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Abstract

Rice, a staple crop that feeds more than one-third of the world’s population, encounters a wide range of biotic and abiotic
stresses due to climate change. Rising temperature is one of the significant abiotic stresses affecting rice productivity
worldwide. The development of heat-tolerant rice cultivars is critical in this regard. Weedy rice could potentially serve as a
natural resource for genes conferring agronomically important traits beneficial to cultivated rice. However, heat tolerance in
both cultivated and weedy rice is still understudied. This study screened a set of 180 weedy rice accessions for heat stress
tolerance and further characterised them using genome-wide single-nucleotide polymorphisms (SNPs) analysis. Five heat-
tolerant (HT) accessions (MU244, MU235, MU249, MU260 and MU237), along with five heat-susceptible (HS) accessions
(MU100, MU114, MU264, MU251 and MUOQOS), were subjected to relative electrical conductivity (REC) test and reactive
oxidative species assay (ROS). These tests verified that the five HT accessions performed better under heat stress than their
HS counterparts. In addition, whole-genome sequences of three HT (MU235, MU237 and MUO066) and four HS (MU100,
MU114, MU022 and MUOQOS) accessions were selected for the genome-wide SNPs comparison, revealing substantial amino
acid variation in the heat-tolerance-related genes between the HT and HS rice groups. The proposed genes and genome-wide
SNP markers may help rice breeders better understand how different rice cultivars respond to heat stress.
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Introduction

Rice (Oryza sativa L.) is a crucial staple food globally,
consumed by more than one-third of the world’s popula-
tion, meaning over 2.5 billion people rely on rice for their
primary caloric intake. Furthermore, rice contributes to
the nutritional needs of over half of the world’s popula-
tion, providing significant nutritional benefits such as car-
bohydrates for energy and essential minerals (Sen et al.
2020). Therefore, the role of rice in global food security
and nutrition is immense and multifaceted. (Fukagawa
and Ziska 2019). The Green Revolution in the 1960s saw
significant progress in high-yielding rice varieties that
dramatically increased world rice production. However,
climate change and rising temperatures worldwide threaten
rice production and grain quality (Tang et al. 2023), par-
ticularly in Asian regions where more than 90% of the
global rice is planted and consumed (Hasanuzzaman et al.
2013). Screening and incorporating heat tolerance genes
into elite commercial rice cultivars and breeding rice cul-
tivars adaptable to warmer conditions are critical for main-
taining global food security.

Recent studies have demonstrated that agricultural weed
relatives of crop species contain genes related to stress
tolerance that could be potentially valuable for improv-
ing the performance of crops (Ghanizadeh and Harrington
2021; Hopper et al. 2019). Weedy rice (Oryza spp.) is a
close weedy relative of domesticated rice and a globally
noxious weed prevalent in rice planting areas that com-
petes with the rice crop and reduces its yield worldwide
(Roma-Burgos et al. 2021). Weedy rice typically has taller
stature, easy shattering grains, and strong seed dormancy,
with some biotypes showing intermediate characteristics
between wild rice (Oryza rufipogon) and cultivated rice
(Sudianto et al. 2016). Studies have indicated that weedy
rice from Southeast Asia and South Asia are genetically
very diverse in comparison to weedy rice from other parts
of the world, with frequent detection of wild genome
introgression into weedy rice populations in these regions
(Huang et al. 2017; Pusadee et al. 2013; Qiu et al. 2020a;
Song et al. 2014; Sudo et al. 2021; Vigueira et al. 2019).

These wild characteristics and their potential for rapid
evolution have proven favourable for weed adaptation in
agricultural settings. Among the traits, a wild-derived
shattering allele has been found in Malaysian weedy rice
(Song et al. 2014), while other wild alleles controlling
various traits have also been reported in the weed, such
as An-1 that controls awn development (Neik et al. 2019);
bh4 that maintains hull colour (Song et al. 2014); Rc that
controls pericarp colour (Cui et al. 2016); OsLG1, Progl,
Phrl, and Waxy that control panicle structure, plant archi-
tecture, phenol reaction, amylose content, respectively (Li
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et al. 2024). Crop-to-weed evolutionary processes have
also been reported in Asian regions, with tolerance to imi-
dazolinone herbicides in Malaysian weedy rice popula-
tions found to have introgressed from the Clearfield® rice
(Yean et al. 2021). Such continuous introgression from
cultivars to the weedy rice was also reported in Thailand
(Pusadee et al. 2013), Taiwan (Huang et al. 2021), and
South China (Qiu et al. 2020b), highlighting the adaptive
nature of weedy rice in the planting areas.

