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Abstract
Hybrid rice has driven substantial yield gains across India, yet no hybrid built on north-eastern Indian
landraces has reached large-scale cultivation, despite the region's distinct agro-ecology and growing
exposure to climate variability. Closing this gap requires restorer lines that combine reliable fertility
restoration, adequate genetic diversity from the cytoplasmic male sterile (CMS) parents they will be
paired with, and strong combining ability, three requirements rarely evaluated together. Here, 33
candidate restorer lines and 5 CMS lines (IR 68888A, IR 58025A, RTN 10A, RTN 12A, and APMS 6A) were
screened for the fertility-restoration genes Rf3 and Rf4 using gene-based/linked markers, profiled for
genetic diversity with SSR markers, and evaluated as 165 test crosses in a modified line x tester design.
Rf4 was more prevalent than Rf3, and gene-based markers predicted realised spikelet fertility more
reliably than gene-linked markers; applying a standard four-class fertility-restoration scheme classified
26 of the 33 lines (78.8%) as effective restorers (Fully or Partial), though most lines shifted class
depending on the specific CMS tester used, showing that restoration is CMS-line-dependent rather than
fixed. SSR-based clustering (STRUCTURE, UPGMA, PCoA) consistently resolved two major genetic
groups, clearly separating Ratnagiri-derived CMS lines from north-eastern restorer germplasm, but this
genetic distance only weakly predicted hybrid yield performance. Line x tester analysis showed non-
additive gene action dominated yield and its component traits (σ²sca > σ²gca; dominance variance > 
additive variance), and combining this with commercial-heterosis screening identified IR 68888A/Sakur
Dhan (156.67%), IR 68888A/MTU 1010 (148.57%), and AMPS-6A/DRR Dhan 44 (141.43%) as the top
hybrids over the check Shahsarang. Classifying all test crosses by maturity duration showed that six of
these eight top-heterosis hybrids were Mid-early (121–130 days) and none were Late, meaning the best-
performing hybrids are also best positioned to escape terminal-season stress and enable double-
cropping, linking this breeding result directly to climate-resilient food security in the north-eastern hill
region

Introduction
Rice underpins food security for more than half the world's population, supplying a larger share of global
dietary energy than any other cereal [1, 2, 3]. In India, the Green Revolution delivered a first major leap in
production through high-yielding varieties, but that yield curve has since flattened even as demand keeps
climbing: India's rice requirement is projected to reach around 146 million tonnes by 2030 [4], and
because cultivable land is not expanding, that demand can only be met by raising yield per hectare rather
than area sown.

Hybrid rice is the most proven route to this kind of yield step-change, offering a 20–25% advantage over
the best conventional semi-dwarf varieties [5, 6, 7, 8], and India has released 127 rice hybrids to date [9,
10]. Yet adoption remains concentrated in a handful of states and covers barely 3 million hectares
nationally, and, notably, not one of these hybrids has been built on the landraces of North-Eastern India, a
region with a distinct agro-ecology, its own considerable varietal wealth, and growing exposure to the
erratic, narrowing monsoon window that climate change is bringing to hill agriculture. This gap, between
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what hybrid rice has demonstrated elsewhere and its near-total absence in the north-eastern hills, is the
starting point for the present study.

Indian hybrid rice breeding is built almost entirely on the wild-abortive cytoplasmic male sterility (WA-
CMS) system, which depends on three lines, cytoplasmic male sterile (A), maintainer (B), and restorer
(R), whose interaction determines whether the F1 regains pollen fertility [11]. Because fertility restoration
is governed by nuclear-cytoplasmic gene interactions, correctly identifying true restorer lines is the first
and most basic requirement of any hybrid programme [12]. This identification was historically done by
hybridizing candidate lines and scoring pollen fertility by eye, a slow and land-intensive process;
molecular markers for the two major restorer loci, Rf3 (chromosome 1; [13]) and Rf4 (chromosome 10;
[14]), have since made this screening far faster [15, 16]. But marker-based screening only answers half
the question, whether a line restores fertility, not whether it will make a genetically valuable,
agronomically deployable parent, which is where diversity, combining ability, and duration come in.

Fertility restoration alone does not guarantee a good hybrid: heterosis depends on genetic
complementation between parents, so restorer lines also need to be genetically diverse relative to the
CMS lines they will be crossed onto [17, 18, 19] and, because CMS lines are few in number, finding
restorers that combine well across multiple WA-CMS backgrounds is itself a bottleneck. Diversity and
per-se performance are, however, imperfect predictors of hybrid value on their own; a phenotypically
superior restorer can still combine poorly [20] Combining ability analysis fills this gap, and among the
available biometrical designs, line x tester analysis [21] is the most practical for screening many parental
combinations at once, partitioning general combining ability (GCA, additive gene action) from specific
combining ability (SCA, non-additive gene action) [22, 23, 24]. Molecular diversity data can, in principle,
be linked forward to this combining-ability picture: [25] showed genetic distance could indirectly predict
heterosis in maize without exhaustive testcrossing, a shortcut that would be valuable here if it holds.

Even a hybrid that restores fertility well, combines well, and is genetically well-matched to its CMS parent
is only useful if its maturity duration fits the region’s cropping calendar and climate risk. In the rainfed,
terraced agriculture typical of the North-Eastern hills, a late-maturing hybrid is exposed to a longer
window of unpredictable late-monsoon rainfall and early-winter cold at grain-filling, either of which can
erase a yield advantage established earlier in the season; an early- or mid-early-duration hybrid, by
contrast, escapes much of that risk and can also vacate the field in time for a second, rabi-season crop,
directly raising cropping intensity, smallholder income, and household food security, outcomes that map
directly onto the Sustainable Development Goals for zero hunger, climate action, and poverty reduction
[26]. Despite this, duration is rarely classified and reported alongside heterosis and combining-ability
results in hybrid rice studies, even though it determines whether a high-yielding hybrid is actually
deployable in a given agro-ecology rather than merely superior on paper.

