line 
heterosis breeding in rice via the temperature-sensitive 
genetic male sterility system. In: Rice improvement: 
physiological, molecular breeding and genetic perspec-
tives, pp 99–145, Springer: Cham

Allard RW (1960) Principles of plant breeding. Wiley, New 
York, p 485

Anusha G, Rao DS, Jaldhani V, Beulah P, Neeraja CN, 
Gireesh C, Anantha MS, Suneetha K, Santhosha R, 
Prasad AH, Sundaram RM (2021) Grain Fe and Zn 
content, heterosis, combining ability and its association 
with grain yield in irrigated and aerobic rice. Sci Rep 
11(1):10579

Ayeella PG, Kanneboina S, Senguttuvel P, Revathi P, Kem-
paraju KB, Balakrishnan D, Madhav MS, Raman S, 
Suresh BG, Beulah P, Sulakunta AS (2023) Estima-
tion of indica-tropical japonica genome proportion in 
wide compatible restorer lines derived through inter 
sub specific hybridization and molecular diversity 
analysis among rice genotypes. Electron J Plant Breed 
14(2):616–624

Casco VV, Tapic RT, Undan JR, Latonio AMLS, Suralta RR, 
Manigbas NL (2021) Combining ability, floral biology, 
and seed producibility of promising cytoplasmic male-
sterile (CMS) lines for hybrid rice development. CABI 
Agric Biosci 2:1–10

Chakrabarty SK, Basu S, Schipprach W (2023) Hybrid seed 
production technology. In:  Seed Science and Technol-
ogy: Biology, Production, Quality, pp 173–212, Springer: 
Singapore

Cheng SH, Zhuang JY, Fan YY, Du JH, Cao LY (2007) Pro-
gress in research and development on hybrid rice: a super-
domesticate in China. Ann Bot 100(5):959–966

Earl DA (2012) Structure harvester: a website and program for 
visualizing structure output and implementing the evanno 
method. Conserv Genet Resour 4(2):359–361. https://​doi.​
org/​10.​1007/​s12686-​011-​9548-7

Falconer DS, Mackay TF (1983) Quantitative genetics. Long-
man, London

Fasahat P, Rajabi A, Rad JM, Derera JJBBIJ (2016) Principles 
and utilization of combining ability in plant breeding. 
Biomet Biostat Int J 4(1):1–24

Garris AJ, Tai TH, Coburn J, Kresovich S, McCouch S (2005) 
Genetic structure and diversity in Oryza sativa L. Genet-
ics 169(3):1631–1638. https://​doi.​org/​10.​1534/​genet​ics.​
104.​035642

Glaszmann JC (1987) Isozymes and classification of Asian rice 
varieties. Theor Appl Genet 74:21–30

Gowda M, Longin CFH, Lein V, Reif JC (2012) Relevance of 
specific versus general combining ability in winter wheat. 
Crop Sci 52(6):2494–2500

Gramaje LV, Caguiat JD, Enriquez JOS, dela Cruz QD, Millas 
RA, Carampatana JE, Tabanao DAA (2020) Heterosis and 
combining ability analysis in CMS hybrid rice. Euphytica 
216:1–22

Gupta SK, Patil KS, Rathore A, Yadav DV, Sharma LD, Mun-
gra KD, Patil HT, Gupta SK, Kumar R, Chaudhary V, Das 
RR (2020) Identification of heterotic groups in South-
Asian-bred hybrid parents of pearl millet. Theor Appl 
Genet 133:873–888

Hari Y, Srinivasarao K, Viraktamath BC, Hari Prasad AS, 
Laha GS, Ahmed I, Natarajkumar M, Sujatha PK, Srini-
vas Prasad MS, Pandey M, Ramesha MS (2013) Marker-
assisted introgression of bacterial blight and blast resist-
ance into IR 58025B, an elite maintainer line of rice. Plant 
Breed 132(6):586–594. https://​doi.​org/​10.​1111/​pbr.​12056

Huang M, Chen LY, Chen ZQ (2015) Diallel analysis of 
combining ability and heterosis for yield and yield 
components in rice by using positive loci. Euphytica 
205:37–50

ICAR-Indian Institute of Rice Research 2023 Progress Report 
(2023) Vol.1, Varietal Improvement. All India Coordi-
nated Research Project on Rice ICAR-Indian Institute of 
Rice Research Rajendranagar, Hyderabad, 500 030, TS, 
India

International Rice Research Institute (1995) Program Report 
for 1994. P.O. Box 933, Manila 1099, Philippines

