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Abstract
Following domestication, rice cultivars have been spread worldwide to different climates and have
experienced selection pressures to improve desirable traits. This has resulted in diverse cultivars that
display variation in phenotypic traits, such as stress tolerance, grain size, and yield. To better understand
the genomic composition arising from cultivars development and local adaptation, high-density
genotypes [containing 286,183 single nucleotide polymorphisms (SNPs) after the quality control] of 1,284
rice cultivars of aus, indica, and temperate and tropical japonica were scanned for diversifying signatures
applying a pairwise comparison of �xation index (Fst) test. Each cultivar’s population was investigated
for contemporary selection using the integrated haplotype score (iHS) test. Signatures of diversifying
selection among the pairwise comparisons were found in genomic regions mainly involved in response to
stress (pathogens, drought, heat, cold) and development and morphology of various structures, such as
root, pollen, spikelet, and grain. The most signi�cant diversi�cation signal between indica and japonica
cultivars was detected at the location of ROX2 gene. Aus with indica comparison detected the most
divergent signal at important candidate genes of OsEXPA8 and OsEXPA9, whereas temperate with
tropical japonica comparison resulted in two well-known candidate genes OsHCT4 and OsGpx4. Recent
selection analysis detected different patterns of contemporary selection in genomic regions related to rice
breeding standard criteria such as stress tolerance, seed germination, starch content, and �owering time.
Our �ndings highlight the underlying molecular basis of adaptive divergence and propose that modern
rice breeding may provide additional diversi�cation among rice cultivars.

Introduction
Crop domestications took long-term selection processes and could signi�cantly advance human
civilization. Cultivated rice (Oryza sativa L.), which is cultivated worldwide and is one of the most
important food crop, is considered to have been domesticated from wild rice (Oryza ru�pogon) thousands
of years ago in China (Zheng et al. 2016). Since then, natural and arti�cial selection have resulted in
genetically, morphologically, and physiologically various commercial rice cultivars. Despite rice being a
signi�cant cereal and a model system for plant biology, there is still widespread controversy about
cultivated rice’s evolution and differentiation (Huang et al. 2012). 

 

Two major eco-geographical subspecies of cultivated rice are indica and japonica. Indica, called lowland
rice, grows throughout tropical Asia, whereas japonica is typically cultivated in highlands of southern
China, Southeast Asia, and Indonesia, as well as outside of Asia, in Africa and North and South
America (Londo et al. 2006; Xiong et al. 2011). Conventionally, japonica rice is classi�ed into two
ecotypes of temperate japonica and tropical japonica according to the ecosystems they belong
to (Yoshida and Benta 1983). Temperate japonica is cultivated in temperate regions due to its cold
tolerance, while tropical japonica is mainly cultivated in tropical zones (Lee et al. 2018). In tropical
conditions, indica rice has higher yields than japonica rice, whereas, under cold conditions, japonica rice
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performs better (Jing et al. 2010). Photoperiod sensitivity and spikelet sterility induced by high
temperatures were proposed as the main reasons for the poor growth of temperate japonica rice in
tropical regions (Lee et al. 2018). Aus is a close ecotype to indica, and this type has evolved and
cultivated in the tropical condition of India and Bangladesh (Londo et al. 2006). 

 

The diversi�cation of indica and japonica cultivated rice has been an interesting topic in evolutionary
biology. The adaptation process and natural and arti�cial selection have left detectable footprints within
the rice genome. Advances in genotyping technology have provided an opportunity to reveal the genomic
selection signatures in rice (Li et al. 2017). Some of these footprints of selection (also known as selection
signatures) re�ect the ‘historical or old selection’ during domestication. In contrast, some represent
selection within the past few generations for economically important traits, such as higher yield or
environmental adaptation, referred to as ‘contemporary or recent selection’ (Decker et al. 2014). Multiple
analytical methods have been introduced to identify recent or old positive selection signals on a genome-
wide scale using genotypic data. Single-site population differentiation methods such as the �xation index
(Fst; Weir and Cockerham, 1984) are proper for identifying the signature of selections associated with
adaptation processes. In contrast, the linkage disequilibrium (LD)-based method of integrated haplotype
score (iHS) developed by Voight et al. (2006) is helpful for the detection of recent selection signatures.
Using selection signatures methods and comparing cultivated and wild rice genome, genes involved in
rice domestication, e.g., Sh4, qSW5, qSH1, prog1, sd1, Wx, Badh2, and Rc, were identi�ed (Huang et al.
2012; Zhao et al. 2018). 

 

Although the genetic basis underlying economically important traits in rice have been well studied, our
knowledge of the genetic mechanism responsible for the adaptation to local environments and rice
cultivars diversi�cation process is limited. Exploring the genetic information of cultivated rice can clear its
adaptation process and provide essential insights into breeding elite varieties for sustainable agriculture.
Studying locally adapted rice ecotypes is promising to underpin the genes involved in differentiation, as
well as ecologically and economically important traits. This study aimed to assess population structure
and detect selection signatures in the genomes of the four cultivated rice ecotypes of aus, indica, and
temperate and tropical japonica adapted to different environments using high-density single nucleotide
polymorphism (SNP) genotyping data. Our results provided more understanding of the evolution and
biology underlying rice cultivars diversi�cation and may provide tools to increase the e�ciency of
selection programs in rice agronomy.

Materials and Methods
Data collection and quality control
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Genotypic data of 1,284 of four cultivated rice ecotypes, including aus (14.56%), indica (38.71%), and
temperate (18.69%) and tropical japonica (28.04%), was obtained from Rice Diversity Project database
(http://www.ricediversity.org). Three germplasm collections of RDP1 (343 accessions), RDP2 (880
accessions), and NIAS (61 accessions) were included in this study. Samples were already collected from
94 countries worldwide, and genotypes were generated by the high-density rice array (HDRA) comprising
700 K SNPs. This SNP array This SNP array was developed using the genome of different rice species
and cultivars, including wild (O. ru�pogon/O. nivara, O. meridionalis, O. o�cinalis, O. punctata) and O.
sativa (temperate japonica, tropical japonica, aromatic/Group V, indica, aus, admixed) (McCouch et al.
2016). Table S1 presents the number and origin of samples included in this study. 