Although the germplasm of weedy rice may exhibit infe-
rior phenotypic performance compared to modern rice cul-
tivars, recent studies have shown that these weedy relatives
of rice possess valuable genes conferring agronomically
important traits beneficial to cultivated rice. These include
cold tolerance (Borjas et al. 2016), resistance to blast disease
(Liu et al. 2015), dark spot pigmentation of leaves (Bres-
Patry et al. 2001), seed dormancy (Feng et al. 2016), and
rapid seedling growth (Lee et al. 1999). Among these, weedy
rice from China and the United States have been found to be
more resistant to abiotic stresses such as cold, salt, drought,
and water resiliency, than cultivated rice lines (Chen and
Suh 2015). More recently, Stallworth et al. (2021) identi-
fied 3—4 leaf stage weedy rice genotypes that survived heat
treatment at 38 °C for 21 days. Given that the optimum tem-
perature of modern rice cultivar seedlings ranges between
28 °C and 30 °C, and rice seedlings are unable to survive
above 35 °C (Yoshida et al. 1981), the incorporation of heat-
tolerance-related genes from these weedy rice types into the
breeding of elite cultivars could be of great benefit.

Many genetic studies on heat tolerance and its effect on
crop yield (Janni et al. 2020) have highlighted the impor-
tance of genes controlling the biomolecules, such as heat
shock transcription factors (HSFs), heat shock proteins
(HSPs), molecular chaperones, metabolic catalysts, phy-
tohormones, and other protective molecules. Plants rely
heavily on a complex regulatory network to manage their
responses to heat stress, and HSFs play a vital role in this
network. They are involved in multiple transcriptional regu-
latory pathways and have significant roles in heat stress sig-
nalling and responses to other stresses (Zhang et al. 2011).
The transcription of heat shock protein genes is rapidly and
significantly upregulated in response to heat stress events,
with HSF binding to HSP promoters increasing at a similar
rate (Zhang et al. 2021).

Analysing the genes responsible for the production of
these HSFs, HSPs and various biomolecules in plants would
enhance the characterisation of heat tolerance traits in crop
species such as rice, ultimately leading to the breeding cli-
mate-smart rice. Nevertheless, it remains unclear how the
molecular mechanisms underlying heat-stress adaptation
would affect weedy rice.

The optimal temperature range for rice seedling growth
is typically between 25 and 28 °C. Heat stress (42—45 °C)
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during the seedling stage can result in increased water loss,
wilted and yellowing leaves, decreased root growth, and
eventually seedling death (Xu et al. 2021). A similar heat
stress test was conducted on Chinese rice lines at 45 °C
for 24 h (He et al. 2023). However, neither study investi-
gated plant response toward prolonged and continuous
heat stress. In light of these, the present study subjected
weedy rice accessions from Malaysia to a heat treatment
of 44 °C over an extended period, with the aim of identify-
ing heat-tolerant weedy rice and characterising the underly-
ing molecular mechanisms of heat tolerance. Specifically, a
panel of 180 accessions of previously collected weedy rice
seedlings (Song et al. 2014) were subjected to heat stress
screening, followed by a combinatorial examination strat-
egy that employed relative electrical conductivity (REC),
3, 3'-diaminobenzidine (DAB), and nitro-blue tetrazolium
(NBT) tests to evaluate and verify heat tolerance in weedy
rice. Additionally, the study used a genome-wide single
nucleotide polymorphisms (SNPs) approach to explore the
genetic variation pattern of heat-tolerant resistance genes.
Through this combination of analyses, we aim to answer two
main research questions: (i) Do any Malaysian weedy rice
types exhibit heat tolerance trait? (ii) Are there SNP variants
associated with the heat tolerance response? Our findings
unveil a panel of heat-tolerant weedy rice and genetic vari-
ants that can be utilized for future rice breeding purposes.

Results

Physiological performance of the weedy rice
in response to high temperature stress

A total of 180 weedy rice accessions from Malaysia (Sup-
plementary Table S1) were screened for heat tolerance.
All seedling-stage rice plants were treated with a constant
high temperature of 44 °C for 72 h based on previous study
(Xu et al. 2021). Five accessions, namely MU244, MU235,
MU260, MU249 and MU237 (survival rates of 90%, 83%,
60%, 58% and 58%, respectively), survived after 2 weeks
of the recovery at ambient temperature (24 to 35 °C) (Sup-
plementary Table S2) and were termed heat tolerant (HT)
group. Five other accessions (i.e., MU005, MU100, MU114,
MU251 and MU264) with 0% survival rate were named
the heat-susceptible (HS) group. The REC values of the
HT weedy rice ranged from 3.2 to 29.4, with an average of
11.36. In contrast, the range of REC value of the HS group
was between 46.4 and 51.65 with an average value of 48.93
(Supplementary Table S3). Results of the independent #-test
(based on survival rate and REC) showed a significant dif-
ference between the HS and the HT groups (P <0.05). As
expected, the average REC scores of the HT accessions were
lower than those of HS, indicating greater tolerance towards

heat. Overall, HT weedy rice exhibited less ion leakage
under high temperature, while heat treatment caused higher
ion leakage in HS accessions (Fig. 1). The continuous high
temperature at 44 °C for three days used in the present study
is considered harsher than the heat treatment of 45 °C/28 °C,
6 h light/18 h dark night in a heat-tolerant rice study reported
by Sukkeoa et al. (2017).