Jiang J, Zhang Y, Li Y, Hu C, Xu L, Zhang Y, Wang D, Hong 
D, Dang X (2022) An analysis of natural variation reveals 
that OsFLA2 controls flag leaf angle in rice (Oryza sativa 
L.). Front Plant Sci 13:906912

Jyothi B, Divya B, Rao LS, Bhavani PL, Revathi P, Rao PR, 
Rachana B, Padmavathi G, Kumar JA, Gireesh C, Anan-
tha MS (2018) New plant type trait characterization and 
development of core set among indica and tropical japon-
ica genotypes of rice. Plant Genet Resour 16(6):504–512. 
https://​doi.​org/​10.​1017/​S1479​26211​80000​84

Kato S, Kosaka H, Hara S (1928) On the affinity of rice varie-
ties as shown by fertility of hybrid plants. Sci Bull Facult 
Agric Kyushu Univ Jpn 3:132–147

Kenga R, Alabi SO, Gupta SC (2004) Combining ability stud-
ies in tropical sorghum (Sorghum bicolor (L.) Moench). 
Field Crops Res 88(2–3):251–260

Khush GS, Aquino RC (1994) Breeding tropical japonicas 
for hybrid rice production. 3: j-36. In: Virmani SS (ed) 
Hybrid rice technology: new developments and future 
prospects, International Rice Research Institute., P.O. 
Box 933, 1099 Manila, Philippines

Kulkarni SR, Balachandran SM, Fiyaz RA, Balakrishnan D, 
Sruthi K, Ulaganathan K, Hari Prasad AS, Sundaram RM 
(2022) Assessment of heterotic potential and combin-
ing ability of novel iso-cytoplasmic restorer lines derived 
from an elite rice hybrid, KRH-2, for the development of 
superior rice hybrids. Euphytica 218(5):60

Kumar A, Singh VJ, Krishnan SG, Vinod KK, Bhowmick PK, 
Nagarajan M, Ellur RK, Haritha B, Singh AK (2019) 
WA-CMS-based iso-cytoplasmic restorers derived from 

https://doi.org/10.2135/cropsci201.0.11.0641
https://doi.org/10.2135/cropsci201.0.11.0641
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1534/genetics.104.035642
https://doi.org/10.1534/genetics.104.035642
https://doi.org/10.1111/pbr.12056
https://doi.org/10.1017/S1479262118000084


Euphytica         (2025) 221:138 	 Page 25 of 26    138 

Vol.: (0123456789)

commercial rice hybrids reveal distinct population struc-
ture and genetic divergence towards restorer diversi-
fication. 3 Biotech 9(8):299. https://​doi.​org/​10.​1007/​
s13205-​019-​1824-3

Kumar A, Singh VJ, Bhowmick PK, Vinod K, Seth R, Nagara-
jan M, Ellur R, Bollinedi H, Singh AK (2020) Molecular 
marker based estimates of genetic distance and predic-
tion of heterosis in rice (Oryza sativa). Indian J Agric Sci 
90(8):1439–1444

Labroo MR, Ali J, Aslam MU, de Asis EJ, Paz Dela MA, 
Sevilla MA, Lipka AE, Studer AJ, Rutkoski JE (2021) 
Genomic prediction of yield traits in single-cross hybrid 
rice (Oryza sativa L.). Front Genet 12:692870

Li R, Li M, Ashraf U, Liu S, Zhang J (2019) Exploring the 
relationships between yield and yield-related traits for rice 
varieties released in China from 1978 to 2017. Front Plant 
Sci 10:543. https://​doi.​org/​10.​3389/​fpls.​2019.​00543

Li X, Xie C, Cheng L, Tong H, Bock R, Qian Q, Zhou W 
(2025) The next Green Revolution: integrating crop archi-
tectype and physiotype. Trends in Biotechnology

Liu K, Muse SV (2005) Power marker: an integrated analysis 
environment for genetic marker analysis. Bioinformatics 
21(9):2128–2129. https://​doi.​org/​10.​1093/​bioin​forma​tics/​
bti282

Liu XC, Wu JL (1998) SSR heterogenic patterns of parents for 
marking and predicting heterosis in rice breeding. Mol 
Plant Breed 4:263–268

Maroof MS, Yang GP, Zhang Q, Gravois KA (1997) Cor-
relation between molecular marker distance and hybrid 
performance in US southern long grain rice. Crop Sci 
37(1):145–150

Mohanty TA, Kumaresan D, Manonmani S, Ramalingam S, 
Boopathi NM, Natarajan S (2025) Enhancing rice breed-
ing through two-line hybrids: integrative analysis of com-
bining ability, heterosis, MGIDI, and grain quality traits. 
Euphytica 221(3):29

