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ABSTRACT
Heat stress during flowering is one of the most damaging climate-related threats to rice yield, since even a few
hours above the critical temperature threshold at anthesis can sharply reduce spikelet fertility, yet the genetic
basis of natural variation in heat tolerance at this stage remains only partially resolved. We performed
whole-genome resequencing at a mean depth of 14.8x on 120 Oryza sativa accessions -- 64 heat-tolerant
landraces sourced from historically hot rice-growing regions of South and Southeast Asia and 56 heat-sensitive
check varieties -- and combined genome-wide association analysis of spikelet fertility under controlled heat stress
(38C, 4 hours daily during a 7-day anthesis window) with a genome-wide selective-sweep scan (FST and
XP-CLR) contrasting the two phenotypic groups. Under heat stress, spikelet fertility ranged from 9.4% to 88.6%
across accessions and was strongly bimodal between the two source groups (tolerant group mean 71.2%,
sensitive group mean 24.6%; t-test P<0.001). Genome-wide association identified 14 SNPs reaching
genome-wide significance (P<8.2x10-8 after Bonferroni correction), clustering into six independent loci on
chromosomes 1, 3, 6, 9 and 10, with the strongest association (P=3.1x10-14) located approximately 8 kb
upstream of OsTT1, a proteasome alpha2 subunit gene previously implicated in thermotolerance through
enhanced clearance of heat-denatured proteins. The selective-sweep scan independently flagged four of these six
GWAS-identified regions among its top 20 genome-wide FST outlier windows, providing convergent evidence that
these loci have been under recent positive selection in heat-tolerant germplasm rather than representing chance
GWAS associations. Haplotype analysis at the OsTT1 locus identified a tolerant-associated haplotype carrying
three linked promoter-region variants, present in 89% of tolerant accessions but only 12% of sensitive accessions,
consistent with this haplotype being a primary driver of the locus's association signal. These results narrow the
genetic basis of heat tolerance at anthesis in rice to a tractable set of candidate loci suitable for marker-assisted
selection in breeding programmes targeting warming production environments.
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Rice is exceptionally sensitive to high temperature during
a narrow developmental window around anthesis, when
pollen viability and successful fertilisation depend on a
combination of anther dehiscence, pollen germination
and pollen tube growth that are each individually
heat-labile. Field and controlled-environment studies
have repeatedly shown that daytime temperatures above
roughly 33-35C sustained during the few hours of peak
spikelet opening can cause spikelet sterility rates
exceeding 50%, and that this sensitivity is far sharper
than rice's heat tolerance at vegetative or grain-filling
stages, making anthesis-stage heat tolerance a distinct
and agronomically critical trait rather than a simple
extension of general thermotolerance [5,13]. Projected
increases in the frequency of extreme heat events during
the rice flowering season across major production
regions in South and Southeast Asia have made
breeding for anthesis-stage heat tolerance an
increasingly urgent target for climate-resilient rice
improvement [2,21].
Natural variation in anthesis-stage heat tolerance across
rice germplasm is substantial and has long been
recognised in landraces from historically hot growing
environments, but translating this variation into
actionable breeding targets requires identifying the
underlying genetic loci with enough precision to support
marker-assisted selection. Quantitative trait locus (QTL)
mapping studies using biparental populations derived
from heat-tolerant by heat-sensitive crosses have
identified numerous heat-tolerance QTLs across nearly
every rice chromosome, but individual QTL intervals from
biparental mapping are often large, span many genes,
and are specific to the particular parental combination
used, limiting their direct transferability across the wider
genetic diversity present in global rice germplasm [8,19].
Association mapping in a diverse germplasm panel offers
a complementary approach, using historical
recombination across many independent lineages to
achieve finer mapping resolution, provided the panel is
phenotyped carefully and population structure is
adequately controlled for in the statistical model [11,24].
Among the individual genes with the clearest prior
mechanistic support for a role in rice anthesis-stage heat
tolerance is OsTT1 (Thermal Tolerance 1), which
encodes an alpha2 subunit of the 20S proteasome and
was shown in earlier work to enhance the degradation of
heat-denatured and otherwise cytotoxic proteins, thereby
protecting cellular protein homeostasis during acute heat
exposure; natural variation at this locus has been linked
to differences in heat tolerance across a panel of indica
rice accessions [17]. Beyond OsTT1, several heat-shock
transcription factors (notably members of the OsHSFA
and OsHSFB families) and heat-shock protein genes
have candidate roles based on their well-established
function in the canonical heat-shock response across
plants generally, though direct evidence linking natural
allelic variation at these loci to field-relevant
anthesis-stage heat tolerance in rice specifically remains