 

Quality control was performed using the PLINK 2.0 software (Purcell et al. 2007). SNPs with a call rate <
80%, minor allelic frequency < 0.01, and Hardy-Weinberg equilibrium p-value < 10-7 were removed.
Moreover, samples with less than 80% genotype call rate were discarded from downstream analyses.
Finally, genotypes were phased, and missing genotypes were imputed using Beagle software
5.2 (Browning et al. 2018).

 

Population structure analyses

Principal component analysis (PCA) was conducted using PLINK 2.0 software (Purcell et al. 2007). Then,
the plot of principal components was constructed using ggplot2 package (Villanueva and Chen 2019) in
the R 4.0.5 software (R Core Team 2020). The phylogenetic analysis was performed using the neighbor-
joining approach in VCF-kit 0.2.9 (Cook and Andersen 2017). Visualization of the phylogenetic analysis
was based on midpoint rooting in FigTree 1.4.3 (http://tree.bio.ed.ac.uk/software/�gtree). Maximum
likelihood analysis of population structure was conducted using Admixture 1.3 (Alexander et al. 2009) for
K values ranging from 2 to 4 with 10 iterations per each K. The Admixture software uses a cross-
validation procedure to estimate the preferable ancestral populations (K). Linkage disequilibrium (LD)
was estimated based on the allele frequency correlations ( ) (Hill and Robertson 1968) using the
PopLDdecay 3.4 software (Zhang et al. 2019), with a maximum distance between two SNPs of 300 Kb. 

 

Fixation index (Fst)

Population genetic analysis results showed high genetic differences between indica and japonica
(temperate and tropical) groups. Moreover, our analyses indicated that aus cultivar was derived from
indica, and the two subpopulations of tropical and temperate japonica also derived from japonica over
time. Based on these �ndings, we designed three main comparisons, including comparing the genome of
indica with two japonica populations of temperate (Ind_Tem) and tropical  (Ind_Tro), aus with indica

http://www.ricediversity.org/
http://tree.bio.ed.ac.uk/software/figtree
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(Aus_Ind), and tropical japonica with temperate japonica (Tem_Tro), searching for regions involved in
adaptation and diversi�cation processes using Weir & Cockerham’s Fst (Weir & Cockerham 1984). Table 1
presents the study design and the number of samples in each pairwise test. Fst values were estimated
and averaged along 100 kb genomic windows with a step size of 25 Kb using VCFtools 0.1.15
software (Danecek et al. 2011). Fst values were then Z-transformed (Z(Fst)) using scale function in R

software (R Core Team 2020), and genomic windows ranked in the highest 99th percentile of Z(Fst) values
considered as regions under signi�cant selection. Finally, these genomic regions were applied to gene
annotation analysis to �nd candidate genes involved in the adaptation process of rice ecotypes.

<< Table 1 around here >>

 

iHS test

We employed the iHS test to evaluate recent positive selection evidence based on haplotype frequencies
(Voight et al. 2006). The iHS statistic measures the extent of local LD, then partitions them into two
classes: haplotypes centered upon an SNP that carry the ancestral versus the derived allele. This statistic
is applied to samples SNPs and begins by calculating the integrated extended haplotype homozygosity
(EHH) (Sabeti et al. 2002), de�ned as the integral of the observed decay of EHH away from a particular
core allele until EHH reaches the value of 0.05. The integrated EHH (iHH), summed over both directions
away from the core SNP, is referred to iHHA or iHHD, based on whether it is computed for the ancestral or
derived core allele. The unstandardized iHS value is then calculated as follows:

This quantity is standardized with a mean of 0 and variance of 1 irrespective of allele frequency at the
core SNP (for more details, see Voight et al. (2006)) as follows:
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Large positive or negative values of iHS refer to unusually extended haplotypes carrying the ancestral or
derived allele, respectively. Then, iHS values were �tted to a normal distribution using the robust linear
model (rlm function) of the MASS R package (Venables and Ripley 2013) and model = rlm (iHS ~ 1),
where the iHS object is a vector containing the iHS values. The outputs of the �tted model, including
mean and standard deviation, were used by the pnorm R function to calculate the two-sided p-values of
the iHS statistics (lower.tail = TRUE, log.p = FALSE). Finally, to control multiple testing false discovery rate
(FDR) among rejected null hypotheses, the iHS p-values were transformed to the corresponding q-values
using the qvalue R function and the Benjamini and Hochberg method (Benjamini and Hochberg 1995).
The signi�cant threshold of q-value < 0.01 was considered to identify SNP under intensive recent
selection pressure. This analysis was separately conducted within each of the four ecotypes
populations. 

 

Gene annotation and functional enrichment analysis

The most recent rice genome assembly of Oryza sativa Japonica Group genes (IRGSP-1.0;
https://plants.ensembl.org/) and the biomaRt 2.46.3 R package (Durinck et al. 2009) were used to
identify candidate genes. Fst values were Z-transformed (Z(Fst)), and genomic regions ranked in the

highest 99th percentile of Z(Fst) were identi�ed. Genes within these genomic regions were considered
candidate genes involved in the rice ecotypes diversi�cation process. Since in all ecotypes, a su�cient
level of LD (LD > 0.2) was detected at the distance of 10 Kb, we considered a distance of ±5 Kb on both
the upstream and downstream sides from signi�cant markers in the iHS test to �nd the candidate genes
under recent selection pressure. Manhattan plots of the results were created using the R package CMplot
3.6.2 (Yin et al. 2021).