Parimala K, Bhadru D, Raju CS (2018) Combining ability 
and heterosis studies for grain yield and its components 
in hybrid rice (Oryza sativa L.). Electron. J. Plant Breed 
9(1):244–255

Peng S, Laza RC, Visperas RM, Khush GS, Virk P, Zhu D 
(2004) Rice: progress in breaking the yield ceiling “New 
directions for a diverse planet”. In: Proceedings of the 4th 
international crop science congress. Brisbane, Australia

Perrier X, Jacquemoud-Collet JP (2006) DARwin software. 
http://​darwin.​cirad.​fr Accessed 30 Sept 2015

Prasad AH, Senguttuvel P, Revathi P, Kemparaju KB, Sruthi 
K, Sundaram RM, Seshu Madhav M, Prasad MS, Laha 
GS (2019) Breeding strategies for hybrid rice parental line 
improvement. Oryza. https://​doi.​org/​10.​5958/​2249-​5266.​
2018.​00004.8

Pritchard JK, Stephens M, Donnelly P (2000) Inference of pop-
ulation structure using multilocus genotype data. Genetics 
155(2):945–959. https://​doi.​org/​10.​1093/​genet​ics/​155.2.​
945

Qian Q, Zhang F, Xin Y (2021) Yuan Longping and hybrid 
rice research. Rice 14:101. https://​doi.​org/​10.​1186/​
s12284-​021-​00542-4

R Core Team (2020) R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing, 
Vienna, Austria. URL https://​www.R-​proje​ct.​org/

Rife TW, Poland JA (2014) Field book: an open-source appli-
cation for field data collection on android. Crop Sci 
54(4):1624–1627

Roy S, Marndi BC, Mawkhlieng B, Banerjee A, Yadav RM, 
Misra AK, Bansal KC (2016) Genetic diversity and struc-
ture in hill rice (Oryza sativa L) landraces from the North-
Eastern Himalayas of India. BMC Genet 17:107. https://​
doi.​org/​10.​1186/​s1286/3-​016-​0414-1

Rutger JN, Carnahan HL (1981) A fourth genetic element to 
facilitate hybrid cereal production—a recessive tall in rice 
1. Crop Sci 21(3):373–376

Saidaiah P, Kumar SS, Ramesha MS (2010) Combining ability 
studies for development of new hybrids in rice over envi-
ronments. J Agric Sci 2(2):225

Satyanarayana PV, Rao PS, Reddy PR, Srinivas T, Madhuri 
J, Suneetha Y (2005) Parental line improvement through 
indica× tropical japonica crosses in rice. Oryza 42(1):5–9

Senguttuvel P, Hari Prasad AS, Sundaram RM, Revathi 
P, Kemparaju KB, Sruthi K, Subba Rao LV, Aravind 
Kumar J, Sheshu Madhav M, Muthuraman P, Laha 
GS, Nirmala B, Waris Amtul, Sreedevi B, Somasekhar 
N, Kannan C, Prasad MS, Mahender Kumar R, Sadath 
Ali M, Koteshwar Rao P, Nagarjuna E, Beulah P, Jald-
hani V, Sravan Raju N, Nagaraju P, Manasa Y (2023) 
DRRH-4 (IET 27937)—World’s first public bred aero-
bic rice hybrid. J Rice Res 16(1):105–106. https://​doi.​
org/​10.​58297/​KCIX9​658

Senguttuvel P, Sundaram RM, Hari Prasad AS, Revathi 
P, Kemparaju KB, Sruthi K, Kota S, Ali J, Subba Rao 
LV, Swamy AVSR, Sai Prasad SV, Surekha K, Prasad 
MS, Kumar RM, Muthuraman P, Prasad Babu MBB, 
Gobinath R, Bhadana VP, Thirumeni S, Sadath Ali M, 
Koteshwar Rao P, Chaitanya U, Beulah P, Jaldhani V, 
Nagaraju P (2024) DRRH - 5 ( IET 27847)—World’s 
first coastal salinity tolerant rice hybrid. J Rice Res 
17(1):128–130. https://​doi.​org/​10.​58297/​RGBA1​509

SES I (2013) Standard evaluation system for rice. Interna-
tional Rice Research Institute, Philippines

Sharma JR (2008) Statistical and biometrical techniques in 
plant breeding. New Age International