These four requirements, correct Rf-gene-based restorer identification, adequate parental genetic
diversity, validated combining ability, and a maturity duration suited to the regional cropping system and
climate risk, are rarely evaluated together in a single study, and have not been brought together at all for
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restorer material from North-Eastern India. The present study was designed to close that gap directly: to
screen candidate lines for Rf3 and Rf4 and classify their fertility-restoration ability; to profile the genetic
diversity of the restorer lines and their WA-CMS testers using SSR markers; to develop and evaluate the
resulting hybrids through line x tester analysis and test whether SSR-based genetic distance can
indirectly predict the heterosis realised in them; and to classify the resulting hybrids by maturity duration,
so that the parent combinations identified as superior are also assessed for their fit with climate-
resilient, food-security-relevant cropping systems in the north-eastern hill region.

Materials and Methods
Experimental site and genetic materials

The present investigation was executed at the Plant Breeding farm of the ICAR Research Complex for
NEH Region, Umiam, Meghalaya, India (latitude 25°39' N, longitude 91°54' E, elevation 966 m above
MSL). A set of 33 restorer lines and 5 cytoplasmic genetic male sterile (CMS) lines were used for
screening of fertility restorer genes (Rf3 and Rf4) using gene-based/linked markers. Genotypes carrying
Rf3 and Rf4 genes, either singly or in combination, were carried forward for hybridization, described next.

Development of experimental material

The potential restorers were used for hybridization with the five CMS lines, namely IR 68888A, IR 58025A,
RTN 10A, RTN 12A, and APMS 6A, in a modified line x tester design where the testers (CMS lines) were
used as females and the lines (potential restorer lines) were used as males, since CMS lines cannot
themselves serve as males in a line x tester design (Kempthorne 1957). Spikelets of the five CMS
parents were cut in the evening, followed by pollination from the 33 potential restorer parents (testers)
the next morning (8:00-10:00 AM), giving a total of 165 test crosses that were then carried into field
evaluation.

Evaluation of test crosses

The test crosses, along with their parents and standard checks (Shahsarang and Megha SA 2), were
planted in the field during the 2022 Kharif season with three replications at two locations, namely Umiam
(960 m above msl) and Upper Shillong (1500 m above msl). A 5-metre row length with 3 rows was used
for each test cross, with a spacing of 20 x 10 cm. Standard crop-production practices, including
recommended plant and row spacing, fertilizer application, and disease, insect, and pest management,
were followed throughout to raise healthy crops. Five randomly chosen plants from the middle rows
were used to record yield-related traits, namely plant height (cm), panicle length (cm), number of
effective tillers per plant, number of filled grains per panicle, spikelet fertility percentage, test weight, and
grain yield per plant (g). The days to 50% flowering was noted when the half the plants shown the
flowering in entire plot. The average of the five plants constituted one replication value used for data
analysis.
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Screening for fertility restoration genes (Rf3, Rf4) and association between genetic distance and
heterotic potential

All 38 (33+5) parents were grown in soil-filled 96-hole plastic seedling trays. Fresh young leaves of five
healthy plants, 10 days after sowing, were used for DNA extraction following the cetyl-tetramethyl
ammonium bromide (CTAB) method [27]. DNA was diluted to a working standard after agarose gel-
based quantitation using uncut λ genomic DNA and absorbance-based quantification with a Thermo
Scientific NanoDrop 2000 (Thermo Fisher Scientific, USA), using the ratio of absorbance at 260 nm and
280 nm (A260/A280 of 1.8-2.0). PCR was performed in a 20-μl reaction mixture containing 1 μl of
genomic DNA, 0.8 μl each of forward and reverse primers, 0.4 μl of dNTPs, 0.125 μl of Taq polymerase, 4
μl of PCR buffer, and 12.875 μl of nuclease-free water, using a 35-cycle profile of 94°C for 30 s
(denaturation), 55°C for 30 s (annealing), and 72°C for 1 min (extension), flanked by an initial
denaturation at 94°C for 5 min and a final extension at 72°C for 10 min. PCR products were separated on
a 3.5% agarose gel and visualized under UV light using a Bio-Rad gel documentation unit, with a 100-bp
DNA ladder used to size alleles. For the Rf3 locus, both candidate gene-based markers, DRRM-Rf3-5 and
DRRM-Rf3-10, were used, with DRRM-Rf3-10 being the more efficient of the two [28]; for the Rf4 locus, the
gene-linked marker RM6100 and the gene-based marker DRCG-RF4-14 were used (primer sequences,
chromosomal location, and expected restorer/non-restorer amplicon sizes for all four markers are given
in Table S1). A set of 33 standard SSR markers spanning the twelve rice chromosomes, drawn from the
GCP panel of IRRI, was then applied to the same 38 genotypes to assess genetic distance and
relationships among the parental lines, so that fertility-restoration genotype and genome-wide diversity
could be examined side by side in the same material (Table 5).

Statistical analysis

Data recorded for the 38 potential restorer lines and checks for the various agro-morphological traits
were used to compute descriptive statistics and genetic variability using R 4.2.1. Clustering (Stats and
Factoextra packages) and principal component analysis (Factoshiny package) were performed in R
4.2.1, and combining-ability analysis was computed using the line x tester model of Kempthorne (1957)
in R 4.2.1 with the agricolae package (R Core Team 2022). Genetic diversity parameters, namely
polymorphic information content (PIC), number of alleles (Na), number of effective alleles (Ne), gene
diversity (GD), heterozygosity (H), and Shannon's information index (I), were estimated using
PowerMarker 3.25 [29] and Popgene 1.32 [30]. Principal coordinate analysis was performed using
GenAlEx v6.5 [31], and AMOVA and pairwise fixation index (FST) values were analyzed with Arlequin
3.5.2.2 [32]. Bayesian cluster estimation of population structure (global ancestry) was carried out with
STRUCTURE 2.3.4, using ten replicates for each value of K (1 to 10), each with a burn-in of 100,000
iterations followed by 100,000 post-iterations; the replicate with the highest likelihood was retained for
each K. Nei's (1983) genetic-distance-based clustering using the unweighted pair-group method with
arithmetic mean (UPGMA) was performed with Power Marker 3.25 and visualized in Mega 11.0, and the
correlation between Nei's genetic distance and standard heterosis was calculated in Microsoft Excel. In
addition, since days to maturity is agronomically decisive for how a hybrid fits into regional cropping
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systems, every test cross was classified by duration into four standard classes, Early (<120 days), Mid-
early (121-130 days), Medium (131-140 days), and Late (>140 days), and this classification was cross-
tabulated against CMS line and against the combining-ability/heterosis results in R 4.2.1. Fig. 1a
summarizes how these parallel streams of analysis, molecular screening, phenotypic/duration
evaluation, and combining-ability analysis, converge into the heterosis and sustainability assessment
reported in the Results and Discussion.