 

Gene ontology was conducted based on the reference list of Oryza sativa Japonica Group. Terms of Gene
Ontology biological process (GO:BP), molecular function (GO:MF), and cellular component (GO:CC), and
biological pathway terms of  Kyoto Encyclopedia of Genes and Genomes (KEGG) were assessed for all
genes using functional pro�ling (g:GOSt) of gPro�ler online software (Raudvere et al. 2019). The FDR
adjusted p-value < 0.05 was considered the threshold for identifying the overrepresented terms in all
functional enrichment analyses. 

Results
A total number of 1,284 rice genotypes from 94 countries, including four cultivated rice ecotypes of aus,
indica, and temperate and tropical japonica, were included in this study. After quality control, 286,183
SNPs from 1,284 samples remained for further analyses.
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Population genetic structure 

Our phylogenetic analysis illustrated aus, indica, and japonica ecotypes in three separate main branches
(Fig. 1a). As expected, temperate and tropical japonica were located in one clade, and aus showed a
closer phylogenetic relationship with indica than japonica populations. Similar population a�nities were
obtained based on the PCA results, in which a clear genetic structure with samples from each ecotype
clustering together was observed, while temperate and tropical japonica were placed close together (Fig.
1b). A total of 37.83% of genetic variation was explained by the top three principal components (PC1-
PC3). The �rst component (PC1 = 24.53%) was driven by the difference between two large clusters of
indica and japonica ancestry. However, aus cluster separated from the indica population in the second
component (PC2 = 8.13%). Finally, the third component broke the japonica ecotype into two temperate
and tropical subpopulations (PC3 = 5.17%). 

 

The ancestral lineage compositions of four ecotypes are shown in Figure 1c—the K value, representing
the number of ancestral populations. Considering the history of the different populations, we chose to
plot the admixture results from two assumed ancestries (K = 2) to K of 4 (Fig. 1c). In K = 2, the samples
were split into two groups: (1) pure indica ancestry; and (2) pure japonica ancestry. However, limited
admixture between two ancestries was observed. In K = 3, temperate and tropical japonica were located
in one population, while aus and indica separated. In this K, the proportion of indica alleles in aus was
estimated at 0.001±0.037, while the ancestral japonica allele contributed to 0.000±0.002 of aus genome.
In K = 4, two japonica subpopulations of temperate and tropical separated. Admixture analysis showed
that only 0.002±0.008 of alleles are ancestrally identical between temperate and tropical japonica. In this
K, 0.000±0.001 and 0.001±0.001 of introgressed alleles from japonica into indica populations were
originated from temperate and tropical cultivars, respectively. Clusters identi�ed by increasing K beyond
four did not contain a single individual with a majority of ancestry in the new cluster, indicating that for
the number of markers evaluated here, K = 5 does not improve population admixture resolution.

<< Figure 1 about here>>

 

Fixation index

A total of 14,855 100 Kb-genomic windows with step sizes of 25 Kb was scanned along the rice genome
to calculate Fst values. Figure 2 presents the Z(Fst) distribution in four pairwise comparisons of Ind_Tem,
Ind_Tro, Aus_Ind, Tem_Tro, showing the potential regions involved in adaptation and diversi�cation. 

<< Figure 2 around here >>
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Ind_Jap pairwise comparison

Genomic windows ranked in highest 99th percentile of Z(Fst) values (N = 148) were identi�ed (Z(Fst)Ind_Tro

≥ 2.19; Z(Fst)Ind_Tem ≥ 2.11). The most signi�cant genomic region in both Ind_Tem and Ind_Tro
comparisons was located on chromosome (chr) 2 (chr2:12.70-12.80 Mb) with Z(Fst) values of 3.79 and
3.57, respectively. A total of 92 genomic regions were overlapped between Ind_Tro and Ind_Tem top 1%
genomic regions, out of which the largest number of regions were located on chr2 (N = 18, chr2:12.3-
15.52 Mb) followed by chr10 (N = 15, chr10:14.1-23.2 Mb). 

 

Gene annotation analysis of identi�ed regions in the pairwise comparison of Ind_Tem and Ind_Tro
detected 248 and 245 candidate genes, respectively (Table S2). We identi�ed 168 candidate genes
overlapping the two Ind_Jap analyses (Fig. S1). These genes were associated with a diverse range of
traits, such as response to pathogens and disease resistance (OsWRKY52, OsWRKY46, OsWRKY40,
OSRAC7, ROX2, ONAC109), salt stress tolerance (OsWRKY50, OsCAX1c, OsTPS6, OsSOD4, RD22,
ONAC110), drought stress response (OsCYP18-2, OsWRKY104, OsDSR6, OsDi19-3, OsITPK5, ONAC110),
cold stress response (OsCHB701, TSV3), seed germination and growth (OsWRKY50, OsIPMS2,
OsWRKY50), �avone accumulation and UV-tolerance (OsUGT706D2, OsUGT706C4, OsUGT706C3),
tapetum degeneration (API5), root development (YUCCA2), lignin and cellulose synthesis (OsCesA8), leaf
angle (OsbHLH098), chloroplast development (YSS1), arsenite root uptake (OsNIP3), and spikelet (OPR7)
and pollen development (UGP1).

 

Gene enrichment analysis of Ind_Jap candidate genes found 57 signi�cantly overrepresented terms. The
most signi�cant terms in which Ind_Jap candidate genes were overrepresented were regulation of
biological process (GO term = GO:0050789; FDR-adjusted p-value = 0.001) and regulation of cellular
process (GO term = GO:0050794; FDR-adjusted p-value = 0.001). Table S3 presents the results of gene
enrichment analysis in Ind_Jap comparison.

