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ABSTRACT

Rice (Oryza sativa L.) is one of the most important staple crops, and enhancing yield and ensuring its resilience
to environmental stresses is vital to ensure food security in the future. Use of favourable natural alleles is a
potential tool to improve complex traits like grain yield. The gene OsPYL9 encodes ABA receptor that is
associated with drought and grain yield responses in rice. But the role of naturally-occurring OsPYL9 allelic
variation in grain yield has not been adequately studied. In this study, 203 rice accessions from the 3K Rice
Genome panel were tested for plant yield. Haplotype analysis was performed using single nucleotide
polymorphisms (SNPs) in the coding region of OsPYL9 (LOC 0s06g33670) in the Rice SNP-Seek database.
Eight SNPs resulted in two major haplotypes, HI (60.0%) and H2 (37.3%). The allelic combinations were
GGGGAATG for H1 and AGGGTATG for H2. Haplo-pheno analysis showed significant difference between the
two haplotypes. The mean single plant yield of the accessions carrying H1 allele was about 17.3 g while for H2 it
was higher at about 19.5 g. The difference between the two haplotypes was 2.26 g and significant when tested by
one-way analysis of variance (P = 0.031) and Hsu's simultaneous multiple-comparison test (adjusted P =0.015).
Thus, H2 was identified as a superior OsPYL9 haplotype associated with higher plant yield in the evaluated
germplasm. The identified haplotype H2 could be a potential genetic target for further validation and use in
haplotype-assisted rice breeding.
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INTRODUCTION

Rice (Oryza sativa L.) is an important food crops for half of the world’s population. The global population is
expected to reach about 9.7 billion by 2050 (United Nations Department of Public Information) and global food
demand is forecast to rise by nearly 60-70% relative to current levels, and thus increasing rice productivity is
crucial to ensure food security for the future(1).

The development of high yielding rice cultivars can be achieved by improving key traits such as plant height, tiller
number, panicle architecture, number of grains per panicle, grain size, grain filling and thousand grain weight(2,3).
These traits were controlled by intricate genetic networks involving multiple phytohormones and signalling
pathways(2). The discovery and use of superior alleles for crop improvement is an another approach that has been
accomplished by recent advances in marker-assisted breeding, mutation breeding and genome-editing
technologies(4,5).

Domestication of wild species and traditional breeding methods have identified natural genetic variations that
were important sources of beneficial alleles for crop improvement. Haplotype analysis is used to characterize
natural allelic variation, identifying superior haplotypes related to desirable agronomic traits and serve as
important genetic resources for marker-assisted breeding and genome-editing programmes(6,7). In spite of the
proven potential of OsPYL9 to enhance grain yield, the natural allelic variation and haplotype diversity of OsPYL9
in rice germplasm has not been studied. The introgression of superior OsPYL9 haplotypes would contribute novel
alleles for developing high yielding rice cultivars.

Abscisic acid (ABA) is one of the several phytohormones involved in regulating plant growth, development and
grain yield through the PYRABACTIN RESISTANCE/PYRABACTIN RESISTANCE-LIKE (PYR/PYL)
signalling pathway. OsPYL9Y is an important candidate gene for rice improvement among the ABA receptor genes.
Creation of 1-4 bp deletions in OsPYL9 gene through CRISPR-Cas9 approach improved grain yield under well-
watered and drought conditions(8). This evidence highlights the importance of OsPYLY in regulating grain yield
and provides a rationale for investigating naturally occurring allelic variation of this gene in rice germplasm.
Identification of novel alleles in germplasm through haplotype analysis could provide useful genetic resources for
breeding rice cultivars suitable for changing climatic conditions. Hence, the present study was designed to
investigate the allelic variation and haplotype diversity of OsPYL9 in diverse rice accessions of 3K Rice Genome
panel.
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MATERIALS AND METHODS

A diverse panel of 203 rice accessions from the 3K Rice Genome (3K RG) collection(9) was screened in an
augmented design at the Paddy Breeding Station (PBS), Tamil Nadu Agricultural University (TNAU),
Coimbatore, India (11°00" N, 76°54" E; 426 m above mean sea level) during kharif (wet season) 2021 and rabi
(post-monsoon season) 2022. Twenty-five day old seedlings were transplanted at 20 x 20 cm spacing following
augmented design and all the recommended agronomic practices were followed throughout the crop growth period
with 150:50:50 kg ha™ (N, P-Os and K-O) respectively.

For grain yield per plant, five plants were randomly selected from each accession at physiological maturity. The
plants were harvested individually, and the grains obtained from each plant were cleaned and dried to
approximately 14% moisture content. Grain yield was determined by weighing the total grain obtained from each
individual plant using a precision electronic balance and expressed in grams per plant (g plant™). The grain yield
values of the five plants were averaged to obtain the mean grain yield for each accession, which was subsequently
used for haplotype—phenotype association analysis.