For further investigation on ROS production in weedy
rice in response to temperature stress, DAB and NBT stain-
ing were used to visualize the presence of H,O, and super-
oxide, respectively. A 24 h heat stress at 44 °C resulted in a
higher pile of ROS in HS samples compared to HT samples
(Fig. 1), indicating that HS samples were more vulnerable
to oxidative stress under heat treatment. In contrast, HT
samples showed a lower accumulation of ROS molecules,
suggesting better defence against heat and oxidative stress
(Gecheyv et al. 2006).

Statistical analysis

The Shapiro—Wilk test (Shapiro and Wilk 1965) showed
that the heat screening data (survival rate) and REC data
are normally distributed. Levene’s test (Levene 1960) and
independent sample 7-test concluded that there was a statis-
tically significant difference between HT and HS groups in
terms of the survival rate and REC scores (Supplementary
Table S4A, B).

Analysis of the variants
in the heat-tolerance-related genes (HTRGs)

The genome sequences of the HT and HS weedy rice groups
were individually mapped to the Nipponbare (temperate
Jjaponica) reference genome (MSU 6.1 release), which is
known to be a heat-tolerant genotype (Woldegiorgis et al.
2022). The percentage of mapped reads was 98.41% and
98.36% in HT and HS groups, respectively. 4,450,281 and
4,841,370 SNPs were identified in the HT and HS groups,
respectively (Supplementary Table S5A, B). The transition
to transversion SNPs ratio was 2.4691 in HT and 2.4814
in HS with more transition SNPs (5,025,258 in HS and
4,848,540 in HT) than transversion SNPs (2,025,151 in HS
and 1,963,692 in HT), which is in line with studies in elite
and hybrid rice (Hu et al. 2014; Hwang et al. 2014; Subbai-
yan et al. 2012). For transition mutation, C/T was more com-
mon than A/G, similar to the findings in monocots (Batley
et al. 2003; Rathinasabapathi et al. 2015; Subbaiyan et al.
2012). T/A transversions were found to be more common
than A/C, G/T, and C/G transversions, which is consistent
with past studies on rice (Jain et al. 2014; Subbaiyan et al.
2012).

Out of the 4,825,062 SNPs identified in the HT group,
4,101,724 SNPs passed quality filtration (QUAL < 30,
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QD <2, MQ <30, MQO/DP>0.1). Of these, 746,992
(18.21%) and 3,354,732 (81.79%) were located in genic and
non-genic regions, respectively. Further investigation was
conducted on synonymous SNP (sSNP) and non-synony-
mous SNP (nsSNP) detected in the genic areas. Within the
genic regions, a total of 315,907 sSNPs and 405,573 nsS-
NPs were identified, representing 42.29% and 54.31% of the
genic SNPs, respectively. In the HS rice group, 4,137,909
out of a total of 5,011,042 SNPs met the quality filtration
requirement. Of these, 758,741 (18.34%) and 3,379,168
(82.29%) were respectively found in genic and non-genic
regions. Among the genic areas, 412,055 (54.29%) and

Table 1 SNPs substitution information of heat-tolerant (HT) and
heat-susceptible (HS) weedy rice groups

Description HT HS HT% HS%
Total SNPs 4,101,724 4,137,909

Silent SNPs 3,354,732 3,379,168 81.79 81.66
Genic SNPs 746,992 758,741 1821 18.34
Non-synonymous 405,573 412,055 4229 42.26
Synonymous 315,907 320,675  54.29 5431
Stop gain, stop loss & start* 25,512 26,011 342 343

*Stop gain: Mutations that introduce a premature stop codon in the
coding sequence, often resulting in a truncated and typically non-
functional protein. *Stop loss: Rare mutations that affect the final
amino acid of a protein

HT

320,675 (42.26%) were identified as nsSNPs and sSNPs,
respectively (Table 1).

A total of 53,506 genes were shared among the HT and
HS accessions, with only 443 (0.8%) genes being unique to
HT and 519 (1%) unique to HS (Fig. 2). Following filtra-
tion to select for common heat stress response pathways,
five HSP families were detected: HSP101, HSP90, HSP70,
HSP20 and HSP32. A comparison of the five HSPs fami-
lies in the HT group with the Nipponbare reference genome
resulted in 657 SNPs, while in the HS group, 591 SNPs
were detected. Of these, 610 and 582 variants were identified
respectively in the non-coding areas of both the HT and HS
groups. The remaining SNPs (47 and nine, respectively in
HT and HS) were found in the coding regions. Within the
47 SNPs in the HT group, five nsSNPs were identified in
the coding regions of stress tolerance genes (OsHSP16.9B,
OsHSP16.9C, OsHSP17.9, OsHSP71, OsHSP70, ClpB-c).
In the HS group, of the nine SNPs observed, two nsSNPs
were detected in two stress tolerance genes (OsHSP17.1 and
OsHSP70) (Supplementary Table S7A, B).