Results
3.1 Fertility-restoration gene screening

Single-locus Rf3 and Rf4 allelic distribution

The presence of fertility restorer gene(s) was confirmed using fertility restorer gene-linked/based
markers, with restorer and non-restorer alleles identified from amplicon size. For the Rf3 locus, marker
DRRM-Rf3-5 produced 160 bp (restorer allele) and 130 bp (WA-CMSline alleles) products, whereas
DRRM-Rf3-10 produced 210 bp and 190 bp products in restorer and CMS lines, respectively
(Supplementary Table S2). For the Rf4 locus, DRCG-Rf4-14 produced 845 bp in restorer lines and 885 bp
in CMS lines, while RM6100 produced 150 bp (restorer) and 140 bp (WA-CMSline) products. Figure 2
summarizes the resulting allelic-class distribution: with DRRM-Rf3-5, 7 of the 33 genotypes were
homozygous restorer, 16 (48.48%) were homozygous non-restorer, and 10 were heterozygous for Rf3;
with DRRM-Rf3-10, the corresponding counts were 3 homozygous restorer, 26 homozygous non-restorer,
and 4 heterozygous, consistent with DRRM-Rf3-10 being the more chromosome-1-proximal and therefore
more efficient marker . For Rf4, 6 genotypes (18.18%) and 14 genotypes (42.42%) were homozygous
restorer using the gene-linked marker (RM6100) and the gene-based marker (DRCG-Rf4-14), respectively,
while 11 and 18 genotypes were homozygous non-restorer using DRCG-Rf4-14 and RM6100, respectively,
and 16 and 1 genotypes were heterozygous using DRCG-Rf4-14 and RM6100, respectively (Fig. 1b; full
counts in Supplementary Table S2).

Combined Rf3/Rf4 allelic combination classes

Combining these single-locus results, the genotypes were further classified into nine allelic combination
classes of Rf3 and Rf4 (Rf3Rf3Rf4Rf4, Rf3Rf3rf4rf4, rf3rf3Rf4Rf4, rf3rf3rf4rf4, Rf3rf3Rf4Rf4, Rf3Rf3Rf4rf4,
Rf3rf3Rf4rf4, Rf3rf3rf4rf4, and rf3rf3Rf4rf4; Fig. 1c; full class-wise counts in Supplementary Table S3),
scored using four marker combinations: DRRM-Rf3-5 + DRCG-RF4-14, DRRM-Rf3-10 + DRCG-RF4-14,
DRRM-Rf3-5 + RM6100, and DRRM-Rf3-10 + RM6100. With DRRM-Rf3-5 + DRCG-RF4-14, 8 genotypes
carried the restorer allele, 10 were heterozygous, and 15 carried the non-restorer allele at Rf3, while for
Rf4 the corresponding counts were 6, 15, and 12. With DRRM-Rf3-10 + DRCG-RF4-14, the Rf3 counts were
7 restorer, 10 heterozygous, and 16 non-restorer, and the Rf4 counts were 6, 16, and 11. With DRRM-Rf3-5
+ RM6100, the Rf3 and Rf4 counts were 7 and 14 restorer, 10 and 1 heterozygous, and 16 and 18 non-
restorer, respectively, and with DRRM-Rf3-10 + RM6100 they were 3 and 14 restorer, 4 and 1
heterozygous, and 26 and 18 non-restorer, respectively. Across all four combinations, the frequency of
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lines carrying Rf4 was consistently higher than the frequency of lines carrying Rf3, a pattern that
becomes important below when the same marker classes are related to the spikelet fertility of the
derived test crosses.

Marker efficacy in identifying potential restorers

Having established which genotypes carried which Rf alleles, the next question was whether that
molecular information actually predicted restoration in the field. Marker efficacy was calculated by
comparing the presence of fertility restorer genes, singly or in combination, with the spikelet fertility
percentage of the derived test crosses, using a cut-off of ≥60% spikelet fertility to call a cross restored
(Fig. 1d). The highest number of test crosses at or above this threshold came from WA-CMS lines APMS
6A and IR 68888A across all four marker combinations (DRRM-Rf3-5 + DRCG-RF4-14: 19, 15; DRRM-Rf3-
10 + DRCG-RF4-14: 18, 14; DRRM-Rf3-10 + RM6100: 15, 9; DRRM-Rf3-5 + RM6100: 18, 13). With DRRM-
Rf3-5 + DRCG-Rf4-14, average spikelet fertility across all crosses was 67.35%, with IR 58025A (73.68%)
and APMS 6A (73.08%) highest; with DRRM-Rf3-5 + RM6100, the average was 61.29%, with APMS 6A
(75.00%) and IR 58025A (66.67%) highest. With DRRM-Rf3-10 + DRCG-Rf4-14, the average was 72.29%,
with RTN 12A (90.00%) and RTN 10A (77.78%) highest, and with DRRM-Rf3-10 + RM6100 the average
was 72.41%, with RTN 12A (83.33%) and RTN 10A (83.33%) highest (full efficiency table in
Supplementary Table S4). Gene-based markers were consistently more efficient than gene-linked
markers at identifying restorer lines, and spikelet fertility was comparably high (≥60%) whether Rf3 and
Rf4 were present singly or together. Notably, a few crosses reached ≥60% spikelet fertility even though
the male parent carried no restorer allele at either locus, hinting that additional, as-yet-unmapped fertility-
restoration loci may be segregating in this material and warrant dedicated follow-up mapping.

Classification of restorer lines by spikelet-fertility restoration

Beyond the single 60% cut-off used above to gauge marker efficacy, the 33 restorer lines were classified
more finely using a standard four-class spikelet-fertility restoration scheme widely applied in WA-CMS
characterization studies: Fully maintainer (FM, 0% spikelet fertility), Partial maintainer (PM, 0.10-50.00%),
Partial restorer (PR, 50.10-75.00%), and Fully restorer (FR, >75%). Applied to all 127 individual test
crosses with recorded spikelet fertility, this classification placed 48 crosses (37.8%) as Fully restorer, 54
crosses (42.5%) as Partial restorer, 25 crosses (19.7%) as Partial maintainer, and no cross as a complete
(0%) Fully maintainer (Fig. 5c); the 37 crosses with no recorded spikelet fertility value most likely
correspond to complete or near-complete sterility that could not be reliably scored in the field, and are
therefore functionally consistent with the fully maintainer response even though they could not be
formally assigned a numeric class.