Retrieval of SNP data and haplotype analysis

Allelic diversity for OsPYL9 gene (LOC_0Os06236670) was obtained from the Rice SNP-Seek database that has
genic information from the 3K Rice Genome Project(10). Allele mining was employed only on single nucleotide
polymorphisms (SNPs) in the coding region of the target gene. The SNP dataset was downloaded as PLINK format
and then converted to Haploview-formatted files with the gPLINK program (version 1.07)(11).

The analysis of haplotypes was performed with Haploview version 4.1(12) and haplotype blocks were created
based on linkage disequilibrium (LD) and SNPs with a minor allele frequency (MAF) > 0.001 were included in
the analysis. The genotypes with heterozygous alleles or missing alleles were not included in the analysis. Unique
haplotypes of OsPYL9 were identified using SNPs and the haplotypes were then correlated with grain yield. Only
the haplotype groups with genotype frequency more than three were considered for haplotype-phenotype analysis.
Statistical analysis

The descriptive statistics such as mean, range and coefficient of variation (CV) were obtained by Minitab
Statistical Software (Version 19.1). One-way analysis of variance (ANOVA) was used to test the differences in
the identified haplotypes for grain yield per plant. A simultaneous multiple comparison test was used to find
superior haplotypes with significantly better performance using Hsu’s method(13). Box plots were created to show
the distribution of the phenotypical traits in the different haplotype groups(14).

RESULTS

Phenotypic variation for grain yield per plant

A considerable variation in grain yield per plant was observed among the rice accessions evaluated. The
descriptive statistics for grain yield per plant are presented in Table 1. The grain yield ranged from 3.61 to 42.39
g plant’, with a mean of 18.57 g plant " and a coefficient of variation of 40.84%, indicating substantial phenotypic
variation among the evaluated accessions. The frequency distribution further illustrated the broad variation in
grain yield across the evaluated population, with most accessions concentrated around the intermediate yield
classes (Fig. 1)(Table 1)

Identifying allelic variation present in the coding region of OsPYL9.

Allele mining of the OsPYL9 coding region using the Rice SNP-Seek database identified eight SNPs distributed
across the target region at positions 10621556600, 10621556606, 10621556612, 10621556937, 10621557034,
10621557172, 10621557307 and 10621557332. The haplotype analysis of these eight markers resulted in two
haplotype groups in a single haplotype block, explaining strong linkage between the informative polymorphic
sites (IPSs) within the population (Fig. 3). A very strong pairwise linkage disequilibrium (LD) was observed
between the two SNPs located at positions 10621556600 and 10621557034 where D’ value is 0.99 within the
block. These polymorphic sites were important in the differentiation of the main haplotypic combinations found
in the population.

The haplotype H1 with allelic combination “GGGGAATG” had 60.0% frequency and the haplotype H2 with
allelic combination “AGGGTATG” had 37.3% frequency (Fig. 2). This is because, at the two differentiating SNP
positions, H1 had the alleles G and A, while H2 had the alleles A and T respectively. All six other SNP positions
had the same allele for both of the major haplotypes. The remaining 2.7% of accessions were minor haplotypic
combinations and were not used for the analysis.(Fig. 2)(Fig. 3)

Association of OsPYL9 haplotypes with yield

Significant variation in plant yield was observed between the two major OsPYL9 haplotypes (Fig. 4). A mean
plant yield of about 17.3 g plant! was observed for the H1 haplotype (alleles GA) while the mean plant yield for
the H2 haplotype (alleles AT) was about 19.5 g plant'. The yield difference between the two haplotypes was 2.26
g plant ! which was approximately 13.1% more plant yield by H2 than HI1.

The plant yield showed a significant difference between the two haplotypes by one way analysis of variance (P =
0.031). The difference between H1 (GA) and H2 (AT) was further confirmed by Hsu's simultaneous multiple-
comparison test, which showed a significant difference between the haplotypes with p<0.05 (P = 0.015). These
results showed the AT haplotype combination (H2) had higher plant yield compared to the GA haplotype
combination (H1), thus H2 is the better haplotype in the rice germplasm tested.(Fig. 4)(Table. 2)(Table. 3)
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DISCUSSION

OsPYL9 encodes an ABA receptor involved in ABA-mediated regulation of plant growth and responses to abiotic
stress. Previous functional characterization showed that alteration of OsPYL9 through CRISPR/Cas9 affected rice
grain yield under both well-watered and drought conditions, which highlights its importance for rice
production(8). These findings establish OsPYL9 as a functionally important candidate gene for rice improvement.
Although earlier studies focused on functional characterization of OsPYL9 using targeted mutagenesis, the current
study aimed to explore naturally occurring allelic variation in this gene. Therefore, characterization of natural
allelic variation at OsPYL9 provides an approach for identifying favourable genetic variation that may be useful
for rice breeding.