Using gene expression profiling data obtained from the
Rice Stress-Resistant SNP Database (Tareke Woldegiorgis
et al. 2019), a total of 57 heat tolerance genes were identified
and analysed in this study, (Supplementary Table S8), result-
ing in 3985 and 3725 SNPs in HT and HS rice, respectively.
Most of the SNPs reported were silent effect, but a limited
number were found to perform function. Notably, we found
334 non-synonymous and 227 synonymous SNPs in the HT

HS

Fig.2 Stress responsive genes in heat-tolerant (HT) and heat-susceptible (HS) weedy rice groups. Blue colour represents HT, and yellow colour

represents HS
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sample, and 312 non-synonymous and 227 synonymous
SNPs in the HS group (Supplementary Table S9). We found
a higher number of nsSNPs between HSP families found in
both samples. nsSNPs ranged from 1 to a maximum of 28
per gene in HS and 1 to a maximum of 36 per gene in the
HT sample (Supplementary Table S9).

The HT group showed higher diversity in the HSPs and
HSFs, while a limited number of HSFs were found in the HS
sample. HSFs are crucial in regulating HSPs and switching
different stress mechanisms (Kawakami et al. 2020; Meng
et al. 2022). Our analysis also revealed several noteworthy
patterns in the nsSNPs.

Characterising the distribution of the impact
of non-synonymous variants

We further assessed the impact of non-synonymous SNPs
(nsSNPs) using PolyPhen-2 (Hicks et al. 2011) and SIFT
(Ng and Henikoff 2003) on five selected potential heat-toler-
ant genes (HSP70, HSP20, HSFA2C, HSFB1 and HSFB2C).
Higher scores in PolyPhen-2 or lower scores in SIFT indi-
cate that the variants are more likely to be deleterious. From
there, we found a total of 55 nsSNPs within the HT group
and 37 in the HS counterpart. From the PolyPhen-2 results,
we identified 33 nsSNPs as “probably damaging”, 5 nsSNPs
as “possibly damaging”, and 13 as “benign”. Meanwhile,
using SIFT, 23 were identified as “tolerable”. 32 nsSNPs
were predicted by both to be probably damaging or alter the
amino acid function (Supplementary Tables S10, S11, S12).
Multiple sequence alignment was performed on the coding
and amino acid sequences of HSP70, HSP20, HSFA2C,
HSFB1, and HSFB2C from the HT and HS groups, and
they were compared with the Nipponbare reference genome.
The results revealed substantial amino acid variation in the
five HTRGs between the HT and HS groups, when com-
pared to the reference (Fig. 3). These SNPs may contribute
to heat tolerance in rice and are crucial for understanding
how plants adapt to high-temperature stress. The pres-
ence of unique amino acid substitutions could indicate the
involvement of these genes in the heat stress response. The
three-dimensional structures of HSP70, HSP20, HSFA2C,
HSFB1, and HSFB2C proteins were modelled using
PyMOL (The PyMOL Molecular Graphics System, Version
2.5 Schrodinger, LLC.) (Fig. 4). The modelled HSP70 pro-
tein featured two primary domains: the HSP binding domain
and the ATP binding domain. Structural analysis revealed
substantial changes in residues concentrated within the
core region of the HSP binding domain, with the remaining
residue changes occurring within the ATP binding domain.
The projected three-dimensional structure of HSP20 show-
cased both the HSP binding domain and the transmembrane
(TM) helix. Conversely, the predicted structures of HSFB1,
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HSFB2C, and HSFA2C encompassed a single HSP binding
domain.

Discussion

The present study employed a comprehensive heat screening
test and a genome-wide SNP analysis to identify heat toler-
ant Malaysian weedy rice accessions, with further evalua-
tion of the synonymous and non-synonymous substitutions,
as well as structural prediction of heat-tolerant related pro-
teins in HT and HS weedy rice groups. Of the 180 weedy
rice accessions subjected to heat stress at 44 °C for three
consecutive days, only nine accessions were able to survive
the rigorous treatment. Among them, four were strawhull-
awned, two were blackhull-awned, and three were brown-
stripe-hulled weedy rice. Considering no prior studies have
reported weedy rice that could withstand such high heat
treatment, findings from this study demonstrate that Malay-
sian weedy rice presents a promising and novel source of
heat-resistant alleles, enabling us to breed superior elite rice
cultivars that are better adapted to elevated temperatures.