 

Aus_Ind pairwise comparison

Genomic regions with top 1% Z(Fst) values (N = 148) were identi�ed (Z(Fst)Aus_Ind ≥ 2.98). The most
signi�cant signal was detected on chr1 (chr1:8.15-8.25 Mb) with Z(Fst)Aus_Ind value of 5.51, and the
largest number of windows were located on chr4 (N = 33, chr4:16.75-16.95 Mb & chr4:30.52-35.45 Mb)
followed by chr1 (N = 31, chr1:3.05-3.37 Mb & chr1:7.75-8.77 Mb). 
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Gene annotation analysis of identi�ed regions resulted in 199 candidate genes (Table S4). These genes
were associated with a diverse range of traits, such as disease tolerance and response to pathogens
(OsRBX1a, OsTVLP1, OsABCF3, LML1), salt stress response (SRWD5, OsADF2, OsRMC, OsIPK1), drought
stress response (OsLEA20, DREB2A, OsSKgamma, OsADF2, OsIPK1), heat stress response (OsBiP2,
OsFKBP62b), arsenic stress (OsABCB11), anther development (OsbHLH035), root growth and architecture
(EXPA8, OsEXPA9, OsRAA1, RR6), leaf senescence and morphology (OsPME1, ADL1), iron homeostasis
(OsOPT8), seed germination (OsDOG1L-2, OsGLN2), pollen tube germination and growth (OsUCL8), pollen
wall development (OsUAM2), grain �lling (GF14F), and �owering time (OsCOL10).

 

Gene enrichment analysis of Aus_Ind candidate genes found four signi�cantly overrepresented terms
(FDR adjusted p-value < 0.05) associated with cinnamyl-alcohol dehydrogenase and sinapyl alcohol
dehydrogenase activity, as well as two pathways of aromatic compound and organic cyclic compound
biosynthetic processes (Table S3).

 

Tem_Tro pairwise comparison

Genomic regions possessing top 1% Z(Fst) values (N = 148) were extracted (Z(Fst)Tem_Tro ≥ 3.21), mostly
located within three segments on chr5 (N = 59, chr5:5.55-6.25 Mb & chr5:16.3-20.07 Mb & chr5:27.12-
28.50 Mb). The most signi�cant signal was detected on chr9 (chr9:4.87-4.97 Mb) with Z(Fst)Tem_Tro value
of 4.75.

 

A total of 165 candidate genes were detected in gene annotation analysis (Table S5). The identi�ed
genes were associated with different traits, e.g., response to pathogens (OsSLRL1, APIP10, JIOsPR10,
OsVQ10, OsVQ11, OsBIHD1), salinity stress response (OsRFP), drought tolerance (CK1, OsWRKY55,
OsCTR1), heat tolerance (OsCam1-1), cold tolerance (OsSIP1), seed and root development (OsSultr5),
chloroplast development (YL1), anther development (RR24, OsHFP), pollen development (OsPME10 ),
grain size and weight (LRK1, LRK7, LRK8), phosphate hemostasis (OsRLCK64), and rice dwar�sm (SSD1).

 

Gene enrichment analysis of Aus_Ind candidate genes found two signi�cantly overrepresented terms
(FDR-adjusted p-value < 0.05). Two cellular component terms of integral and intrinsic components of
peroxisomal membrane were signi�cantly overrepresented by Aus_Ind candidate genes (Table S3).

 

Recent selection signals
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Following obtaining iHS scores, p-values were calculated and corrected for multiple testing. Figure 3
presents the distribution of -log10(p-value) of iHS scores along the rice genome of different ecotypes
showing the potential recent selection signals. A total of 458, 443, 222, and 332 markers were found to be
under recent selective pressure for aus, indica, temperate japonica, and tropical japonica, respectively (q-
value < 0.01) (Table S6). The most signi�cant signal in aus and indica was located on chr1
(chr1:13,549,676:13,559,676) and chr1 (chr1:18,532,173:18,542,173 bp), whereas in temperate japonica
and tropical japonica were on chr12 (chr12:10,794,098:10,804,098 bp) and chr9
(chr9:1,722,050:1,732,050 bp).

 

Gene annotation analysis of detected genomic regions found 110, 99, 43, and 67 candidate genes under
recent selection pressure in aus, indicia, temperate japonica, and tropical japonica populations,
respectively (Table S6). Figure 4 presents the list and number of potentially overlapping genes under
recent selection among different ecotypes. The identi�ed genes were associated with different favorable
rice breeding traits; such as drought tolerance (OsRLCK17, OsGATA8, OsNPC2, OsRLK5, SAPK6,
OsCCR10), disease tolerance (OsRLCK18, RBBI2-3, APIP12, OsPR2, Gns6, OsPAL1), heat tolerance (tms5,
SAPK6), cold tolerance (OsMYB30, CTB4a), plant height (OsGA2ox7, DRUS2), salinity tolerance
(OsGATA8, OsNPC2, OsNUC1-S, ZRP4), arsenic tolerance (R2R3-MYB), seed germination (OsBgal3), starch
components (DRUS2), lignin content (GH2, OsC4H), grain yield (OsPLL3, RPBF, OsATG8b), �owering time
(OsPRR1, OSCRY2), pigment formation (COW1), pest resistance (Osr9-LOX1), �avonoid accumulation and
UV-B tolerance (OsRLCK160).