more limited than for OsTT1 [7,15].
Selective-sweep analysis, which identifies genomic
regions showing reduced diversity and altered allele
frequency consistent with recent positive selection, offers
an independent line of evidence for candidate adaptive
loci that does not depend on statistical association with a
measured phenotype and can therefore help distinguish
genuine adaptive signal from spurious GWAS
associations arising from residual population structure or
multiple-testing noise [10,26]. Combining genome-wide
association mapping with an independent
selective-sweep scan, requiring convergent support from
both analyses before treating a locus as a strong
candidate, is a design used successfully for other
agronomic traits in rice and other crops, but has been
applied less often specifically to anthesis-stage heat
tolerance, where most published work has relied on
association mapping alone [22,29]. We therefore
combined whole-genome resequencing,
controlled-environment heat-stress phenotyping,
genome-wide association mapping and a genome-wide
selective-sweep scan in a diverse panel of heat-tolerant
landraces and heat-sensitive check varieties, with the
goal of identifying a tractable, convergently supported set
of candidate loci for anthesis-stage heat tolerance
suitable for near-term deployment in marker-assisted rice
breeding.

2. MATERIALS AND METHODS

All analyses used a panel of 120 Oryza sativa
accessions assembled to maximise phenotypic contrast
in anthesis-stage heat tolerance while retaining broad
genetic diversity within each phenotypic group.

2.1 Plant material and panel composition

The panel comprised 64 heat-tolerant landraces,
selected from germplasm bank passport data and prior
screening records as originating from historically hot
rice-growing districts of South and Southeast Asia with a
documented history of farmer-driven selection under
high-temperature conditions, and 56 widely grown
heat-sensitive check varieties representing modern
indica and japonica breeding lines with no specific history
of heat-tolerance selection. Both indica and japonica
subpopulations were represented within the tolerant
group to reduce the risk that any identified association
reflected subspecies-level population structure rather
than heat-tolerance-specific selection, and this was
formally assessed in the population structure analysis
described below.

2.2 Whole-genome resequencing and variant calling

Genomic DNA was extracted from young leaf tissue of a
single representative plant per accession and sequenced
on an Illumina NovaSeq 6000 platform (150 bp
paired-end reads) to a target depth of 15x per accession,
achieving a realised mean depth of 14.8x (range
11.2-19.6x) after quality filtering. Reads were aligned to
the Nipponbare reference genome (IRGSP-1.0) using
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BWA-MEM, and variants were called jointly across all
120 accessions using the GATK4 HaplotypeCaller and
GenotypeGVCFs pipeline following GATK best-practices
hard filtering. After filtering for biallelic SNPs with minor
allele frequency above 5%, genotype missingness below
10%, and removal of SNPs in regions of excessive
heterozygosity inconsistent with rice's predominantly
inbreeding mating system, 4.82 million high-confidence
SNPs were retained for downstream analysis.

2.3 Heat-stress phenotyping

Spikelet fertility under heat stress was assessed in a
controlled-environment growth chamber. Plants were
grown under standard conditions (29/22C day/night) until
panicle initiation, then transferred to heat-stress
conditions (38C for 4 hours centred on midday, 29C
ambient otherwise) for a 7-day window spanning the
onset of anthesis for each accession, timed individually
based on panicle development staging. Ten panicles per
accession were tagged at the start of the heat-stress
window, and spikelet fertility was scored 20 days after
flowering as the proportion of filled grains per tagged
panicle. A parallel, non-stressed control cohort of each
accession was grown under standard conditions
throughout to confirm that fertility differences under heat
stress were not confounded by baseline fertility
differences unrelated to heat tolerance; accessions with
control-condition fertility below 80% were excluded from
the panel prior to genotype-phenotype analysis.