The previous studies reported a significant contribution of natural allelic and haplotypic variation to rice
productivity. Superior haplotypes of the gene CCDS8 were associated with higher total and productive tiller
numbers(15), whereas different alleles of the gene SCM2 were associated with variation in culm diameter and
lodging-related traits(16). Allele mining of the grain-number gene An-1 also revealed favourable allelic variation
associated with enhanced grain number and yield-related traits (17). Analysis of 120 functionally characterized
genes across the 3K Rice Genome panel showed that more than 75% of genes had 2—-15 haplotypes, further
indicating the wide genetic diversity present in rice(18). Furthermore, identification of haplotypes of drought
responsive genes showed that certain haplotypes were significantly associated with higher single plant yield under
drought stress, suggesting their potential as donor haplotypes for breeding climate resilient rice cultivars(19).
Similarly, the EPN4-1 haplotype was associated with favourable variation in effective panicle number, grain
number and grain yield(20), whereas an elite STRONGI haplotype was associated with improved plant
architecture, lodging resistance and grain yield(21). Recently, haplotypes of several genes contributing to higher
grain yield under reproductive-stage drought stress were identified, whereas Os/RO2-H3 haplotype was validated
through introgression, which resulted in 25.0-27.3% yield advantage under drought conditions(22). Favourable
haplotypes of SMG11/D2 and GW7 were associated with variation in grain-size traits(23). Collectively, these
studies demonstrate the importance of natural allelic and haplotypic variation represent a valuable genetic
resources for rice breeding.

Haplotype-based breeding (HBB) provides an opportunity to utilize favourable combinations of linked variants
rather than relying on individual polymorphisms alone(24,25). Haplotype analysis of the 3K Rice Genome panel
identified superior haplotypes and haplotype combinations for 21 key genes associated with grain yield and quality
traits, demonstrating the potential of natural haplotypic variation for rice improvement(18). Likewise, superior
haplotypes for preferred grain and cooking quality and low glycemic index have been identified which shows the
application of haplotype-based approaches beyond yield improvement(26). These studies support the potential
use of favourable haplotypes as genetic resources in breeding programmes.

Based on the present results, the higher grain yield associated with H2 OsPYL9 suggests that genotypes in this
haplotype could serve as a potential donor for future rice breeding. The LD information for the two differentiating
SNPs (Fig. 3) can be used to develop haplotype-specific markers for tracking H2 in breeding populations. Further
evaluation of H2 across multiple populations, genetic backgrounds and environments are required to confirm its
stability and breeding value. Functional characterization of the differentiating variants would further clarify their
contribution to grain yield. These studies would help determine whether H2 and its associated SNPs can be reliably
exploited through marker-assisted or haplotype-assisted breeding for rice yield improvement.

CONCLUSION

In 203 rice accessions in the 3K Rice Genome panel, two major naturally occurring OsPYL9 haplotypes (H1:
GGGGAATG and H2: AGGGTATG) were identified. The AT-type H2 haplotype showed higher grain yield per
plant (19.5 g plant ) than the GA-type H1 haplotype (17.3 g plant”). The difference between the two haplotypes
was statistically significant and was also verified by Hsu's simultaneous multiple-comparison test (adjusted P =
0.015).

The high linkage disequilibrium between the two differentiating SNPs will underpin for further study on their use
as markers for discriminating the major OsPYL9 haplotypes. The results of the present study suggest that naturally
occurring allelic combination (H2) is a potential combination that may be correlated with higher grain yield in the
rice germplasm tested.

The present study, however, provides a haplotype—phenotype association and does not provide evidence for the
individual SNPs causing the phenotype. The identified variants need further validation in independent populations
and multiple environments, and their functional characterization are required to conclude the stability and
biological basis of the yield advantage associated with H2 and assess the utility of its application in marker-
assisted and haplotype-assisted rice breeding.
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Statistics Whole population
Range 3.61-42.39
Mean 18.57
Median 17.78
SE mean 0.53
CV(%) 40.84
Table 1. Descriptive statistics for the studied population

Source of | Degrees of | Adjusted sum | Adjusted mean | F- value P- value
variation freedom of squares square
Haplotype 1 253.6 253.65 4.75 0.031
Error 197 10527.0 53.44
Total 198 10780.6

Table 2. Analysis of variance for grain yield per plant across OsPYL9 haplotypes
Difference Difference SE of | 95% CI T-Value Adjusted
of Levels of Means Difference P-Value
H1-H2 -2.26 1.04 (-3.97,0.00) -2.18 0.015
H2 - H1 2.26 1.04 (0.00,3.97) 2.18 0.015

Table 3. Hsu's simultaneous test for level means indicating significant difference between OsPYL9 haplotypes in

Frequency

Fig.

40

304

grain yield per plant

b
<
i

104

1
0 10 20 30 40
Single plant yield (g)
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Fig. 4. Grain yield per plant (g) in the two OsPYL9 haplotype groups. A) Box plot of grain yield per plant for
haplotypes H1 and H2. B) Interval plot of means (95% CI) for grain yield per plant across haplotypes H1 and
H2.
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