<< Figure 3 around here >>

<< Figure 4 around here >>

 

Identi�ed candidate genes in each ecotype were separately applied to gene enrichment analysis. In aus
ecotype, the discovered candidate genes were signi�cantly overrepresented in molecular function of
some enzymes, such as terpene synthase (term = GO:0010333; FDR adjusted p-value = 0.00) and lyase
(term = GO:0016829; FDR adjusted p-value = 0.02). Concerning indicus ecotype, we found that candidate
genes were signi�cantly overrepresented in carbohydrate-binding molecular function (term =
GO:0030246; FDR adjusted p-value = 0.04). Gene enrichment analysis of temperate japonica candidate
genes showed signi�cant overrepresentation in 38 terms, among which the most signi�cant molecular
function and biological pathway terms were cellobiose glucosidase activity (term = GO:0080079; FDR-
adjusted p-value = 0.00) and phenylpropanoid biosynthesis pathway (term = KEGG:00940; FDR adjusted
p-value = 0.00), respectively. Regarding tropical japonica, the most signi�cant terms were related to the
molecular function of polysaccharide binding (term= GO:0030247; FDR-adjusted p-value = 0.00) and
symplast cellular component (term = GO:0055044; FDR-adjusted p-value = 0.00). Table S7 presents the
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functional enrichment analyses results of candidate genes under recent selection in four studied
ecotypes.

Discussion
Cultivated rice was mainly domesticated from wild rice into two main subspecies of indica and japonica.
From the beginning to the present, this process involved genetic variation, natural and arti�cial selection,
local adaptation, and various evolutionary events, such as bottleneck, expansion, and
introgression (Sweeney et al. 2007; Huang et al. 2012). Subsequent to the domestication process, rice has
been spread to various areas with different climates worldwide to meet the need for human civilization
expansion. In general, indica has been grown in the low latitude areas with high growth temperature,
while japonica has been cultivated in temperate regions. Additionally, selective regimes owing to cultural
preference of rice farmers or breeding programs might affect favorable traits in each ecotype population
and could contribute to the shaping of phenotype and the underlying genome of multiple rice
ecotypes (Kiple and Ornelas 2000; Tang and Shi 2007; Fuller et al. 2010). 

 

The high-throughput genomic data of different rice ecotypes has allowed studying the genetic basis of
rice cultivars’ differentiation during rice domestication and subsequent improvement. As rice cultivars
adapted to different ecogeographical environments and were to some extent reproductively isolated, the
genes that have contributed to cultivars’ differences are likely to be highly divergent between their
populations (Tang and Shi 2007). Here, we �rst investigated the population genetic structure of four
cultivated rice ecotypes using high-density genome-wide polymorphism data. Then, based on the results
of population genetic analyses, we designed four pairwise comparisons using Fst test to detect genomic
regions underlying the diversi�cation process. Moreover, we performed the test of iHS to compare the
patterns of recent selection signatures among different cultivars. 

 

A genomic region showing high signals for Fst and iHS could be the result of selection sweeps and/or
presence-absence variations (PAVs) (Jensen et al. 2005; Sabeti et al. 2007). Selection sweeps occur when
a bene�cial mutation arises and rapidly increases in frequency in a population due to natural selection.
This can result in a region of the genome with reduced genetic diversity and high levels of linkage
disequilibrium (Jensen et al. 2005; Sabeti et al. 2007). Fst can be used to detect population differentiation
resulting from selection, as it measures the extent to which genetic variation is partitioned among
populations relative to the total variation (Nei and Chesser 1983). PAVs refer to the presence or absence
of entire genomic segments, rather than single nucleotide variants. PAVs can also be subject to natural
selection, as they can alter gene dosage or disrupt gene function (Feuk et al. 2006). iHS is a statistic that
is commonly used to detect signatures of positive selection on single nucleotide variants that have



Page 12/29

rapidly increased in frequency in a population. However, it has also been shown to be effective at
detecting selection on PAVs (Grossman et al. 2010). 

 

We used a genotypic dataset that was already generated by HDRA. This SNP array was developed using
the genome of different wild and domesticated rice species (McCouch et al. 2016), and it includes SNPs
that are informative for all the cultivars being compared in our study. Therefore, it represents the genetic
diversity among different rice species populations. This could be bene�cial for pairwise signatures of
selection tests, such as Fst. However, in single-population tests, like iHS, it could potentially result in false
positives or false negatives in the analysis, as the underlying genetic variation in each cultivar could be
overrepresented/underrepresented. Therefore, we suggest further con�rmation of our results of the iHS
test using whole-genome sequence data.

 

Population genetic structure

In neighbor-joining tree and PCA, indica and japonica populations were placed in separate clusters,
consistent with admixture results. The admixture results in K=3 indicated very limited introgression
between indica and japonica, suggesting high genetic diversity between these two populations. Moreover,
aus was located close to indica in both neighbor-joining tree and PCA and separated from indica
population in K = 3. Our results indicated that aus is ancestrally derived from indica over time. In contrast,
two temperate and tropical japonica subpopulations were located in the same clade in the neighbor-
joining tree and PCA (PC1 and PC2). These two populations were originated from japonica rice in K = 4.
Our results were consistent with historical information of aus, indica, and temperate and tropical japonica
cultivars uncovered by previous studies (Zhao et al. 2010; Seo et al. 2020). Based on our �ndings in
population structure analyses, we designed four comparisons aimed to investigate genomic regions
underlying the diversi�cation process of rice cultivars (Table 1). Subsequently, we applied iHS test to
discover genomic regions under contemporary selection pressure.