Stallworth and colleagues (2021) discovered that the
strawhull trait is linked to heat-stress tolerance in weedy rice
varieties in the United States. In the current study, black-
hulled accession MU235 and the morphologically interme-
diate weedy rice MU244, with seed traits between strawhull
trait and brown-striped hull, exhibited the highest survival
rate of 77.3% and 78.3%, respectively (Fig. 1A). Given that
blackhulled and brown-stripe-hulled weedy rice accessions
are genetically more similar to O. rufipogon (Song et al.
2014), it is suggestive that introgression of wild-type genes
plays a significant role in conferring heat stress tolerance in
these weedy accessions. Nonetheless, this is the first study
reporting heat stress traits in brown-stripe-hulled weed
accessions. Indeed, the abundance of brown-stripe-hulled
weedy rice and the rich genetic and morphological diver-
sity found in the Malaysian weedy rice population provide
a good source of germplasm for breeding elite cultivars with
improved heat tolerance.

The measurement of REC is a widely accepted indicator
for stresses tolerance in plants (Li et al. 2020; Su et al. 2017,
Li et al. 2008). The significant reduction in REC values
observed in the HT accessions compared to the HS groups
of weedy rice accessions (Fig. 1B) not only serve as a strong
indicator for heat tolerance characteristics, but may also
implicate other abiotic stress tolerance traits, particularly
drought tolerance. This is because the responses to drought
and heat stress in plants often overlap and interact, especially
under the effects of drier and hotter climate change condi-
tions (Priya et al. 2019).

In this study, we compared the genomes of seven previ-
ously published Malaysian weedy rice accessions (Qiu et al.
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Fig. 3 Structure of five representative HTRGs and unique amino acid
changes (from Nipponbare reference to HT rice type). Positions of
the substituted amino acids within the domains are indicated by black
vertical likes. Each horizontal bar represents domains of the proteins.

The blue colour represent HSP and HSF domain, cyan colour repre-
sent ATPase domain, purple colour represent C-terminal domain and
the yellow colour represent TM helix
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2020a, b) to identify differences in SNPs between HT (con-
sisting of MU235, MU237, and MUOG66 accessions) and HS
(consisting of MU022, MU100, MU 144, and MUOOS acces-
sions) rice groups. The average error rate for seven genome
sequences mapped to the Nipponbare reference genome was
approximately 8%, consistent with previous research (Jain
et al. 2014; Rathinasabapathi et al. 2015). The genomes
of weedy rice contained various SNPs deserts, which may
reflect the lack of SNPs in certain locations (Hu et al. 2014,
Rathinasabapathi et al. 2015; Wang et al. 2017).

The present study also indicated that the HS group is
unlikely to have a lower number of mutations on the HSF
genes. HSPs and HSFs are crucial for plant heat response
and they exhibit significant interconnectivity, highlight-
ing the critical role of the HSF-HSP network in confer-
ring heat tolerance (Sarkar et al. 2014). In a long-term heat
treatment of hybrid rice II YOUS838, HSFB1 and HSFB2C
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binding

minal domain; cyan represents the ATPase domain; and yellow rep-
resents the TM helix. Mutations within a domain are represented with
small red arrows

were evidently induced (Wang et al. 2020). The OsHsfA
and OsHsfB subfamilies of genes are known to play crucial
role in cellular defence against abiotic stress and heat stress
in plants (Zhang et al. 2012). Overexpression of HsfA2d
has been shown to enhance tolerance to salt and drought
stress in the presence of ongoing heat stress, making it a
potential candidate for improving wheat yield under abiotic
stress (Chauhan et al. 2013). In plants, ANN2 is recognized
to contribute to cellular defence against heat stress (Qiao
et al. 2015). In contrast, potentially beneficial mutations
were observed in the HT sample groups, possibly enabling
them to endure heat stress. The HS group exhibit only the
most commonly occurring HSP mutations, which have been
shown to be beneficial in all groups when exposed to heat
stress. While the HT group showed some stress tolerance
abilities, as evidenced by the presence of certain HSP fami-
lies, these were insufficient to manage chronic stress.
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The Variant Effect Predictor (VEP) analysis revealed a
relatively higher number of SNPs (47 in HT) in the five
HSP families—HSP20, HSP32, HSP70, HSP90, and
HSP101, compared to the lower number of SNPs (nine
in HS) observed (Supplementary Table S7A, B). The HS
group reported only two sHSPs as non-synonymous, such
as the HSPs from the class I small heat shock proteins (e.g.
OsHSP16.9B, OsHSP17.9), which are members of one of
the most abundant HSP families found in various cell orga-
nelles and are highly synthesised under high temperatures.
In particular, OsHSP17.9 functions as a chaperone to pre-
vent the heat-susceptible citrate synthase in rice seedlings
from aggregating at high temperatures (45-50 °C) (Sarkar
et al. 2020). Other candidate genes, including OsHSP71 and
OsHSP70, were not only involved in heat stress but also
in other abiotic stress tolerances, including high salt stress
response (Wang et al. 2020; Zou et al. 2009). HSP100 was
absent in the HS group but present in HT in our study sam-
ples. The 5'-UTR region of ClpB-c (HSP100) is required for
enhancing protein translation under stressful circumstances
(Mishra et al. 2016; Singh et al. 2010). Indeed, HSP100 is
an essential component of plant growth and development,
aiding in the ability of plants to withstand high temperature
stress.