Shidenur S, Singh VJ, Vinod KK, Gopala Krishnan S, Ghrit-
lahre SK, Bollinedi H, Ellur RK, Dixit BK, Singh B, 
Nagarajan M, Singh AK (2019) Molecular detection of 
WA-CMS restorers from tropical japonica-derived lines, 
their evaluation for fertility restoration and adaptation. 
Plant Breed 138(5):553–567

Shidenur S, Singh VJ, Vinod KK, Gopala Krishnan S, Ghrit-
lahre SK, Bollinedi H, Dixit BK, Ellur RK, Nagarajan 
M, Singh AK, Bhowmick PK (2020) Enhanced grain 
yield in rice hybrids through complementation of fertil-
ity restoration by Rf3 and Rf4 genes as revealed by mul-
tilocation evaluation of tropical japonica derived rice 
(Oryza sativa) hybrids. Plant Breed 139(4):743–753

Shukla SK, Pandey MP (2008) Combining ability and het-
erosis over environments for yield and yield components 
in two-line hybrids involving thermosensitive genic 
male sterile lines in rice (Oryza sativa L.). Plant Breed 
127(1):28–32

Singh VK, Upadhyay P, Sinha P, Mall AK, Ellur RK, Singh 
A, Jaiswal SK, Biradar S, Ramakrishna S, Sundaram RM, 
Ahmed I (2011) Prediction of hybrid performance based 

https://doi.org/10.1007/s13205-019-1824-3
https://doi.org/10.1007/s13205-019-1824-3
https://doi.org/10.3389/fpls.2019.00543
https://doi.org/10.1093/bioinformatics/bti282
https://doi.org/10.1093/bioinformatics/bti282
http://darwin.cirad.fr
https://doi.org/10.5958/2249-5266.2018.00004.8
https://doi.org/10.5958/2249-5266.2018.00004.8
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1186/s12284-021-00542-4
https://doi.org/10.1186/s12284-021-00542-4
https://www.R-project.org/
https://doi.org/10.1186/s1286/3-016-0414-1
https://doi.org/10.1186/s1286/3-016-0414-1
https://doi.org/10.58297/KCIX9658
https://doi.org/10.58297/KCIX9658
https://doi.org/10.58297/RGBA1509


	 Euphytica         (2025) 221:138   138   Page 26 of 26

Vol:. (1234567890)

on the genetic distance of parental lines in two-line rice 
(Oryza sativa L.) hybrids. J Crop Sci Biotechnol 14:1–10

Singh VJ, Bhowmick PK, Vinod KK, Krishnan SG, Nanda-
kumar S, Kumar A, Kumar M, Shekhawat S, Dixit BK, 
Malik A, Ellur RK (2022) 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 
13(3):484

Sravan Raju N, Senguttuvel P, Hari Prasad AS, Beulah P, 
Naganna P, Sadath Ali, Koteswara Rao P, Sheshumadhav 
M, Sundaram RM, Singh AK, Subbrahmanyam J, Rao R, 
Voleti SR (2017) "Combining ability and heterosis predic-
tion for grain yield of parental lines and hybrids for heat 
tolerance in rice (Oryza sativa L). Agriculture Update

Sruthi K, Divya B, Senguttuvel P, Revathi P, Kemparaju KB, 
Koteswararao P, Sundaram RM, Singh VJ, Ranjith KE, 
Prolay KB, Vinod KK, Gopal Krishnan S, Singh AK, 
Hari Prasad AS (2019) Evaluation of genetic diversity 
of parental lines for development of heterotic groups in 
hybrid rice (Oryza sativa L.). J Plant Biochem Biotechnol 
26:236–252. https://​doi.​org/​10.​1007/​s13562-​019-​00529-9

Sruthi K, Eswari KB, Hari Prasad AS, Damodhar RC, Sheshu 
Madhav M, Dhandapani A (2020) Assessment of genetic 
variability, heritability and genetic advance for yield and 
quality traits in indica tropical japonica derived lines. Int 
J Curr Microbiol Appl Sci 9(04):2971–2981. https://​doi.​
org/​10.​20546/​ijcmas.​2020.​904.​348

Sruthi K, Eswari KB, Damodhar Raju C, Sheshu Madhav 
M, Dhandapani A, Senguttuvel P, Bala Satya Sree M, 
Sri Krishna Latha K, Beulah P, Nagaraju P, Manasa Y 
(2023) Identification of stable restorer lines developed 
through inter-sub-specific hybridization in rice (Oryza 
sativa) using multi-trait stability index. Plant Breed 
143(1):105–119

Thomson M, Septiningsih E, Suwardjo F, Santoso T, Sil-
itonga T, McCouch S (2007) Genetic diversity analy-
sis of traditional and improved Indonesian rice (Oryza 
sativa L.) germplasm using microsatellite markers. 
Theor Appl Genet 114:559–568. https://​doi.​org/​10.​1007/​
s00122-​006-​0457-1

