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Abstract

Background: Backcrossing of gamma-irradiated IS21 with MR220 has generated progenies (ML 82-2
and ML 125-2) with improved traits. However, studies on these new mutant lines remain limited. This
study aimed to determine and compare the biochemical characteristics and transcriptomic profiles
of drought-tolerance-related genes in ML 82-2 and ML 125-2, as well as in the parent lines, IS21 and
MR220.

Materials and methods: Seeds were germinated for 14 days under a controlled photoperiod (16 h light
and 8 h darkness) at a constant temperature of 25 = 2°C. Biochemical analyses, including total soluble
protein content, specific peroxidase activity (SPA), chlorophyll content, and proline content, were con-
ducted. Transcriptomic profiling was performed using STRING and gene ontology (GO) enrichment
analysis.

Results: ML 82-2 exhibited the highest SPA, which was significantly different from that of MR220
and 1S21, as well as significantly different total soluble protein content. However, ML 82-2 did not
significantly differ from MR220 in chlorophyll and proline content. Drought stress-responsive genes
Os01g0124401, Os08g0473900, and Os08g0518800 were identified in ML 82-2. Conversely, ML 125-2
displayed total soluble protein content and SPA similar to IS21, while chlorophyll and proline content
were not significantly different from those of MR220. Drought stress-responsive genes Os10g0471100,
0s01g0197100, and Os11g0701400 were identified in ML 125-2.

Conclusions: ML 82-2 demonstrated improved SPA, whereas ML 125-2 exhibited enhanced total sol-
uble protein content. The identified genes in both mutant lines are associated with drought resistance,
with most sharing a similar genomic profile with MR220. These findings contribute to plant physiology
studies and stress-responsive gene discovery in rice.

Key words: biochemical analysis, drought tolerant rice, gene ontology enrichment analysis, mutation
breeding, transcriptomic profiling analysis

Introduction

Rice (Oryza sativa) is the staple food for nearly half
of the global population (FAO, 2023). In 2023/2024, world
rice production was forecasted to reach 523.9 million
tonnes, according to the Food and Agriculture Organiza-
tion of the United Nations (FAO, 2023). To meet the grow-
ing global population and demand, O. sativa production

is expected to increase by at least 25% by 2030 (Rahman
et al., 2023). However, statistics indicate that 820 million
people worldwide still suffer from hunger (Rigillo et al.,
2021), while rice remains a staple food for more than
3.5 billion people (Dorairaj et al., 2023).

With a 40% share in the international rice market, India
is the world’s largest rice exporter. However, India’s
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ban on nonbasmati white rice exports on July 20, 2023
- coinciding with Russia’s withdrawal from the Black
Sea Grain Initiative — exacerbated shortages in global
rice exports and inventories, further impacting develop-
ing countries (Valera, 2024; Sharma, 2023). As of Au-
gust 2023, FAO reported a 31% surge in global rice
prices compared to previous years, marking the high-
est increase in nearly 15 years (Abuza, 2023). Studies
have consistently shown that Malaysia’s rice production
meets only 65% to 75% of its self-sufficiency level (SSL)
(Rahim et al., 2017). While Malaysians consume 2.7 mil-
lion tonnes of rice annually, 30% of the country’s sup-
ply was imported from neighboring countries as of 2016
(Mahavera, 2023).

Beyond population-driven demand, O. sativa faces
multiple abiotic stress factors, including drought, salin-
ity, extreme temperature fluctuations, and UV radia-
tion, along with biotic stress factors such as pests and
diseases (Hussain et al., 2020; Raza et al., 2019). Re-
cently, temperature fluctuations and adverse weather
conditions, particularly El Niro, have significantly af-
fected Malaysia’s paddy harvest in Tanjung Karang,
Sekinchan, and Sabak Bernam, Selangor. This led to
a delayed harvest, shifting from the scheduled July-
August period to October, and resulted in a 20% decline
in rice production (Khoo, 2023). In summary, the com-
bined pressures of population growth and environmen-
tal factors continue to impact global rice production
and food security.