Additionally, this study characterised the putative func-
tional features of nsSNPs in the coding regions of five HTRG
representatives. Based on the three dimensional structure of
the five selected HTRGs, it was observed that the identi-
fied nsSNPs corresponded to significant amino acid changes
exist in the predicted domain structures within the HT weedy
group (Figs. 3 and 4). Most of the nsSNPs showed higher
tolerance or altered protein function. A higher number of
nsSNPs were reported in the HT group, with 55 nsSNPs in
HT compared to 37 in HS rice group, indicating changes in
functional effects that may enhance the stress survival adapt-
ability of the HT rice group (Supplementary Tables S10,
S11). Interestingly, when comparing the distribution of vari-
ant effects across different HSPs and HSFs, it was observed
that exonic regions were more likely to contain SNPs with
large effect variants, while regulatory regions tended to be
enriched in HSF sequences. In a prior investigation, it was
proposed that non-canonical heat shock elements (HSEs),
marked by nsSNPs at specific positions, play a crucial role
in the heat response and adaptation process by interacting
with HSPs (Zhao et al. 2020). The regulatory variants, spe-
cifically HSFs and HSPs, have a notable and vital function
when influenced by positive mutations. These regulatory
variants contribute significantly to strengthening a plant’s
ability to withstand and endure challenging conditions,
thereby enhancing its capacity for resilience and survival
during environmental stresses. (Liu et al. 2020). This suggest
that regulatory variants are more flexible in enhancing plant
environmental adaptability.

The expression of HSP genes is predominantly governed
by HSFs, constituting an evolutionarily conserved mecha-
nism for mitigating heat stress (Tian et al. 2021). Within the
five HTRGs studied, a substantial proportion (80%) of vari-
ation was discerned within the HT subgroup compared to the
HS group. This discrepancy could potentially be attributed
to a more severe bottleneck in the HS subpopulation, leading
to the fixation of numerous deleterious and neutral variants.
Remarkably, research consistently underscores the impact
of higher genomic heterozygosity for deleterious mutations
on crop fitness, thereby limiting plant breeding efficacy (Zhu
et al. 2022).

Of these, this study highlights the role of mutations in
enhancing HSP20 functionality, particularly within the
HSP binding domain at positions Ala82Ser and Gly91Ala,
thereby fortifying the chaperone domain. Additionally, the
TM helix at position Ser16Pro might facilitate expanded
interactions and potential novel functions. These mutations
confer increased stress response capabilities to HSP20,
which serves as a defence mechanism against heat-induced
protein damage. In the context of HSP70, three significant
functional domains are present: the HSP70 peptide bind-
ing domain, the N-terminal ATPase domain, and the HSP70
C-terminal domain (Alderson et al. 2016). Noteworthy
amino acid alterations occurred within the ATPase domain,
affecting Ser93Tyr, Arg304Leu, Leu319Phe and Lys402.
Similarly, the HSP70 C-terminal domain exhibited changes
at positions Lys557Thr, GIn592Lys and Lys599Met. These
modifications within the ATPase and HSP70 C-terminal
domains potentially influenced the role of HSP70 in ther-
motolerance mechanisms in our study.

Positive allelic changes within HSP70 likely optimize
interactions, thereby enhancing chaperone activity, protein
folding and the prevention of aggregation under heat stress.
The presence of distinct biological processes within genes of
various HSP types underscores the pivotal role of sequence
variations within HSPs and HSEs in driving the evolu-
tion of heat responses and adaptation (Zhao et al. 2020).
Notably, HSFB1 displayed changes at positions Serl 15Ala
and Ile117Asn, HSFB2C exhibited alterations at posi-
tions Ser34Thr, Val47Gly, Pro50Ser, and Lys80Asn, while
HSFA2C featured mutations at Thr56Ile and Phe69Leu.
These beneficial alleles potentially enhanced the DNA-
binding affinity of HSFs, including HSFB1, HSFB2C, and
HSFA2C, thereby amplifying heat shock gene activation
and cellular responses to elevated temperatures (Wang
et al. 2018). Collectively, these mutations could fortify the
defence against heat-induced cellular damage, boosting heat
tolerance ability. While the limited sample size may intro-
duce a potential constraint to the overall significance of the
findings in the present study, the results nevertheless offer
valuable foundational insights, particularly molecular basis
of heat tolerance mechanisms, to the rice community. Future
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research should focus on identifying gene expression pat-
terns in response to temperature stress to gain a better under-
standing of the underlying mechanisms of heat tolerance.