Aggregating each restorer lines mean spikelet fertility across the CMS testers it was crossed with (Fig.
5d) classified 7 lines as fully restorer (CR Dhan 801, Swarna, IURON 8/19, IRBN 43/19, Pusa 44, CR Dhan
802, and MTU 1010; mean SFP 76.7-85.2%), 19 lines as partial restorer (mean SFP 53.6-73.3%), and 7
lines as Partial maintainer (RCPL 1-431, RCPL 1-437, RCMR 44, RCMR 40, Shahsarang, Bhalum 4, and
Kba Long; mean SFP 30.9-49.3%), with no line falling in the Fully maintainer class on average. Combining
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the Fully restorer and Partial restorer classes, which both restore fertility to an agronomically usable
extent (>50% spikelet fertility), 26 of the 33 lines (78.8%) qualify as effective restorers under this scheme,
while the remaining 7 lines (21.2%) behave predominantly as maintainers and are not recommended for
direct hybrid seed production, though they may still be useful as recurrent-selection donors for
restoration-enhancing alleles. It is also worth noting that most lines, including several classed as Fully
restorer on their mean, actually spanned two or even three fertility classes depending on which CMS
tester they were crossed with (Table 1); this cross-specific variability confirms that fertility restoration in
this material is not a fixed property of the restorer line alone but depends on the specific restorer-CMS
combination, reinforcing why line x tester evaluation, rather than restorer screening in isolation, is
necessary before a restorer can be certified for a specific CMS line.

3.2 Genetic diversity of parental lines

Marker polymorphism and gene diversity

All rice restorer and CMS lines were genotyped with 30 SSR (microsatellite) markers and 4 fertility-
restorer markers, producing 51 alleles in total (Fig. 3b; full marker-wise statistics in Supplementary Table
S6). The number of alleles per locus ranged from 1 to 3 (mean 1.50), with RM413 showing the highest
count (3) and a group of markers (RM507, RM284, RM316, RM271, RM484, RM536, RM277, and others)
showing the lowest (1); one marker had three alleles and 14 markers had two. Major allele frequency per
locus ranged from 0.355 (RM413) to 0.947 (RM215), averaging 0.863, while the highest numbers of
effective alleles per locus were seen at RM237 (2.00), RM495 (2.00), RM152 (1.99), and RM447 (1.82),
averaging 1.33 overall. Nei's expected heterozygosity (He) ranged from 0.00 to 0.50 (RM495, RM237;
mean 0.17); of the 34 markers tested, 15 showed He greater than zero and 18 showed zero. PIC values,
which capture how informative each marker is, ranged from 0.095 to 0.591, with RM413 (0.59), RM237
(0.37), RM495 (0.37), RM151 (0.37), and RM447 among the most informative (Fig. 3c; genetic distance
heatmap in Fig. 3a).

Population structure (STRUCTURE analysis)

Building on this marker-level picture, model-based clustering using a Bayesian approach was used to
infer population structure across values of K from 1 to 10 (Fig. 2a, Fig. 2b). The ad hoc ΔK statistic
identified K = 2 as optimal, splitting the population into two major groups: Group 1 with 18 lines, and
Group 2 with 20 lines that included four CMS lines (IR 68888A, IR 58025A, RTN 10A, and RTN 12A). Lines
and CMS lines with membership probability ≥80% were classed as pure and the remainder as admixed;
ten restorer lines (Bhalum 5, Swarna, DRR Dhan 44, IRBN 43/19, IURON 8/19, IRBN 15/19, RCMR 40,
RCPL 1-438, UD 178, and RCMR 44) and two CMS lines (RTN 12A and APMS 6A) fell into this admixed
category.

Distance-based clustering (UPGMA)
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As an independent check on this structure, UPGMA clustering based on genetic distance grouped the
restorer and CMS lines into the same two major clusters, plus an outgroup of two genotypes (UD 178
and RCPL 1-438) (Fig. 2c). Group 1 split into two subgroups of 10 lines each (26.317% of the panel
each): Subgroup I comprised the four CMS lines (IR 68888A, IR 58025A, RTN 10A, and RTN 12A), while
Subgroup II comprised restorer lines mostly from north-eastern India. Group II likewise split into two
subgroups, with Subgroup I holding 5 restorer lines and Subgroup II, the largest cluster overall, holding
11 genotypes (28.947% of the panel); this Subgroup II was dominated by released varieties and
advanced lines from Andhra Pradesh, Odisha, Himachal Pradesh, and Uttarakhand.

Principal coordinate analysis (PCoA)

Principal coordinate analysis (PCoA) of the full 33 restorer + 5 CMS panel again recovered the same two-
group pattern in a two-dimensional scatterplot (Fig. 2d), with the first three coordinates jointly explaining
46.00% of the variability (PCoA1 = 18.60%, PCoA2 = 14.04%, PCoA3 = 13.37%; Supplementary Table S7),
giving three independent lines of clustering evidence, STRUCTURE, UPGMA, and PCoA, that converge on
the same two-group population structure.

Analysis of molecular variance (AMOVA) and genetic differentiation

To partition this diversity quantitatively, analysis of molecular variance (AMOVA) showed that 8.849% of
total variation occurred among populations, 64.746% occurred among individuals within populations,
and the remaining 26.405% occurred within individuals (Fig. 6a; Supplementary Table S8). Moderate FST
(0.088) and high FIT (0.736) values corroborated the presence of ample variability among the rice lines.
Geographically, CMS lines from Ratnagiri were distantly related to genotypes from Andhra Pradesh,
Odisha, Meghalaya, Manipur, and Sikkim, and genotypes from Odisha were distantly related to those
from Manipur and Sikkim, whereas within the north-east, Meghalaya genotypes were relatively close to
those from Sikkim and, to a lesser extent, Manipur (Fig. 3d). This geographic pattern is exactly the kind
of complementary, distantly related parental combination (Ratnagiri CMS x north-eastern restorer) that
the Discussion returns to when identifying promising cross combinations.