Physical radiation induces a broad spectrum of muta-
tions across a wide range of plant materials (Maghuly
et al.,, 2016). The treated plants remain organic and
free of chemical residues (Maghuly et al., 2016; Tadele,
2016). Physical radiation comprises various types, in-
cluding gamma radiation, X-ray radiation, and particle
radiation. The Malaysian Nuclear Agency employed gam-
ma radiation to develop IS21, which was subsequently
backcrossed with MR220 to produce new mutant lines
(ML 82-2 and ML 125-2) with improved agronomic traits.
Gamma irradiation was chosen as the mutation breeding
method due to its high-energy photons, which penetrate
plant structures and alter genes within a short period
(Baadu et al., 2023; Ma et al., 2021).

Biochemical parameters are essential for measuring
the enzymatic activities of plants under drought stress,
as morphological and physiological assessments alone
are insufficient (El-Mouhamady et al., 2022). Plants

produce distinct biological and chemical metabolites
to regulate biosynthetic pathways. In rice, metabolic
genome-wide association studies (GWAS) have identi-
fied 840 metabolites, based on approximately 6.4 mil-
lion single nucleotide polymorphisms (SNPs) from
529 rice accessions (Chen et al., 2014). Notably, enzy-
matic and metabolic activities in plants fluctuate de-
pending on photosynthetic limitations, underscoring
the significance of biochemical parameters in stress
responses (Xiong et al., 2018). By analyzing different
biochemical parameters, researchers can gain insights
into plant physiology, metabolic pathways, and osmo-
lytes involved in stress tolerance and adaptation.
Furthermore, transcriptomics profiling aims to
identify genetic variations influencing metabolite ex-
pression across different rice subspecies (Chen et al.,
2014). Understanding transcriptomic changes due to
mutation can provide deeper insights into the molecu-
lar mechanisms underlying phenotypic changes in rice
mutant lines. In this study, genomic profiling of both
parent and progeny lines may reveal functional annota-
tions and distinct gene expression patterns. The iden-
tification of drought-resistant genes in novel rice lines
could facilitate downstream validation experiments and
inform future targeted breeding strategies. A compre-
hensive understanding of differentially expressed genes
(DEGs) and their role in stress-responsive biological
pathways may contribute to marker-assisted backcross
breeding for developing rice mutant lines with desir-
able quantitative trait locus (QTL) (Bashir et al., 2014).
This study aims to validate the presence of drought-
stress-resistant traits in the newly developed mutant
lines ML 125-2 and ML 82-2 through biochemical and
transcriptomic profiling. The findings may confirm
the presence of drought-tolerance-related genes and
biochemical characteristics in these rice mutant lines.

Materials and methods

Preparation of plant materials

IS21, developed through mutation breeding via gam-
ma radiation, was backcrossed with MR220 to produce
rice mutant lines. Following preliminary screening
of their physical characteristics, ML 82-2 and ML 125-2
were identified as having improved agronomic traits
compared to the parent lines. Seeds for both the par-
ent and mutant lines were provided by the Malaysian
Nuclear Agency, Bangi, Selangor, Malaysia.
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Preparation and germination of seeds

The seeds were washed by inversion in a test tube
filled with sterile distilled water five to six times, followed
by overnight immersion in fungicide to remove surface
impurities and prevent fungal growth during germination.
The seeds were then planted on sterilized cotton in flasks
or test tubes, with six seeds per flask and one seed per
test tube. Each batch of seeds was germinated entirely in
either flasks or test tubes to ensure consistency. Four rep-
licates were prepared for each O. sativa line. The seeds
were germinated under a controlled photoperiod of 16 h
of light and 8 h of darkness at a constant temperature
of 25 = 2°C. After 14 days of growth, the seedlings were
subjected to further analysis.

Biochemical analysis of O. sativa seedlings

Sample extraction

Fourteen-day-old leaf samples from both parent and
mutant lines were homogenized in an ice bath with
the gradual addition of 1.5 ml of Tris protein extrac-
tion buffer (pH 8.0). The crude extracts were centri-
fuged using an Eppendorf Centrifuge 5427 R (Eppen-
dorf, Germany) at 12,000 rpm for 20 min at 4°C. After
centrifugation, the supernatant was collected for total
soluble protein content and specific peroxidase activity
analysis.