 

Fixation index (Fst)

Regarding spatially separated populations inhabiting different environments or sympatric populations
that exploit different ecological niches, it is possible to identify chromosomal regions involved in adaptive
divergence by comparing the levels of differentiation among multiple loci. By comparing two populations,
Fst e�ciently captures signi�cant allele frequency differences between ecotypes and thus identi�es
outlier markers that are �xed or close to �xation for opposite alleles. This means that the identi�ed
signals are mainly the markers that have been differentially selected for a relatively large number of
generations; therefore, they can be referred to as historical selection signals (Bomba et al. 2015). 
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Indica-japonica diversi�cation

We detected the most signi�cant diversi�cation signal on chr2 (chr2:12.70-12.80 Mb) in both Ind_Tem
and Ind_Tro comparisons with Z(Fst)Ind_Tem = 3.79 and Z(Fst)Ind_Tro = 3.57. However, no regions within or
�anking this region had signi�cant in�uence at subpopulation level. The study performed by Yuan et
al. (Yuan et al. 2017) detected a close region on chr2 (chr2:13,139,975–13,160,003 bp) under signi�cant
positive selection. Gene annotation analysis of this region detected the candidate genes of ROX2 and
OsWD40-43 ROX2 is a member of the NOL1/NOL2/sun gene family and a positive regulator of biotic
stress response in rice, particularly XA21-mediated immunity (Lee et al. 2011). XA21 gene plays a
signi�cant role in broad-spectrum immunity against the rice bacterial blight disease (Peng et al. 2015).
This disease is one of the most devastating a�ictions of inbred and hybrid rice throughout the world,
speci�cally in southeast Asia and west Africa, induced by a Gram-negative bacterial pathogen,
Xanthomonas oryzae pv. Oryzae (Niño‐liu et al. 2006). Our study indicated that ROX2 alleles involved in
XA21 gene regulation are highly divergent between indica and japonica cultivars, which might be
associated with the geographical distribution and prevalence of this disease and the subsequent
adaptation process in the local cultivars. Bacterial blight disease is distributed among rice plants in both
tropical and temperate environments. However, rice in irrigated and rainfed lowland areas, with optimum
temperature 25−34°C and relative humidity of more than 70%, are more prone to the disease (Sahu et al.
2020; Joshi et al. 2021). OsWD40 performs diversi�ed biological functions in rice, including seed growth
and development (Ouyang et al. 2012), and recently it has been revealed that this gene is a vital regulator
of anthocyanin biosynthesis (Yang et al. 2021).

 

Another signi�cant signal detected in both Ind_Tem and Ind_Tro comparisons was located on chr10
(chr10:14.1-23.2 Mb). The genes of OsCAD3, OsMB42, OsMB30, OsMB27, and OsMB22 were located
within this genomic region and ranked in top 10 Z(Fst) values (Figure 2). Park et al. (2018) showed that
OsCAD3 expression is induced by wounding and cold stress, suggesting that this gene is participate in
defense responses to diverse biotic and abiotic stresses. OsMB42, OsMB30, OsMB27, and OsMB22 are
the members of Meprin And TRAF Homology (MATH) domain containing protein (MDCP) family that has
been known to be involved in biotic stress response (Kushwaha et al. 2016). Kushwaha et
al. (2016) revealed that OsMB22 might be involved in heat stress response, while all the MATH domain
encoding genes showed down-regulation under cold stress.

 

Gene enrichment analysis was performed for 168 overlapped genes between Ind_Tem and Ind_Tro
comparisons. We found 57 signi�cantly overrepresented terms using gene enrichment of identi�ed
candidate genes (FDR adjusted p-value < 0.05). We revealed that many genes involved in regulating
biological and cellular processes contribute to the diversi�cation of indica and japonica cultivars. The
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most important molecular function term was associated with UDP-glycosyltransferase enzymes activity
(GO term = GO:0016757; FDR adjusted p-value = 0.014), which was overrepresented by 15 genes. UDP-
glycosyltransferase is an important biotransformation superfamily of enzymes that catalyze
glucosidation and help to transfer glycosyl from UDP-glycosyl donator to a variety of lipophilic
compounds. This family consists of more than 200 genes in rice, which are believed to be involved in
different phenotypes, particularly coping with abiotic stress and grain size (Dong et al. 2020; Liu et
al. 2021a). Among these 15 candidate genes detected in this study, OSAPT1 is essential for pollen tube
germination and elongation (Liu et al. 2021b), OSDGL1 for root development (Qin et al. 2013), OSIRX9L
for Xylan biosynthesis (Chiniquy et al. 2013), and STT3A for response to salt stress (Koiwa et al. 2003).

 

Aus-indica diversi�cation 

We detected the most signi�cant signal on chr1 (chr1:8.15-8.25 Mb) with Z(Fst)Aus_Ind = 5.51. Gene
annotation analysis found three candidate genes of OsEXPA8, OsEXPA9, OsGLP1-1 in this region.
OsEXPA8 and OsEXPA9 are members of the large expansins family. Expansins are key wall-loosening
factors that have been implicated in controlling plant growth processes via their role as modulators of
cell wall extensibility (Cosgrove 2005). OsEXPA8 in rice plants is involved in increased plant height,
enhanced leaf number, enlarged leaf size, as well as improved root system architecture, including longer
primary roots and more lateral roots and root hairs  (Ma et al. 2013). OsEXPA9 is speci�cally expressed in
the root of the rice (Shin et al. 2005), but its function is not comprehensively understood. The
aforementioned genes might contribute to the root system diversi�cation between aus and indica
cultivars. A study performed by Kondo et al. (2000) revealed that aus varieties tend to have a larger xylem
vessel diameter than the lowland indica varieties.

 

Gene enrichment analysis was performed using all 199 candidate genes identi�ed by Aus_Ind
comparison. The most signi�cant terms were related to the activity of cinnamyl-alcohol dehydrogenase
and sinapyl alcohol dehydrogenase enzymes, in both three genes of OSCAD8A, OSCAD8B, and OSCAD8D
were overrepresented (Table S3). Cinnamyl alcohol dehydrogenase and sinapyl alcohol dehydrogenase
are involved in the biosynthesis of lignin and culm structure in rice (Li et al. 2009; Ponniah et al. 2017).
Therefore, these genes may contribute to the differences in lignin levels and culm mechanical strength
between aus and indica cultivars. Further evaluation of these genes and their function are necessary to
con�rm our results.