Conclusion

This study highlights the potential of heat-tolerant weedy
rice accessions, including MU244, MU235, MU249,
MU260 and MU237, to enhance the heat tolerance of cul-
tivated rice. These accessions consistently outperformed
heat-susceptible counterparts in heat stress tests. Genome-
wide SNP analysis revealed genetic variation patterns in heat
tolerance genes and HSP loci in these HT and HS accessions
of weedy rice, shedding light on the rice molecular basis of
heat stress response. This research provides valuable insights
for developing resilient rice varieties, offering a promising
strategy to tackle climate-induced challenges and improve
global food security.

Materials and methods
Plant materials

A diverse collection of 180 weedy rice (Supplementary
Table 1) accessions were employed, which are a subset of
the samples investigated by Song et al. (2014). To cover
as much genetic variation of representatives of all weedy
rice populations in Malaysia, the sample collection com-
prises eight morphological groups (strawhull-awnless, SH;
strawhull-awned, SHA; intermediate strawhull-awned,
mSHA; browhull-awnless, BR; browhull-awned, BRA;
blackhull-awnless, BH; and blackhull-awned, BHA). This
study used a commonly planted local elite cultivar, MR219,
as a control. The inclusion of Oryza sativa MR219 in this
study is significant due to its prominence in Malaysia’s agri-
cultural landscape, where it is grown in 53% of the country’s
major granary areas (Ahmad et al. 2023). However, its sus-
ceptibility to abiotic stress during the reproductive stage pre-
sents a challenge that could impact yield and, consequently,
food security. Rice seeds were soaked in water and incubated
at 32 °C for 3 to 5 days to promote germination (Patil and
Khan 2011). Germinated seedlings were transferred to pots
and grown in the open environment of a plant house located
on the rooftop of Monash University Malaysia. The farmland
soil was used to maintain proper natural conditions.

Screening for heat-tolerant rice
Preliminary heat stress tests with varying temperatures

(33 °C, 13 h light/11 h dark; 26 °C, 13 h light; 45 °C, 11 h
dark; and 44 °C, 13 h light/11 h dark) were performed on

@ Springer

a group of five randomly selected weedy rice accessions.
Based on these preliminary tests, we determined that 44 °C
was the most suitable temperature for our experiment. At
three-leaf stage, 20 healthy seedlings per accession were
transferred to the growth chamber and treated with constant
high temperature at 44 °C, 13 h light/11 h dark with light
intensity of 300 Ix and 80% relative humidity conditions for
three days (Xu et al. 2021). The same number of seedlings
were grown under plant house conditions as a control. The
plant house conditions have average temperature ranged
from 25 °C to 39 °C, 13 h light/11 h dark with natural sun-
light (300 Ix measured at noon), and 84 +x% relative humid-
ity (Stuerz and Asch 2019).

Heat tolerance index (HTI)

Heat-treated rice plants were relocated after 3 days of heat
treatment, placed under optimal plant house conditions,
and placed together with control plants. This study aimed
to test the survival and recovery of plants under extreme
heat a three-day heat treatment at 44 °C. After 2 weeks, the
survival and recovery of the heat-treated plants were com-
pared to those grown under normal conditions. The findings
revealed that the plants that could tolerate the heat showed
significant recovery and healing, which was confirmed using
statistical tests (Supplementary Table 2). Using measures of
seedling survival rate after three days at normal temperature
(control) and 44 °C (treated; after two weeks of recovery
phase) demonstrating strong correlations and relative heat
tolerance, a heat-screening scale based on the stress response
was devised. Parameters were tested under control to allow
calculation of heat stress and stress index. The heat tolerance
indices (HTIs) were calculated by dividing the sum of indi-
vidual scores for each parameter by the total score and mul-
tiplying by 100% (Sarsu 2018) (Supplementary Tables 1, 2).

HTT = (Value under stress / Value at the control) X 100

*value =full recovery score.

The sample that showed an HTI value > 50% was defined
as heat tolerant, while the sample below 50% is heat suspect-
able based on the three biological replicates with continuous
heat exposure treatment at 44 °C.

Relative electrical conductivity (REC) measurement

To measure the cell membrane stability of the leaves under
heat stress, the relative electrical conductivity (REC) of
the leaves was measured as described previously (Ilik et al.
2018). Fresh leaves were harvested and washed with deion-
ized water. From each leaf sample, three rectangular seg-
ments of 2 cm X2 cm were cut out. The plant materials in the
treatment group were subjected to a temperature of 44 °C for
24 h, followed by harvesting and placement into a 20 ml tube
containing deionized water. The sample was preheated at
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50 °C for one hour and subsequently incubated at room tem-
perature for 10 min. The initial conductivity was measured
from the leaf tissue (R1) and water (R2), and the maximal
conductivity of both was determined by heating the leaf seg-
ment and water at 98 °C for 30 min. The final conductivity
of the leaf tissue (R3) and water (R4) was then measured at
room temperature. The REC was calculated based on the
equation: REC (%) =[(R1-R2)/(R3—R4)] x 100.