Determination of total soluble protein content

The Bradford method (Bradford, 1976) was used
to determine total soluble protein levels. The assay
was prepared by mixing 20 ul of sample extract, 80 ul
of protein extraction buffer, and 5 ml of protein re-
agent, followed by vortexing. Absorbance was mea-
sured at 595 nm using a Shimadzu UV1800 2210V
UV-Vis spectrophotometer (Shimadzu, Japan). The to-
tal soluble protein content was determined using a stan-
dard curve, with bovine serum albumin (BSA) (Sangon
Biotech, China) at concentrations of 0, 2, 4, 6, 8, and
10 mg/ml as standards. Results were expressed as milli-
grams per gram of fresh weight (mg/g FW) of the plant
material.

Determination of specific pervoxidase activity

The method by Kokkinakis and Brooks (1979) was
used to determine specific peroxidase activity. This
assay is based on the oxidation of guaiacol by peroxi-
dases in the presence of hydrogen peroxide (H,0,).

The peroxidase assay was conducted by adding 500 ul
of sample extract to areaction mixture containing
7.5 ml of 0.1 M sodium phosphate buffer (pH 6.1),
1 ml of 30% H,0, (R&M Chemicals, UK), and 1 ml of 1%
guaiacol (Sangon Biotech, China). After mixing, chang-
es in absorbance were measured at 420 nm over a 3-min
interval using a Shimadzu UV1800 2210V UV-Vis
spectrophotometer (Shimadzu, Japan). The initial ab-
sorbance at 0 min and the maximum absorbance re-
corded within the 3-min period were used to compute
specific peroxidase activity, expressed in units per mil-
ligram (U/mg) of soluble protein.

Determination of chlovophyll content

The Lichtenthaler method (1987) was used to deter-
mine chlorophyll content. Leaf samples were ground in
an ice bath at 4°C using a pestle and mortar, with 2 g
of calcium carbonate (CaCO,) (R&M Chemicals, UK)
added per gram of plant material. The mixture was cen-
trifuged using an Eppendorf Centrifuge 5430 R (Eppen-
dorf, Germany) at 7,000 rpm for 10 min at 4°C. After
centrifugation, the supernatant was diluted with 80% ac-
etone (R&M Chemicals, UK) to a final volume of 2.5 ml.
Absorbance was measured at 646.8 and 663.2 nm using
a Shimadzu UV1800 2210V UV-Vis spectrophotometer
(Shimadzu, Japan). The concentrations of chlorophyll a
(C,) and chlorophyll b (C,) were calculated and expressed
in mg/g FW.

Determination of proline content

The Bates method (Bates, Waldren, and Teare, 1973)
was used to determine proline content. Leaf samples
were homogenized with 5 ml of 3% sulfosalicylic acid
(Boer, China) and centrifuged using an Eppendorf Cen-
trifuge 5430 R (Eppendorf, Germany) at 7,000 rpm
for 10 min at room temperature. The supernatant was
transferred to a new test tube and vortexed with acid
ninhydrin (R&M Marketing, UK) and glacial acetic acid
(R&M Chemicals, UK) ina 1: 1 : 1 ratio. The mixture
was heated at 100°C for 1 h in aluminum foil-covered
tubes, followed by the addition of 1 ml of toluene (R&M
Chemicals, UK). After mixing, the sample was cooled
in an ice bath for 5-10 min. The absorbance of the red-
dish-pink upper phase was measured using a Shimadzu
UV1800 2210V UV-Vis spectrophotometer (Shimadzu,
Japan), with toluene as the blank. A standard curve was
prepared using proline (Acros Organics, USA) at con-
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centrations of 0, 0.002, 0.004, 0.006, and 0.010 mg/ml
to calculate total soluble proline content, expressed in
mg/g FW.

Transcriptomics analysis
RNA extraction and RNA-sequencing analysis

Total RNA was extracted using the RNeasy Plant Kit
(Qiagen, Germany). Samples were homogenized and
lysed in QIAshredder columns, after which the lysates
were transferred onto the RNeasy silica membrane
following ethanol addition. Impurities were removed
through three wash steps, yielding pure and concen-
trated total RNA in water.