2.4 Population structure and genome-wide association analysis

Population structure was assessed by principal
component analysis and ADMIXTURE analysis (K=2 to
K=6) on a linkage-disequilibrium-pruned SNP subset.
Genome-wide association analysis of heat-stress
spikelet fertility was performed using a mixed linear
model (GEMMA) incorporating a centred kinship matrix
to control for relatedness and population structure, with
the first three principal components included as
additional fixed-effect covariates. Genome-wide
significance was defined using a Bonferroni-corrected
threshold (P<8.2x10-8) accounting for the number of
independent SNPs after linkage-disequilibrium pruning.
SNPs within 200 kb of one another and in linkage
disequilibrium (r2>0.4) were grouped into a single locus
for candidate gene identification.

2.5 Selective-sweep scan and haplotype analysis

Genome-wide selective-sweep signatures were
assessed by calculating FST between the tolerant and
sensitive phenotypic groups and cross-population
composite likelihood ratio (XP-CLR) scores in 50 kb
sliding windows with 25 kb steps across the genome,
using the sensitive group as the reference population for
XP-CLR. Windows in the top 1% of the genome-wide
FST distribution and top 1% of the XP-CLR distribution
were flagged as candidate selective-sweep regions. For
the OsTT1 locus specifically, haplotypes spanning the
gene and 10 kb of flanking sequence were reconstructed

for all 120 accessions and clustered to identify
tolerance-associated haplotype groups, with haplotype
frequency compared between tolerant and sensitive
groups using Fisher's exact test.

3. RESULTS

Under heat stress, spikelet fertility ranged from 9.4% to
88.6% across the 120-accession panel and was strongly
bimodal between the two source groups: heat-tolerant
landraces averaged 71.2% fertility (SD 11.4) compared
with 24.6% (SD 9.8) in heat-sensitive check varieties
(t-test, P<0.001), with only modest overlap between the
two distributions. Non-stressed control fertility did not
differ meaningfully between groups (94.1% tolerant
versus 92.8% sensitive, P=0.18), confirming that the
observed heat-stress fertility difference reflected genuine
heat tolerance rather than an unrelated baseline fertility
difference. Principal component analysis separated the
panel primarily along the indica-japonica axis rather than
by heat-tolerance phenotype group, and both subspecies
were represented among tolerant accessions, reducing
the likelihood that GWAS associations with heat
tolerance would simply recapitulate subspecies
population structure.
Table 1. GWAS-significant loci associated with heat-stress
spikelet fertility.

Chr.
Lead SNP
position
(Mb)

Nearest gene -log10(P)
Effect
(% fertility)

1 24.6
Unnamed (candidate
region)

8.1 9.4

3 18.2 OsTT1 13.5 37.1

6a 9.8 OsHSFA2-proximal 9.7 14.8

6b 31.4
Unnamed (candidate
region)

7.9 8.6

9 14.1 OsSPL7-proximal 9.2 12.3

10 6.7 OsHTAS-proximal 8.6 10.9

-log10(P) from GEMMA mixed linear model; effect size is the
estimated difference in mean heat-stress spikelet fertility between
major and minor allele homozygotes.

Genome-wide association analysis identified 14 SNPs
exceeding the Bonferroni-corrected significance
threshold (P<8.2x10-8), clustering by physical proximity
and linkage disequilibrium into six independent loci on
chromosomes 1, 3, 6, 9 and 10 (two independent loci
were identified on chromosome 6). The strongest
association genome-wide (P=3.1x10-14) was located
approximately 8 kb upstream of OsTT1 on chromosome
3, within a region previously implicated in heat tolerance
by biparental QTL mapping in an unrelated population,
providing external support for this locus independent of
the present study's own selective-sweep evidence. Table
1 summarises the six GWAS-significant loci, their lead
SNP, nearest candidate gene, and estimated phenotypic
effect size. Together, the six loci explained an estimated
61% of phenotypic variance in heat-stress spikelet
fertility in this panel based on a joint model including all
six lead SNPs, though we note that estimates of variance
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explained from panels of this size are subject to
considerable uncertainty and should be interpreted as
indicative rather than precise.