Association between genetic distance and hybrid performance

Having profiled both the fertility-restoration genotype and, separately, the SSR-based genetic distance of
the same 38 parents, we next asked whether that genetic distance predicted hybrid performance directly.
Based on genetic distance, RTN 12A (0.21) was the most diverse CMS line relative to the restorer panel,
followed by APMS 6A (0.19) and IR 58025A (0.18). Restorers RCMR 40 (0.32), RCMR 48 (0.30), Bhalum 6
(0.26), MTU 1010 (0.26), and Kba-long (0.25) were most diverse from RTN 12A; RCMR 40 (0.29), UD 183
(0.27), MTU 1010 (0.26), Sambha Mahsuri (0.22), and Kba-long (0.22) from RTN 10A; UD 183 (0.25),
RCPL 1-437 (0.25), and RCMR 40 (0.28) from APMS 6A; Kba-long (0.25), Sambha Mahsuri (0.25), UD 183
(0.24), and Pusa 44 (0.24) from IR 58025A; and RCMR 40 (0.28), Pusa 44 (0.24), UD 183 (0.22), Sambha
Mahsuri (0.21), and Bhalum 3 (0.21) from IR 68888A (full matrix in Supplementary Table S5).
Associations between this genetic distance and the yield and component-trait performance of the
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corresponding test crosses were computed using Pearson's correlation coefficients (Fig. 4a). Moderate
positive correlations were found for the number of effective tillers per plant (APMS 6A, 0.22), panicle
weight (RTN 12A, 0.35), and number of filled grains per panicle (RTN 12A, 0.16), while significant
negative correlations were found for the number of effective tillers per plant (RTN 10A, -0.45), panicle
weight (IR 68888A, -0.40), number of filled grains per panicle (IR 68888A, -0.48), spikelet fertility
percentage (IR 68888A, -0.42), and yield per plant (IR 68888A, -0.28). Overall, no consistent, strong
relationship was found between SSR-based parental genetic distance and the yield or component-trait
performance of the derived crosses, a point returned to in the discussion alongside the marker-density
limitation of the SSR panel used.

To test this relationship with the full performance dataset rather than only the CMS-line-wise summary
above, genetic distance was matched directly against realised yield per plant (YPP) for all 123
individually genotyped and phenotyped test crosses for which both values were available (five crosses
involving Vivek Dhan-44 could not be unambiguously matched between the molecular and phenotypic
records and were excluded). This full-dataset check confirmed the pattern already indicated above: the
overall correlation between genetic distance and YPP was negligible and non-significant (r = -0.022, p =
0.81, n = 123), and none of the five CMS-line-wise correlations reached significance (IR 68888A: r = -0.28,
p = 0.12, n = 32; IR 58025A: r = -0.20, p = 0.34, n = 24; RTN 10A: r = -0.02, p = 0.94, n = 17; RTN 12A: r =
-0.15, p = 0.56, n = 18; APMS 6A: r = 0.14, p = 0.46, n = 32). Notably, the eight test crosses with the
highest commercial heterosis (see below) were not drawn from the most genetically distant parent pairs:
their genetic distances (0.123-0.223) spanned essentially the full observed range and clustered close to
the panel mean (0.184 ± 0.046) rather than at its upper extreme, so maximising parental genetic
distance alone would not have been a reliable rule for shortlisting these hybrids in advance.

3.3 Field performance of test crosses

Per se performance of test crosses

Turning from parental diversity to the hybrids themselves, test crosses derived from RTN 12A had the
greatest panicle length (26.68 cm), panicle weight (5.91 g), and number of filled grains per panicle
(207.48), followed by those from APMS 6A. For yield per plant, APMS 6A-derived crosses were highest
(16.27 g), followed by RTN 12A (15.67 g). Among the AMPS-6A-derived F1 hybrids, yield per plant ranged
from 1 g (Kba long) to 33.8 g (DRR Dhan 44), with CR Dhan 801 (32.8 g), IRBN 43/19 (32.6 g), and IRBN
15/19 (31.67 g) also performing well; for IR 68888A, the best hybrids were with Sakur Dhan (35.93 g),
MTU 1010 (34.8 g), IRBN 43/19 (33.4 g), and RCPL 1-426 (27.73 g); for IR 58025A, with IRBN 43/19 (30.2
g), Sakur Dhan (29.53 g), IRG 222 (27.87 g), Swarna (23.8 g), and Pusa 44 (21.87 g); for RTN 10A, with
Sambha Mahsuri (30.73 g), Bhalum 6 (22.40 g), IRBN 15/19 (20.2 g), and Bhalum 3 (19.8 g); and for RTN
12A, with Sakur Dhan (28.80 g), IRBN 43/19 (25.73 g), IRBN 15/19 (25.00 g), and IURON 8/19 (19.93 g).
Average CMS-line performance ranged from 10.57 g (IR 68888A) to 16.27 g (AMPS-6A), with RTN 10A
and RTN 12A averaging 14.34 g and 15.67 g, respectively (full genetic-parameter summary in
Supplementary Table S9).
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Principal component analysis and GT biplot

To condense this multi-trait picture, principal component analysis (PCA) was carried out; three
components with eigenvalue ≥1 jointly explained 67.48% of the variability (Fig. 6c; full eigenvalues and
loadings in Supplementary Table S10). PC1 (40.60%) was driven mainly by panicle length (0.37), number
of effective tillers per plant (0.56), panicle weight (0.81), number of filled grains per panicle (0.88),
spikelet fertility percentage (0.90), and yield per plant (0.88); PC2 (15.72%) mainly by days to fifty percent
flowering (0.72), plant height (0.75), panicle weight (0.37), and number of chaffy grains per panicle
(0.43); and PC3 (11.16%) mainly by plant height (0.26), panicle length (0.64), number of effective tillers
per plant (0.49), and test weight (0.31). A genotype-by-trait (GT) biplot combining genotype and trait
vectors was then constructed to visually identify superior test crosses (Fig. 4b); the angle between trait
vectors reflects their relationship, and in this biplot yield per plant grouped closely with spikelet fertility
percentage, number of filled grains per panicle, number of effective tillers per plant, panicle weight, and
panicle length, while it was negatively associated with days to fifty percent flowering and number of
chaffy grains per panicle. Test crosses APMS 6A/IURON 8/19, RTN 12A/IURON 8/19, APMS 6A/DRR
Dhan 44, APMS 6A/CR Dhan 801, and RTN 10A/Sambha Mahsuri sat closest to the favourable yield and
component-trait vectors and are therefore flagged here as promising, a shortlist that is cross-checked
against the combining-ability and heterosis results below.