The TruSeq RNA Sample Preparation Kit (Illumina,
USA) was used to construct Illumina cDNA libraries.
After adapter ligation, cDNA libraries underwent DNA
amplification for subsequent sequencing. The prepared
cDNA libraries were then loaded onto the Illumina
HiSeq2500 platform for sequencing. Library quality
was assessed using Qubit and real-time PCR for quanti-
fication, while a bioanalyzer was used to determine size
distribution.

Differential expression analysis was performed to
identify DEGs, with statistical significance set at a false
discovery rate (FDR) < 0.1, p < 0.05, and log2 Fold
Change (log,FC) > £2. RNA extraction and sequenc-
ing were conducted by Apical Scientific Sdn Bhd, and
the raw sequencing data were deposited in the National
Center for Biotechnology Information (NCBI).

Transcriptomics profiling analysis

To identify functionally related genes, particularly
those involved in drought tolerance, gene ontology
(GO) analysis was performed on the DEGs using the
Search Tool for the Retrieval of Interacting Genes/Pro-
teins (STRING). Subsequently, protein-protein inter-
action (PPI) networks were predicted.

Statistical analysis

Biochemical studies were conducted in triplicate.
The results from leaf sample analyses were subjected
to one-way analysis of variance (ANOVA) and Tukey’s
honestly significant difference (HSD) test at p < 0.05 to
determine statistically significant differences between
the mean values of each parameter. Statistical analyses
were performed using SPSS software (Version 15.0,
SPSS Inc., USA).

Results and discussion

Total soluble protein content

The soluble protein biochemical assay showed vari-
ability among different O. sativa seedlings. As shown in
Figure 1A, IS21 and ML 125-2 exhibited the highest total
soluble protein content, measuring 61.84 +5.78 mg/g FW
and 60.6 + 3.92 mg/g FW, respectively. Padmavathi et al.
(2013) reported that high total soluble protein content,
primarily composed of amino acids, serves as osmolytes
that maintain water uptake and turgidity in plant cells.

Referring to Figure 1A, the significantly higher
soluble protein content in IS21 and ML 125-2 suggests
their superior ability to maintain water uptake and tur-
gidity compared to MR220 and ML 82-2, even under
nondrought conditions. Soluble proteins, particularly
enzymes, and stress-related proteins help protect cells
from drought-induced oxidative stress by mitigating
damage and repairing cellular structures (Rajput et al.,
2021). Forinstance, late embryogenesis abundant (LEA)
proteins are a large group of hydrophilic proteins syn-
thesized in response to abiotic stresses. These proteins
scavenge reactive oxygen species (ROS) and maintain
cell turgor pressure by accumulating in the cytoplasm
to absorb water (Aziz et al., 2021).

Consistent with the findings in Figure 1A, the higher
soluble protein content in IS21 and ML 125-2 indicates
their enhanced ability to mitigate oxidative stress-in-
duced damage under drought conditions compared to
MR220 and ML 82-2. In other words, a higher amount
of LEA proteins and osmolytes are present in IS21 and
ML 125-2 to scavenge ROS as compared to MR220 and
ML 82-2. In addition, LEA proteins and heat shock pro-
teins (HSPs) function as molecular chaperones, ensur-
ing proper protein folding into stable three-dimensional
structures and preventing protein misfolding and aggre-
gation (Aziz et al., 2021; Haq et al., 2019). Thus, beyond
ROS scavenging, 1S21 and ML 125-2 exhibit greater
drought tolerance due to the presence of HSPs, which
help maintain protein conformation under stress.

The findings in the current study suggest that
the accumulation of amino acids such as LEA proteins
or HSPs leads to high soluble protein content that aids
in ROS scavenging as well as correct protein folding
under drought stress. The high soluble protein content
thereby indicates a better drought tolerance capability
of IS21 and ML 125-2. With this, the statistical analy-
sis reported that ML125-2 has no significant difference
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Figure 1. Biochemical analysis of the parent lines, IS21 and MR220, and mutant lines, ML 82-2 and ML 125-2 based on
the (A) total soluble protein content, (B) specific peroxidases activity, (C) total chlorophyll content, and (D) proline content

with the IS21 parent line, specifying possible drought
tolerance inheritance of the progeny from the IS21 par-
ent line in terms of soluble protein content.