Reactive oxygen species (ROS) assays

Nitroblue tetrazolium (NBT) and 3, 3’-diaminobenzidine
(DAB) staining assays were used to detect superoxide radical
anions (O,") and hydrogen peroxide (H,0,) content, respec-
tively as previously described (Gechev et al. 2006). Briefly,
3 cm long segments of weedy rice leaves from both heat-
treated (44 °C) and non-treated samples were rinsed with
deionized water and immersed in NBT and DAB staining
solutions overnight for O, and H,0, detection, respectively.
Following staining, the samples were rinsed with absolute
ethanol and boiling water for 10 min, then transferred to
paper towels saturated with 60% glycerol, and imaged using
stereomicroscope (Jambunathan 2010).

Sequence analysis and variants identification

The paired-end Illumina genome sequencing raw read
used in this study were obtained from Qiu et al. (2020a, b),
comprising three genomes (MU066, MU237, and MU235)
with heat tolerance and four genomes (MU022, MU100,
MU114, and MUOOS) susceptible to heat. These seven
genotypes were selected based on the availability of their
whole genome sequences in Qiu et al. (2020a, b) among the
list of accessions studied in this research. Pre-processing
of the raw sequencing data was carried out using FastQC
(Andrews 2010) and Trimmomatic tools (Bolger et al. 2014).
Clean reads were then aligned to a reference rice genome
(O. sative ssp. japonica cv. Nipponbare; MSUv6.0) (Wold-
egiorgis et al. 2022) using BWA assembler (Li and Durbin
2010). Nipponbare was selected as the reference genome due
to its extensive study, high sequencing accuracy, compre-
hensive annotation, and widespread use as a standard in rice
research, facilitating comparisons across various studies.
SNP variants were called using Samtools (Li et al. 2009),
and variant detection was performed using Picard v2.2.7.,
GATK v4.1.9 and bcftools v0.1.13 (McKenna et al., 2010).
To minimize false discovery of variants, the variant call file
(VCF) was filtered using the following parameters: map-
ping quality > 55, base quality > 30, and variant quality > 90.
The resulting SNP and InDel variants were annotated using
the SnpEff database for Oryza sativa and SnpEff V3.6 tools
(Cingolani et al. 2012), and validated using the Variant
Effect Predictor (VEP) (McLaren et al. 2016).

Point mutation detection and structural prediction
of proteins

Point mutation analysis was carried out with the existing
SNPs database. The dataset of stress-resistant SNPs in rice
was obtained from the Rice stress-resistance SNPs database
(Tareke Woldegiorgis et al. 2019). The filtered SNPs from
weedy rice genomes were further compared with 57 known
heat stress-resistant genes in the SNPs database. The nsS-
NPs and the amino acids were extracted from the annota-
tion results of point mutations described in the Sect. 5.7.
Five potential candidate genes, specifically HSP70, HSP20,
HSFA2C, HSB1, and HSFB2C, were chosen based on their
evolutionary mutation ratio (> 1), indicating potential bene-
fits or neutral effects, aiming to elucidate their impact on HT
group’s stress resilience, along with their highly conserved
and crucial role in the cellular mechanism to combat heat
stress, where heat shock factors (HSFs) regulate the expres-
sion of heat shock proteins (HSPs) in response to elevated
temperatures. For PolyPhen-2 prediction, we first extracted
five amino acid sequences harbouring non-synonymous vari-
ations and identified homologous proteins in the UniRef100
database (Suzek et al. 2015). We then extracted their amino
acid sequences and generated multiple sequence alignments
to predict the impacts of the variations. The precomputed
homologous sequences in SIFT 4G (http://sift-dna.org/
sift4g) were used for SIFT prediction (Vaser et al. 2016). We
noted that a few of the mutations were annotated by only one
of the software tools. An absolute value of PolyPhen-2 score
of less than 1.5 is considered benign, 1.5-2 is considered
possibly damaging, and a score greater than 2 is considered
probably damaging. A SIFT score between 0 and 0.05 is
considered deleterious, while a score between 0.05 and 1
is considered tolerable. The selected HTRGs was inspected
using AlphaFoldDB structures database model predictor
(Varadi et al. 2022). The predicted structures were visual-
ized in PyMOL (The PyMOL Molecular Graphics System,
Version 2.5 Schrodinger, LLC.).

Statistical analysis

The normality of the data was assessed using the Shap-
iro—Wilk (S—-W) test. An independent sample 7-test was
utilized to test whether there is any statistically significant
differences between the HT and HS groups in terms of REC
and HTI scores. Furthermore, Levene’s test for equality
of variance was performed to determine whether the #-test
should assume equal or unequal variances. Thus, two inde-
pendent sample #-tests were conducted. Statistical signifi-
cance was defined as a p-value of less than 0.05. IBM SPSS
Statistics (version 28.0) was used to conduct the statistical
analysis.
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