Temperate japonica-tropical japonica diversi�cation

In the Tem_Tro comparison, the most signi�cant signal was identi�ed on chr9 (chr9:4.87-4.97 Mb).
However, gene annotation analysis did not �nd any genes in this region. Among the identi�ed genes, the
highest Z(Fst)Tem_Trop value was obtained by four candidate genes of OsHCT4, OsGpx4, OsSTA170, and
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OsSCP32 located within a window on chr6 (chr6: 42.5-43.5 Mb). OsHCT4 is a member of
hydroxycinnamoyltransferases (HCTs), which catalyzes the cinnamoyl moiety transfer from
hydroxycinnamoyl-CoA to various acceptors such as shikimic acid, quinic acid, hydroxylated acid, and
glycerol (Kim et al. 2012). Ponniah et al. (2017) revealed that down-regulation of OsHCT4 results in a
signi�cant reduction of lignin content. The protein encoded by OsGpx4 belongs to the glutathione
peroxidase family, which catalyzes the reduction of hydrogen peroxide, organic hydroperoxides, and lipid
hydroperoxides, thereby protecting cells against oxidative damage. OsGPX4 is critical for redox
homeostasis, which is important for rice's normal growth and development (Passaia et al. 2014). OsGPX4
is upregulated by drought and oxidative stress but downregulated by salinity, heat, and cold in the shoot
(Islam et al. 2015). We showed divergent allele frequencies of genes that contributed to the lignin
synthesis and stress responses between the tropical and temperate japonica cultivars. Belanger et al.
(2015) showed that lignin signatures in tropical plants are distinguishable from temperate ones because

of their high ratios of Acid/aldehyde of vanillyls and  . However, more assessment of
lignin characteristics in temperate and topical japonica rice cultivars is necessary.

Gene enrichment analysis of Tem_Tro candidate genes identi�ed two signi�cant terms associated with
integral and intrinsic components of peroxisomal membrane, both signi�cantly overrepresented by three
genes of PEX11-2, PEX11-3, and OSRFP.  PEX11 gene family has been indicated to be involved in
peroxisome biogenesis. In agreement with our results, Nayidu et al. (2008) indicated that rice PEX11
genes have diversi�cation in sequences. They also showed different expression patterns of PEX11 family
members under normal and various stress conditions. PEX11-3 is responsive to abscisic acid and H2O2

treatments; therefore, it is potentially involved in stress responses, while PEX11-2 shows no response to
stress (Nayidu et al. 2008).

 

Recent selection signals

The iHS test identi�es extended haplotypes that segregate at high frequency in the population and thus
are, by de�nition, recent selection signals (Bomba et al. 2015). No overlapped candidate gene was
detected among cultivars included in this study (Fig. 4). Our study showed different patterns of recent
selection pressure among the four cultivars, which can further contribute to the diversi�cation of these
varieties. 

 

The most signi�cant iHS score in the aus population was located on chr1 (chr1:13,549,676:13,559,676),
but no candidate was detected in this region in gene annotation. The most signi�cant candidate gene
under recent selection pressure was COW1 which was located within a region on chr3 (chr3:3,358,056-
3,368,056 bp). This gene is a member of YUCCA gene family and, through mediating indole-3-acetic acid
biosynthesis, plays an essential role in maintaining root to shoot rice ratios (Woo et al. 2007). High root
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penetration ability could maximize soil moisture capture and maintain a high plant water status under
drought conditions (Chu et al. 2014). Moreover, deeper root distribution, longer root length, greater root
length density contribute to higher grain yield, higher Nitrogen uptake e�ciency, and higher Nitrogen
utilization e�ciency in rice (Ju et al. 2015); therefore, they are favorable traits in rice breeding. 

 

Regarding indica, the most signi�cant iHS score was located on chr1 (chr1:18,532,173:18,542,173 bp).
However, gene annotation analysis of found intensive recent selection pressure on OsFKBP57 and
OsSPX5 candidate genes which are located on regions on chr1 (chr1:21,375,176:21,385,176 bp) and chr3
(chr3:16,622,635:16,632,635 bp). Proteins having the SPX domain are key players in controlling
processes involved in phosphate homeostasis. OsSPX5 genes redundantly modulate recovering
phosphate homeostasis after phosphate starvation (Shi et al. 2014). Phosphorus de�ciency has been
identi�ed as one of the main nutrients limiting crop production on acidic soil of lowland tropical regions
where indica cultivar is typically grown (Fageria et al. 2003; Fukuda et al. 2021). 

 

With regards to temperate japonica the most signi�cant region under selection pressure was detected on
chr12 (chr12:10,794,098:10,804,098 bp). Gene annotation analysis did not �nd any candidate gene in this
region. Instead, the most signi�cant candidate genes were OsWAK108 and OspPGM located within two
segments on chr10 (chr10:5,194,390-5,204,390 & chr10:6,160,827:6,170,827). OsWAK108 is a member of
the wall-associated kinase (WAK) gene family, contributing to cell expansion, pathogen resistance, and
heavy-metal stress tolerance in plants (de Oliveira et al. 2014). However, the function of OsWAK108 is not
still well understood in rice. OspPGM encodes a phosphoglucomutase enzyme that converts Glc-6-P to
Glc1-P in the plastids of rice. Recent studies revealed the signi�cant impact of this gene in multiple
important favorable traits in rice breeding. This gene is involved in starch synthesis in rice pollen
grains (Lee et al. 2016) and shoot gravity-sensing cells (Huang et al. 2021), rice yield (Pan et al. 2021),
pollen maturation (He et al. 2021), and male fertility (Lee et al. 2016).