Among the rice lines analyzed, MR220 exhibited
the lowest soluble protein content, measuring only
30.08 + 2.64 mg/g FW (Figure 1A). Although MR220
serves as the parent line for ML 82-2 and ML 125-2,
Figure 1A clearly distinguishes MR220 from its prog-
eny in terms of total soluble protein content. The higher
protein content in the daughter lines suggests enhanced
drought tolerance and improved agronomic traits, likely
resulting from backcrossing with IS21 and MR220.

To further justify the relationship between high total
soluble protein content and drought tolerance in rice
plants, Diniz et al. (2020) proposed that amino acid deg-
radation supplies carbon skeletons to the tricarboxylic
acid (TCA) cycle as an adaptive response to drought
stress. Carbon skeletons in the TCA cycle play a cru-
cial role in maintaining signaling and osmoregulation
in plants under drought conditions (Diniz et al., 2020;
Lietal., 2021). Understanding the significance of amino
acids and their impact on drought resistance in plants is
therefore essential.

In contrast with other rice lines, MR220, which
exhibited the lowest soluble protein content, may be
more prone to protein misfolding and osmotic pressure
dysregulation due to the lack of HSPs and precursors
for the TCA cycle. Consequently, MR220 is likely more
susceptible to drought stress compared to its rice mutant
lines, implying improved agronomic traits in the prog-
enies as products of backcross breeding with 1S21.

Specific activity of peroxidase

Figure 1B illustrates the inverse association be-
tween specific peroxidase activity (SPA) and total
soluble protein content. The peroxidase assay in this
experiment exposed crude extracts of the samples to
a relatively high concentration of hydrogen peroxide
(30%), where guaiacol oxidation by guaiacol peroxidase
(POD) eliminates hydrogen peroxide, preventing its
detrimental effects on plants. Research has suggested
that high concentrations of hydrogen peroxide can in-
duce oxidative damage to biomolecules, leading to cell
death (Cerny et al., 2018). Under unfavorable environ-
mental conditions such as drought, increased hydrogen
peroxide production can damage proteins, membrane
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lipids, and nucleic acids (Javed et al., 2021; Singh et al.,
2017; Xie et al., 2019). Since the volume and concentra-
tion of hydrogen peroxide and guaiacol were controlled,
the level of POD required to oxidize guaiacol served as
the responding variable, denoted as SPA.

Findings in Figure 1B reveal an inverse association
with the data in Figure 1A, where IS21 and ML 125-2
exhibited the lowest SPA levels, at 32.123 £ 4.835 U/mg
and 29.213 £ 2.305 U/mg, respectively. These results
suggest that a lower amount of POD was required to oxi-
dize guaiacol and eliminate the high concentration of hy-
drogen peroxide, resulting in lower SPA values compared
to ML 82-2 and MR220. This indicates that IS21 and
ML 125-2 are better equipped to cope with abiotic stress.

In contrast to its total soluble protein content, MR220
recorded the highest SPA level among all rice varieties,
requiring 58.285 * 4.078 U/mg of POD enzymes to
produce a 0.01 absorbance change per minute per unit
of activity. In comparison, IS21 and ML 125-2 required
only 32.123 £ 4.835 U/mg and 29.213 + 2.305 U/mg,
respectively, to catalyze guaiacol oxidation and elimi-
nate the same amount of HZOZ. In other words, under
the same volume and concentration of H,0,, drought-
tolerant rice would be capable of eliminating the H,0,
with a minimal amount of POD used, which would re-
sult in a lesser SPA level. A high SPA level, as observed
in MR220, suggests an inability to tolerate drought
stress, necessitating a greater POD enzyme activity to
mitigate oxidative stress. Statistical analysis revealed
significant differences between MR220 and the mutant
lines ML 82-2 and ML 125-2, further indicating that
the mutant lines did not inherit the genotypic traits
of peroxidases from MR220. Conversely, ML 125-2
showed no significant difference from I1S21, suggesting
improved agronomic traits and a probable inheritance
of POD biochemical characteristics from its parent
line, IS21.