Figure 1. Heat-stress spikelet fertility stratified by genotype at the
lead OsTT1-proximal SNP (chromosome 3, 18.2 Mb), shown for
tolerant-haplotype homozygotes, heterozygotes and
sensitive-haplotype homozygotes across the 120-accession
panel.

The genome-wide selective-sweep scan identified 187
windows in the top 1% of both the FST and XP-CLR
distributions genome-wide, distributed across all 12 rice
chromosomes. Four of the six GWAS-identified loci
overlapped directly with a top-1% selective-sweep
window (chromosomes 3, 6a, 9 and 10), while the two
remaining GWAS loci (chromosome 1 and chromosome
6b) showed elevated but sub-threshold FST in the
surrounding region. This convergence between two
independent analytical approaches -- one based on
statistical association with a measured phenotype and
one based on population-genetic signatures of selection
that make no reference to the phenotype at all --
provides considerably stronger support for these four loci
as genuine targets of heat-tolerance-related selection
than either analysis would on its own. Figure 1 shows
spikelet fertility under heat stress stratified by genotype
at the lead OsTT1-proximal SNP, illustrating the
magnitude of the allelic effect at this locus. Table 2
reports the top selective-sweep regions overlapping
GWAS-significant loci together with their FST and
XP-CLR statistics.
Table 2. Selective-sweep statistics for regions overlapping
GWAS-significant loci.

Chr.
Window
(Mb)

FST
XP-CLR
score

GWAS locus
overlap

3 18.05-18.30 0.42 38.6 Yes (lead locus)

6a 9.70-9.95 0.36 29.4 Yes

9 14.00-14.25 0.33 26.1 Yes

10 6.55-6.80 0.31 24.8 Yes

1 24.50-24.75 0.19 11.2
No
(sub-threshold)

6b 31.25-31.50 0.17 9.8
No
(sub-threshold)

Haplotype reconstruction at the OsTT1 locus identified a
dominant tolerance-associated haplotype defined by
three linked variants in the gene's promoter region,
present in 89% of heat-tolerant accessions but only 12%
of heat-sensitive accessions (Fisher's exact test,

P<0.001). This haplotype frequency difference is
considerably larger than the frequency difference
typically observed for a single associated SNP
considered in isolation, consistent with the three linked
promoter variants acting as a coherent functional unit
rather than representing independent, additively acting
polymorphisms. Accessions carrying the
tolerance-associated haplotype showed a mean
heat-stress spikelet fertility of 68.4%, compared with
31.2% among accessions carrying the alternative
haplotype, regardless of whether the accession
originated from the tolerant or sensitive source group,
which further strengthens the case that this haplotype
itself, rather than some other correlated feature of
germplasm origin, is driving the fertility difference.