 

Concerning tropical japonica, the most signi�cant signal was detected on chr9 (chr9:1,722,050:1,732,050
bp), and the most signi�cant candidate gene of OsPLT3 was found on chr2 (chr2: 24,257,149-24,267,149
bp). Plethora (PLT) genes encode transcription factors containing the AP2-domain and have been shown
to be involved in regulating hormone-mediated development of main, crown, and lateral roots of rice (Li
and Xue 2011). A study performed by Lavarenne et al. (2020) showed that OsPLT3 might contribute to
crown root primordia formation in rice. Crown roots are a type of adventitious roots making up most of
the root system in rice (Rebouillat et al. 2009). This type of roots develop post-embryonically from the
stem and play an important role in adapting plants to the soils’ different hydro-mineral statuses (Ahmadi
et al. 2014).
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Gene enrichment analysis of candidate genes under signi�cant recent selection pressure in
the aus population found signi�cantly overrepresented terms in connection with terpene synthase activity
(Table S7). Terpene synthases are localized to the cytoplasm or chloroplast, essential mediators of
ecological interactions. They play an important role in rice defense against herbivores, disease resistance,
the attraction of mutualists such as wasps, as well as potentially plant-plant communication (Lee et al.
2015; Kiryu et al. 2018; Li et al. 2018). Regarding tropical japonica, we found that a term related to protein
kinase molecular function was signi�cantly overrepresented. By chemically incorporating substrate
proteins with phosphate groups, protein kinases regulate the activity, localization, and protein-protein
interactions. It is known that protein kinases are central components in plant responses to environmental
stresses such as drought, high salinity, cold, and pathogen attack (Wang et al. 2020). Moreover, their role
in phosphorus de�ciency tolerance and seed germination and growth in rice has been characterized (Lu
et al. 2007; Gamuyao et al. 2012). Regarding temperate japonica, we detected the phenylpropanoid
biosynthesis biological pathway signi�cantly overrepresented. Phenylpropanoids contribute to a wide
range of plant responses towards biotic and abiotic stimuli. They are indicators of plant stress responses
upon light or mineral treatment variation and are also key mediators of the plants’ resistance towards
pests (La Camera et al. 2004). No signi�cant overrepresented term was found in gene enrichment
analysis of indica candidate genes.

We detected a few candidate genes under recent selection pressure that were common between indica
and japonica subpopulations (Figure 4). Among these genes, Pi63 is a member of the R gene family
cloned to M. oryzae for rice blast resistance (Chen et al. 2006). PDIL2 is a protein disul�de isomerase that
is involved in endoplasmic reticulum stress responses (Onda et al. 2011; Takahashi et al. 2014). Another
candidate gene was Osr9-LOX1, a chloroplast-located C9 position-speci�c LOX, which mediates root
development and resistance to chewing and piercing-sucking herbivores (Zhou et al. 2014). More studies
with larger sample sizes are required to explore genomic regions under recent selection pressure, which
are common among different rice cultivars.

 

The process of adaptation and natural and arti�cial selection have left footprints within the rice genome
that can be detected by selection signatures analyses. Rice cultivars adapted to different agro-
ecosystems can provide the genes variation essential for elite rice breeding. Our study involved pairwise
comparisons of rice cultivars’ genomes in combination with an investigation of contemporary selection
signals. This combination can represent a suitable strategy for clarifying the evolutionary diversity
among rice varieties. In this study, several outlier loci were detected in pairwise Fst comparisons, as well
as recent selection signature analysis of iHS. Results from this study revealed that the genetic
differentiation among the studied rice ecotypes is most likely driven by divergent selection on a wide
range of traits, most importantly stress response (disease, drought, heat, cold, and salinity), roost system
structure, and yield. Moreover, we found different patterns of contemporary selection among rice cultivars
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proposing that modern rice breeding provides additional diversi�cation among them. The �ndings of this
study not only help to understand the underlying molecular basis of adaptive divergence but also provide
valuable implications for rice breeding. 
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Tables
Table 1. Two pairwise signature of selection studies applying fixation index (Fst) to find
genomic regions and candidate genes involved in adaptation process of rice ecotypes.
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Pairwise  Population 1 Population 2

Ecotype Number of
samples

Ecotype Number of
samples

Ind_Tem
 

Indica 497 Temperate
japonica

240

Ind_Tro Indica 497 Tropical japonica 360

Aus_Ind Aus 187 Ind 497

Tem_Tro Temperate
japonica

240 Tropical japonica 360

Figures

Figure 1
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Population structure and relationship of aus, indica, temperate japonica, and tropical japonica ecotypes
tested in this study. (a) A neighbor-joining phylogenetic tree was constructed using whole-genome SNP
data. The scale bar represents pairwise distances between different samples. (b) Principal component
analysis showing PC1 against PC2 and PC2 against PC3. (c) Model-based clustering of four cultivated
rice ecotypes using admixture analysis with the assumed number of ancestries of 2, 3, and 4.

Figure 2

Manhattan plots (a), (b), (c), and (d) depict the distribution of Z-transformed Fst (Z(Fst)) values in four
pairwise analysis of indica versus temperate japonica, indica versus tropical japonica, aus versus indica,
and temperate japonica versus tropical japonica, respectively. The Z(Fst) values calculated using sliding
window approach. The red lines in plots (a), (b), (c), and (d) represent the signi�cant threshold level set at
the top 1% of the Z(Fst) values distribution. Genes located within the genomic regions ranked in top 10
Z(Fst) values are pointed with arrows.
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Figure 3

Manhattan plots (a), (b), (c), and (d) depict the distribution of standardized iHS values in four populations
of aus, indica, temperate japonica, and tropical japonica, respectively. The red lines in plots (a), (b), (c),
and (d) represent the signi�cant threshold of q-value < 0.01. Top �ve signi�cant candidate genes are
pointed with arrows.
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Figure 4

Overlapped candidate genes under recent selection among aus (Aus), indica (Indica), temperate japonica
(Temp J) and tropical japonica (Trop J).
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