Peroxidases are also known to strengthen plant cell
walls by catalyzing cross-linking between cell wall com-
ponents, specifically through H,O -mediated oxidation
of aromatic cell wall compounds (Francoz et al., 2015).
A study on white clover leaves revealed that low water
potential enhanced the activation of guaiacol peroxi-
dase, which was closely associated with increased lig-
nin content (Gall et al., 2015b). Further research has
demonstrated that cross-linked phenolic compounds,
such as lignin, serve as strong indicators of plant resis-

tance to drought stress (Yang et al., 2006). When lignin
is introduced, cell wall rigidification and growth arrest
are triggered under drought stress, leading to reduced
crop productivity as a resistance mechanism to water
deficit conditions. The compact, tightly bound, and less
permeable cell wall helps prevent water loss to the apo-
plast, functioning as a hydrophobic stabilizing property
to maintain leaf turgor under low water potential (Hura
et al., 2012, 2013). Therefore, MR220 appears to exhib-
it drought tolerance through peroxidation as a stress-
responsive mechanism that regulates leaf stiffening
under water-deficit conditions.

Figure 1B further highlights that ML 82-2 displayed
an intermediate SPA of 42.506 + 3.917 U/mg, suggest-
ing better ROS scavenging and leaf stiffening perfor-
mance compared to ML 125-2 and [S21 under drought
stress, although it remained more susceptible than
the MR220 rice cultivar. Beyond the established roles
of peroxidases, studies have also emphasized their im-
portance in stress-signaling pathways. Reis et al. (2022)
concluded that H,0O, in the root system can enhance
long-distance signaling in tomato plants, facilitating ear-
ly stomatal closure as a coping mechanism to reduce
transpiration under waterlimited conditions. Further
in-depth studies have linked ROS scavenging activity to
abscisic acid (ABA) signaling pathways, in which ABA
induces H,O, synthesis in guard cells via membrane-
bound nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase. H,0, subsequently mediates stoma-
tal closure by activating plasma membrane calcium ion
channels through hyperpolarization (Carvalho, 2008).
In relation to drought tolerance, peroxidases that scav-
enge H,0, are believed to play an indirect role in sto-
matal regulation via ABA signaling pathways, helping
to prevent excessive water loss under drought stress.

Overall, the statistical analysis highlighted signifi-
cant differences between the rice lines in their abil-
ity to cope with drought conditions, with MR220 and
ML 82-2 being more dependent on SPA for drought tol-
erance.

Chlorophyll content

Figure 1C shows an overall higher C, content than C_.
Under normal conditions, Cay which is involved in oxy-
genic photosynthesis, serves as the primary pigment
that absorbs light energy from violet-blue (420-450 nm)
and orange-red (600-700 nm) wavelengths for photosyn-
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thesis (Landi et al., 2020). However, under limited light
conditions, shorter blue wavelengths (400-570 nm)
predominate (Hogewoning et al., 2012). Consistent
with the findings in Figure 1C, the abundant supply
of C, may broaden the spectrum of absorbed light, en-
hancing the photosynthesis rate and ensuring sufficient
adenosine triphosphate (ATP) production. A higher C,
content may thus serve as an indicator of a drought-
coping mechanism in rice lines.

Based on Figure 1C, IS21 exhibited an abnormally
high total chlorophyll content of 0.2281 + 0.0375 mg/g
FW, while MR220, ML 82-2, and ML 125-2 displayed
total chlorophyll contents of 0.054 + 0.0279 mg/g FW,
0.0312 + 0.0154 mg/g FW, and 0.0127 + 0.0016 mg/g
FW, respectively. While high chlorophyll content gene-
rally indicates an increased photosynthetic rate, which
enhances plant performance under drought-stress
conditions, it may also suggest pre-germination chloro-
phyll accumulation in dormant seeds. Nakajima et al.
(2012) investigated chlorophyll retention in Arabidopsis
seeds, where mutant lines failed to degrade chlorophyll
properly. Consequently, a decline in seed germination
rate after storage was observed, underscoring the im-
portance of chlorophyll degradation in sustaining seed
longevity. This finding further supports the idea that
chlorophyll degradation is essential, as residual chloro-
phyll can reduce seed viability, shorten shelf life, and
increase the risk of plant material contamination (Hu
et al., 2023). Therefore, the excessive chlorophyll con-
tent in IS21 may result from incomplete chlorophyll deg-
radation before entering dormancy.