Virmani SS (1994) Heterosis and hybrid rice breeding. 
Springer, Berlin

Virmani SS, Edwards IB (1983) Current status and future 
prospects for breeding hybrid rice and wheat. Adv Agron 
36:145–214

Wang K, Qiu F, Larazo W, dela Paz MA, Xie F (2015) Heter-
otic groups of tropical indica rice germplasm. Theor Appl 
Genet 128:421–430

Wang S, Wu H, Lu Z, Liu W, Wang X, Fang Z, He X (2023) 
Combining ability analysis of yield-related traits of two 

elite rice restorer lines in Chinese hybrid rice. Int J Mol 
Sci 24(15):12395

Würschum T, Zhu X, Zhao Y, Jiang Y, Reif JC, Maurer HP 
(2023) Maximization through optimization? On the rela-
tionship between hybrid performance and parental genetic 
distance. Theor Appl Genet 136(9):186

Xie F, He Z, Esguerra MQ, Qiu F, Ramanathan V (2013) 
Determination of heterotic groups for tropical Indica 
hybrid rice germplasm. Theor Appl Genet 127:407–417

Xu W, Virmani SS, Hernandez JE, Sebastian LS, Redoña ED, 
Li Z (2002) Genetic diversity in the parental lines and het-
erosis of the tropical rice hybrids. Euphytica 127:139–148

Xu Z, Chen W, Zhang L, Yang S (2005) Design principles 
and parameters of rice ideal panicle type. Chin Sci Bull 
50(19):2253–2256. https://​doi.​org/​10.​1007/​BF031​82678

Yadav S, Singh AK, Singh MR, Goel N, Vinod KK, Mohapa-
tra T (2013) Assessment of genetic diversity in Indian 
rice germplasm (Oryza sativa L.): use of random versus 
trait-linked microsatellite markers. J Genet 92:545–557. 
https://​doi.​org/​10.​1007/​s12041-​013-​0312-5

Yang ZY (1990) Evaluation and utilization of usable and unus-
able heterosis in F1 hybrids between indica and japonica 
rice subspecies. Chin J Rice Sci 1990(2):49–55

Yingheng W, Qiuhua CAI, Hongguang, Fangxi W, Ling L, Wei 
H, Liping C, Huaan XIE, Jianfu Z (2018) Determination 
of heterotic groups and heterosis analysis of yield perfor-
mance in indica rice. Rice Sci 25(5):261–269

Yuan LP (1991a) Breeding for intersubspecific heterosis 
in rice. Program Report. China National Hybrid Rice 
Research and Development Center

Yuan LP (1991b) Outlook on the development of hybrid rice 
breeding. In: Prospects of rice farming for 2000, Zhejiang, 
House Sci Tech., Hangzhou, China, pp 205–211

Zheng KL, Shen B, Qian HR (1991) DNA polymorphism gen-
erated by arbitrary primed PCR in rice. Rice Genet Newsl 
8:134–136

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

https://doi.org/10.1007/s13562-019-00529-9
https://doi.org/10.20546/ijcmas.2020.904.348
https://doi.org/10.20546/ijcmas.2020.904.348
https://doi.org/10.1007/s00122-006-0457-1
https://doi.org/10.1007/s00122-006-0457-1
https://doi.org/10.1007/BF03182678
https://doi.org/10.1007/s12041-013-0312-5

	Harnessing inter-subspecific genetic variability for hybrid rice improvement: analysis of genetic diversity, heterosis, and combining ability
	Abstract 
	Introduction
	Material and methods
	Plant material
	Phenotyping for yield and grain quality related traits
	Genotyping and data analysis
	Combining ability and heterosis

	Results
	Morphological and grain quality characterization
	Superior performance of IJD lines based on pairwise comparisons with checks
	Duration-wise mean performance of genotypes
	Correlation studies
	Genetic relationships through phenotypic clustering
	Genotypic clustering
	Population structure analysis
	Inter-sub specific derived restorer lines: genetically distinct and diverse
	Heterotic potential and combining ability of inter-subspecific derived R lines
	General and specific combiners for yield and related traits

	Discussion
	Heterosis and combining ability of inter-subspecific derived R lines
	Correlation among genetic distance, hybrid yield, combining ability, and other yield-attributing traits
	Mean performance and combining ability
	Genetic diversity, heterosis and combining ability
	Best specific combinersbest identified hybrids

	Conclusion
	Acknowledgements 
	References