Duration classification and its bearing on cropping-system fit

Because duration determines how a hybrid fits into the wider cropping calendar, not just how it performs
in isolation, the 160 test crosses with recorded maturity duration were classified into four standard
duration classes: Early (<120 days), Mid-early (121-130 days), Medium (131-140 days), and Late (>140
days). Mid-early duration crosses were the single largest class (79 crosses, 49.4%), followed by Medium
duration (61 crosses, 38.1%), with Early (16 crosses, 10.0%) and Late (4 crosses, 2.5%) duration classes
comparatively rare (Fig. 5a). This distribution was not uniform across CMS lines (Fig. 5b): IR 68888A
produced the largest share of Early-duration crosses (8 of 33, 24.2%), while RTN 10A and RTN 12A
produced most of the Medium- and all four of the Late-duration crosses, indicating that the female
(CMS) parent, and not only the restorer, systematically shifts the maturity window of the resulting hybrid.
Cross-referencing this classification with the eight highest-heterosis hybrids identified below showed
that six of the eight (IR 68888A/Sakur Dhan, IR 68888A/MTU 1010, AMPS-6A/DRR Dhan 44, AMPS-
6A/CR Dhan 801, AMPS-6A/IRBN 15/19, and AMPS-6A/Bhalum 4) fell in the Mid-early class, one (IR
68888A/IRBN 43/19) was Early, and one (RTN 10A/Sambha Mahsuri) was Medium duration; none of the
top-heterosis hybrids fell in the Late-duration class.

3.4 Combining ability and heterosis

Line x tester ANOVA and variance partitioning

Analysis of variance (ANOVA) showed that the mean sum of squares for lines, testers, and F1 hybrids
was significant at p ≤ 0.001 for yield and all component traits (full ANOVA in Table 2), confirming
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considerable genetic diversity among the genotypes for these traits. Lines (pollen parents) contributed
more to this variation than testers (CMS females) for every trait, but for all traits the line x tester
interaction term exceeded the contribution of lines alone (Fig. 4c; exact percentages in Supplementary
Table S11), indicating that both parental lines and their specific interaction with testers shape trait
expression. Consistent with this, variance due to specific combining ability (σ²sca) exceeded σ²gca, and
dominance genetic variance exceeded additive genetic variance, for all seven traits, as reflected by the
ratio of general to specific combining ability (σ²gca/σ²sca) and the degree of dominance (σ²D/σ²A)¹�²,
both smaller than unity (Fig. 6b; full genetic-component estimates in Table 3), pointing collectively to a
preponderance of non-additive gene action in this material.

General combining ability (GCA) effects

General combining ability (GCA) for the parents ranged from -11.04 (Bhalum 4) to 13.85 (IRBN-15/19) for
yield per plant, -86.84 (Bhalum 4) to 47.96 (CR Dhan 801) for number of filled grains per panicle, -1.52
(UD 178) to 1.32 (RCPL 1-426) for panicle weight, -1.86 (UD 216) to 4.64 (RCMR 46) for panicle length,
-6.86 (Shahsarang) to 39.18 (Bhalum 3) for test weight, -2.74 (Bhalum 4) to 3.06 (MTU 1010) for number
of effective tillers per plant, and -33.16 (Kba Long) to 20.41 (CR Dhan 801) for spikelet fertility
percentage. Among the lines, IRBN-43/19 (13.85), Sakur Dhan (8.57), IRBN-15/19 (8.56), MTU 1010
(8.19), IURON-8/19 (4.79), Pusa 44 (4.57), RCPL 1-426 (4.37), and CR Dhan 801 (4.09) showed the
highest, significant GCA for yield per plant and were also significant for several component traits,
marking them as the strongest general combiners in this panel (Fig. 6d shows the full ranked distribution
for yield per plant; full GCA effects for all traits in Table 4).

Specific combining ability (SCA) effects

Turning from general to specific combining ability, crosses of DRR Dhan 44 (15.56), CR Dhan 801 (12.08),
Bhalum 5 (10.27), Vivek Dhan 44 (9.83), and UD 183 (8.32) with AMPS-6A showed the highest SCA; with
IR-68888A, MTU 1010 (16.56), Sakur Dhan (16.36), RCPL 1-426 (12.36), RCPL 1-438 (9.54), and IRBN
43/19 (8.55) were the best combiners; with IR 58025A, IRG 222 (12.1) and Sakur Dhan (7.74); and with
RTN 10A, Sambha Mahsuri (17.51), Bhalum 6 (10.84), and Shahsarang (7.98) (Fig. 6e shows the full SCA
matrix for yield per plant; complete SCA effects and commercial heterosis for all crosses in Table 5).

Commercial heterosis over the check variety

Finally, commercial heterosis was computed relative to the mega variety Shahsarang, a high-yielding
variety already tolerant to the abiotic stresses prevalent in Meghalaya. Heterosis across test crosses
ranged from -100% (RTN 12A-based crosses at the low end) to 156.67% (IR 68888A/Sakur Dhan). The
eight crosses with the highest commercial heterosis over Shahsarang were IR 68888A/Sakur Dhan
(156.67%), IR 68888A/MTU 1010 (148.57%), AMPS-6A/DRR Dhan 44 (141.43%), IR 68888A/IRBN 43/19
(138.57%), AMPS-6A/CR Dhan 801 (134.76%), AMPS-6A/IRBN 15/19 (126.19%), RTN 10A/Sambha
Mahsuri (119.52%), and AMPS-6A/Bhalum 4 (101.43%) (Fig. 4d); reassuringly, these are largely the same

Page 13/28



crosses already flagged by the SCA effects above and by the GT biplot shortlist, giving three converging
lines of evidence for the same set of superior hybrids.