4. DISCUSSION

The convergence between genome-wide association
mapping and an independent selective-sweep scan at
four of six candidate loci is, in our view, the most
important methodological feature of this study, because it
addresses a persistent weakness of
association-mapping-only studies in structured
germplasm panels: the difficulty of fully distinguishing a
genuine phenotype-associated locus from a
false-positive signal driven by residual population
stratification that a kinship-matrix correction has not
entirely removed. A selective-sweep signature, since it is
derived purely from allele-frequency and diversity
patterns without reference to the measured phenotype, is
not subject to the same false-positive mechanism, so
convergent support from both analyses considerably
raises our confidence in the four overlapping loci relative
to either analysis considered alone [10,26].
The identification of OsTT1 as the strongest
genome-wide association, together with strong
selective-sweep support at this locus, is consistent with
and extends prior work establishing this gene's
mechanistic role in heat tolerance through enhanced
proteasomal clearance of heat-damaged proteins [17].
The specific finding here -- a tolerance-associated
haplotype defined by three linked promoter-region
variants, present at high frequency in tolerant accessions
across both indica and japonica backgrounds -- adds
allelic and regulatory resolution to previous QTL-level
evidence at this locus, and the promoter location of the
associated variants is consistent with the hypothesis that
the tolerance haplotype acts through altered OsTT1
expression level or induction kinetics under heat stress,
though confirming this specific mechanism would require
expression quantification and, ideally, a promoter-swap
or CRISPR-based functional validation experiment that
was outside the scope of the present association and
selection-scan study.
The two GWAS-significant loci without independent
selective-sweep support (chromosome 1 and
chromosome 6b) should be treated with somewhat
greater caution than the four convergently supported loci,
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though we would not dismiss them outright: a genuine
adaptive locus can fail to reach a stringent top-1%
selective-sweep threshold for several reasons, including
a softer or more recent selective sweep that has not yet
produced a strong allele-frequency differential, or a true
effect that is real but modest enough that the underlying
selection signature is not strongly differentiated from
genome-wide background variation. Follow-up validation
of these two loci in an independent germplasm panel,
ideally one not used in either the discovery GWAS or the
selective-sweep reference population, would help
resolve whether they represent genuine additional
heat-tolerance loci or population-structure artefacts
specific to this panel [11,24].
A further consideration is that this study measured heat
tolerance under a single, standardised
controlled-environment heat-stress protocol (38C for 4
hours daily across a defined anthesis window), which
was chosen deliberately for phenotyping consistency
across a large and genetically diverse panel but does not
capture the full range of heat-stress dynamics -- duration,
diurnal pattern, humidity interaction, and co-occurring
drought stress -- that rice experiences under field
conditions in different production environments. Field
validation of the identified loci across multiple heat-prone
growing environments, ideally spanning at least one full
cropping season with naturally occurring heat events of
varying severity, is a necessary next step before the loci
identified here can be confidently deployed in a
marker-assisted breeding programme targeting
field-relevant heat tolerance rather than
controlled-chamber heat tolerance specifically [5,13].
Finally, we note that the 61% phenotypic variance
explained by the six lead SNPs in a joint model, while
encouraging, should not be over-interpreted given the
relatively modest panel size (120 accessions) used here;
variance-explained estimates from association panels of
this scale are known to be imprecise and can be inflated
by a phenomenon sometimes termed the winner's curse,
in which the estimated effect size of a locus discovered
in the same dataset used to estimate its effect tends to
be biased upward. An independent validation panel,
ideally including additional heat-tolerant landraces not
represented in the discovery panel, would provide a
more reliable estimate of the true combined predictive
value of these loci for marker-assisted selection
purposes.

5. CONCLUSION

Whole-genome resequencing of 120 rice accessions
combined with controlled-environment heat-stress
phenotyping, genome-wide association mapping and an
independent selective-sweep scan identified six
candidate loci associated with anthesis-stage heat
tolerance, four of which received convergent support
from both the phenotype-based association analysis and
the phenotype-independent selective-sweep scan. The
strongest and most convergently supported locus was

located immediately upstream of OsTT1, a proteasome
alpha2 subunit gene with established mechanistic links to
heat tolerance, where a tolerance-associated haplotype
defined by three linked promoter variants was present in
89% of heat-tolerant accessions and associated with a
mean fertility difference of over 35 percentage points
under heat stress. These findings narrow the genetic
basis of anthesis-stage heat tolerance in rice to a
tractable set of candidate loci and provide a
haplotype-level marker suitable for near-term
deployment in marker-assisted breeding programmes
targeting warming rice production environments. We
intend to pursue functional validation of the OsTT1
promoter haplotype through expression profiling under
heat stress and, subject to resource availability,
CRISPR-based promoter editing to test causality directly,
and we plan to validate all six candidate loci in an
independent germplasm panel not used in the present
discovery analysis. Field trials incorporating the OsTT1
tolerance haplotype and the three other convergently
supported loci, tested individually and in combination
across multiple heat-prone growing environments over at
least one full cropping season, are planned as the
applied follow-up to this genomic discovery work, with
the eventual goal of delivering a validated marker panel
to breeding programmes working on heat-resilient rice
varieties.
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