Discussion
This study combined four analyses that are rarely reported together for the same restorer material:
molecular screening for the fertility-restoration genes Rf3 and Rf4, SSR-based profiling of parental
genetic diversity, line x tester estimation of combining ability, and classification of hybrid maturity
duration. Screening identified Rf4 as the more prevalent gene and classified 26 of the 33 restorer lines
(78.8%) as full or partial restorers; diversity profiling resolved a consistent two-group population
structure that only weakly predicted hybrid performance; combining-ability analysis showed non-additive
gene action dominating yield and its component traits; and duration classification showed that the
highest-heterosis hybrids were predominantly Mid-early in maturity. The sections below interpret each of
these results in turn, situating them against prior work and drawing out what each means for a regional
hybrid rice programme.

Fertility-restoration screening and its bearing on restorer
selection
Rf4 being consistently more frequent than Rf3 across this panel agrees with [33], who found Rf4
predominant among iso-cytoplasmic WA-CMS restorers with Rf3 acting mainly in a synergistic role, and
is broadly consistent with [34], who reported that roughly half of 570 Indian rice accessions carried an
Rf4Rf4/rf3rf3 genotype. That gene-based markers (DRCG-Rf4-14, and to a lesser extent DRRM-Rf3-10)
tracked realised spikelet fertility more closely than the gene-linked marker RM6100 agrees with both [16]
and [28], who separately argued that candidate-gene markers, being physically within the gene rather
than merely linked to it, are inherently less prone to recombination-driven false positives. The small
number of crosses reaching ≥ 60% spikelet fertility without a scored restorer allele is not itself troubling:
[35] and [36] both reported that fertility restoration in indica WA-CMS backgrounds can involve additional,
still-unmapped minor Rf loci beyond Rf3 and Rf4, consistent with that possibility rather than a marker
failure. Operationally, this is why the four-class spikelet-fertility scheme used here (Fully maintainer,
Partial maintainer, Partial restorer, Fully restorer) is more useful to a breeding programme than a binary
restored/not-restored cut-off: it tells a breeder not just whether to keep a line, but what to do with it,
advance it directly to hybrid seed production, pair it selectively with a compatible CMS tester, or redirect
it to maintainer-line development, and the finding that most lines shifted between classes depending on
the CMS tester used shows that restoration in this material has to be certified per cross combination
rather than as a fixed varietal label.

Genetic diversity, population structure, and heterotic-pool
design
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The two-group population structure recovered independently by STRUCTURE, UPGMA, and PCoA in this
study mirrors the two-subpopulation split reported by [20] for a hundred iso-cytoplasmic restorer lines
genotyped with fifty IRRI SSR markers, and is consistent with the pattern documented for North-Eastern
Indian rice germplasm by [37] and [38], both found that most usable genetic variation sat within, rather
than between, geographic subpopulations, exactly as the AMOVA partitioning here showed (64.7%
among individuals within populations versus 8.8% among populations). The allelic diversity recovered,
1.50 alleles per locus on average and PIC from 0.09 to 0.591, is lower than the 3.88 alleles per locus
reported by [39] across a larger 150-variety panel, but comparable to the more modestly sized panels of
[40] and [41], suggesting the lower diversity reflects sample composition rather than a shortcoming of
the SSR panel itself. Practically, this structure functions as a heterotic-pool map: it identifies which
restorers and CMS lines already sit in complementary pools, most notably the clear separation of the
Ratnagiri-derived CMS lines from north-eastern restorer germplasm, a distinction a breeding programme
can exploit directly when choosing parents, in much the same way heterotic-group classification has
long guided parent choice in hybrid maize breeding.

The limited power of genetic distance to predict hybrid
performance
Genetic distance correlated only weakly and inconsistently with yield and component-trait performance
across the five CMS lines, and this held even when recomputed on the complete 123-cross performance
dataset (r = -0.022, p = 0.81). This result diverges from [25], who found SSR-based genetic distance a
workable indirect predictor of heterosis in tropical maize, but agrees with the more cautious position of
[42], who, working with iso-cytoplasmic rice restorers, concluded that SSR distance alone was
insufficient to substitute for phenotypic test-crossing and recommended denser, trait-linked marker
systems such as genome-wide SNPs. The likely explanation is that SSR markers predominantly sample
non-coding, presumably neutral regions of the genome with no direct mechanistic link to the loci
controlling yield, so genome-wide distance and trait-specific heterosis need not track one another
closely. This does not make the diversity data useless, it still disciplines heterotic-pool construction, as
argued above, but it does mean yield itself cannot yet be predicted from genotyping data alone in this
material.

Combining ability and the case for a hybrid, not pedigree,
breeding strategy
Specific combining ability variance and dominance variance exceeded general combining ability and
additive variance for every trait examined, a pattern also reported for rice yield traits by [43, 44] and
earlier by [45] and consistent with the epistatic dominance effects implicated in heterotic combinations
more broadly. This preponderance of non-additive variance is itself the justification for pursuing a hybrid
rather than a pedigree-based breeding strategy on this germplasm, since selection on additive variance
alone would leave most of the exploitable variation untouched. The specific combiners identified here,
DRR Dhan 44, CR Dhan 801, and Bhalum 5 with AMPS-6A; MTU 1010, Sakur Dhan, and RCPL 1-426 with
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IR-68888A, mirror the pattern seen in other Indian heterosis studies (46, 47, 48), where the best specific
combinations were rarely predictable from general combining ability alone, reinforcing why GCA and SCA
were treated here as complementary rather than interchangeable evidence.

Commercial heterosis, duration, and relevance to food
security
The eight crosses with the highest commercial heterosis over Shahsarang, led by IR 68888A/Sakur Dhan
(156.67%) and AMPS-6A/DRR Dhan 44 (141.43%), converge with the SCA rankings and the GT-biplot
shortlist on a consistent set of candidate hybrids, giving three independent lines of evidence for the
same material rather than a result specific to one analysis. That six of these eight hybrids were also Mid-
early in duration, and none Late, connects this combining-ability result directly to deployment: in the
rainfed, terraced agro-ecology of the north-eastern hills, an early-to-mid-early duration allows a hybrid to
escape late-season drought or cold stress and to vacate the field in time for a second, rabi-season crop,
a form of cropping-system intensification directly aligned with the Sustainable Development Goals
framework for zero hunger, climate action, and poverty reduction [26]. Read together with the diversity
and combining-ability results above, this duration profile is best understood not as an incidental
agronomic detail but as the final filter that converts a statistically superior hybrid into one that is actually
deployable in this specific region.

Conclusion
India's rice yield growth has plateaued even as demand keeps rising, and the one technology proven to
deliver a further step-change, hybrid rice, has never been built on north-eastern Indian landraces, leaving
farmers in one of the country's most climate-exposed hill ecosystems dependent on lower-yielding
varieties poorly matched to an increasingly erratic monsoon. That mismatch, between a climate-
vulnerable region and a yield technology it has never had access to, was the problem this study set out
to address.

The solution attempted here was to treat restorer screening, parental diversity, combining ability, and
hybrid duration as one connected pipeline rather than four separate exercises. Doing so identified 26 of
33 candidate lines as usable restorers, mapped which restorers and CMS lines are genetically
complementary enough to cross productively, and converged, through combining-ability, biplot, and
heterosis evidence together, on a short list of hybrids, IR 68888A/Sakur Dhan, IR 68888A/MTU 1010, and
AMPS-6A/DRR Dhan 44 foremost, that are both high-yielding and, critically, Mid-early in duration. That
duration match matters because it is what lets these hybrids escape the terminal-season drought and
cold stress that climate change is making more frequent and less predictable in this hill agro-ecology,
while also freeing the field early enough for a second crop and a second income.

These hybrids are therefore ready to move from this study into multi-location trials, not as a purely
academic result but as the region's first concrete, climate-ready candidates for its own hybrid rice
programme. The clearest limitation this work exposed, that SSR-based genetic distance only weakly

Page 16/28



predicts which crosses will actually perform, points directly to what should come next: adopting denser,
trait-linked marker systems so that future candidate hybrids can be screened faster and at lower cost, a
priority that will only grow more urgent as a shifting climate narrows the window for testing each cross
the slow way, in the field.
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Figure 1

Experimental workflow and molecular screening for Rf3/Rf4fertility restorer genes.

(a) Schematic overview of the experimental workflow, showing how molecular screening for Rf3/Rf4
restorer genes and SSR-based genetic-diversity profiling of the 38 parental lines feed into the line x tester
test-cross evaluation, combining-ability analysis, and the identification of heterotic hybrids. (b)
Distribution of Rf3 and Rf4allelic classes (homozygous restorer, heterozygous, homozygous non-
restorer) among the 33 potential restorer lines, for each of the four Rf3/Rf4markers used. (c) Number of
genotypes assigned to each of the nine Rf3/Rf4allelic combination classes, for the four gene-
based/gene-linked marker combinations used for screening. (d) Efficiency of the four Rf3/Rf4marker
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combinations in identifying potential restorers, expressed as the percentage of test crosses reaching
≥60% spikelet fertility, for each of the five CMS lines; the dashed line marks the 60% cut-off used to call a
cross restored.

Figure 2

Population structure of the 38 parental lines based on SSR markers.

(a) Estimated ΔK across K = 1-10 from STRUCTURE analysis, identifying K = 2 as the optimal number of
clusters. (b) STRUCTURE bar plot showing individual membership coefficients at K = 2. (c) UPGMA
dendrogram of genetic distance among the 33 restorer and 5 CMS lines. (d) Two-dimensional scatterplot
from principal coordinate analysis (PCoA).
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Figure 3

Marker diversity statistics and geographic differentiation.

(a) Heatmap of Nei's genetic distance between each of the 33 potential restorer lines and the five CMS
lines. (b) Number of alleles (Na) per locus across all 34 SSR/Rf markers screened, distinguishing the 15
polymorphic markers from the 19 monomorphic markers (full statistics in Supplementary Table S6). (c)
Gene diversity (GD) and polymorphism information content (PIC) of the 15 polymorphic SSR/Rf markers,
ranked by PIC value. (d) Pairwise FST matrix among the potential restorer and CMS lines, grouped by
state/region of origin.
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Figure 4

Trait relationships and combining-ability outcomes.

(a) Pearson correlation coefficients between parental genetic distance and test-cross performance for
yield and component traits, for each of the five CMS lines (PL = panicle length; NET = number of effective
tillers per plant; PW = panicle weight; NFGPP = number of filled grains per panicle; SFP = spikelet fertility
percentage; YPP = yield per plant). (b) Genotype-by-trait (GT) biplot of the test crosses for yield and
component agro-morphological traits. (c) Relative contribution of lines, testers, and their interaction to
the total variance for seven agro-morphological traits. (d) The eight test crosses with the highest
commercial heterosis (%) over the check variety Shahsarang.
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Figure 5

Duration and spikelet-fertility restoration classification of test crosses.

(a) Frequency distribution of the 160 test crosses with recorded maturity duration across four duration
classes (Early <120 days; Mid-early 121-130 days; Medium 131-140 days; Late >140 days). (b) Duration-
class composition of test crosses broken down by CMS line (female parent), showing that the female
parent systematically shifts the maturity-duration profile of the resulting hybrids. (c) Frequency
distribution of the 127 phenotyped test crosses across four spikelet-fertility restoration classes (FM =
Fully maintainer, 0%; PM = Partial maintainer, 0.10-50.00%; PR = Partial restorer, 50.10-75.00%; FR = Fully
restorer, >75%). (d) All 33 restorer lines ranked by mean spikelet fertility percentage across their CMS
testers and colour-coded by classification (full underlying data in Table 1).
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Figure 6

Genetic components, combining ability, and trait architecture underlying the heterosis results.

(a) Partitioning of molecular variance (AMOVA) among the 33 restorer and 5 CMS lines. (b) Ratio of
general to specific combining ability variance (σ²gca/σ²sca) for seven agro-morphological traits; all
values below the dashed reference line (ratio = 1) indicate that specific combining ability/non-additive
gene action dominates. (c) Scree plot of variance explained by the first five principal components of
agro-morphological traits. (d) General combining ability (GCA) effects for yield per plant, ranked across
all 33 restorer lines. (e) Specific combining ability (SCA) effects for yield per plant across all evaluated
restorer-line x CMS-tester combinations (grey cells = cross not evaluated).
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