Figure 1C also illustrates that MR220 exhibited
a higher total chlorophyll content than both mutant
lines, although it remained significantly lower than IS21.
Under water deficit and elevated temperature condi-
tions, chlorophyll content declines due to the disruption
of thylakoid membrane integrity caused by heat stress
(Dias et al., 2009; Hanif et al., 2021a), as well as distur-
bances in electron transport within the photosynthetic
machinery (Adeel et al., 2017; Hanif et al., 2021; Mathur
et al., 2014). According to Gujjar et al. (2020), the photo-
synthesis rate in rice plants is severely affected by water
scarcity, leading to increased leaf wilting, reduced yield,
and decreased fresh biomass. These findings underscore
the critical role of chlorophyll in sustaining photosyn-
thesis, particularly under drought conditions (Nounjan
et al., 2020). Accordingly, MR220 demonstrated better

adaptation and photosynthetic capability than ML 82-2
and ML 125-2 under drought stress.

However, statistical analysis revealed no significant
difference in total chlorophyll content between MR220
and the mutant lines, suggesting that ML 82-2 and
ML 125-2 possess a similar level of drought adaptability
as MR220. Conversely, MR220, ML 82-2, and ML 125-2
appear to be more susceptible to drought stress than
IS21 due to their lower photosynthetic rates.

Beyond dormancy, the pronounced difference in
chlorophyll content observed in IS21 is inferred to be
a stress adaptation mechanism. Unlike other rice lines
that utilize chlorophyll for stomatal regulation and
the prevention of excessive water loss, 1S21 primarily
relies on chlorophyll for photosynthesis. Feller et al.
(2016) and Lamaoui et al. (2018) emphasized the impor-
tance of stomatal closure in reducing photosynthesis
and transpiration rates, thereby enhancing water-use
efficiency and improving acclimatization to water-deficit
conditions.

Proline content

The proline content of O. sativa seedlings was de-
termined after two weeks of germination. As shown in
Figure 1D, IS21 exhibited the highest proline content
at 0.0477 = 0.0063 mg/g FW, with statistical analysis in-
dicating a significant difference compared to other rice
varieties. Dien et al. (2019) reported that drought-toler-
ant rice varieties accumulate proline as an osmoprotec-
tant under water-deficit conditions, with levels rapidly
degrading upon rewatering. Environmental stresses
stimulate the production of ROS as part of the stress
response mechanism, which can cause damage to
membrane components and disrupt signal transduction
pathways. In this context, proline functions as an anti-
oxidant, scavenging ROS and acting as a singlet oxygen
quencher to alleviate drought stress (Hayat et al., 2012).
Thus, higher proline content indicates a stronger ROS
scavenging capacity in rice cultivars when subjected to
drought stress. Accordingly, the elevated proline levels
in IS21 suggest superior ROS scavenging performance
and a more effective drought stress response compared
to other rice varieties.

As depicted in Figure 1D, MR220 exhibited the low-
est proline content at 0.0221 mg/g FW, indicating greater
susceptibility to drought stress relative to the other rice
varieties. Proline, also known as a molecular chaperone,
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Figure 2. Transcriptomics profiling analysis of the rice cultivars with (A) Venn diagram displaying the gene count for
each cultivar and (B) correlation heatmap comparing both mutant lines and parent lines

is synthesized in response to environmental fluctuations
to facilitate temperature adaptation and rapid recovery
following heat or cold stress (Ghosh et al., 2022). Since
drought conditions can lead to protein misfolding, stress-
induced genes, such as those encoding chaperone pro-
teins, play a critical role in maintaining protein confor-
mation (Ghosh et al., 2022; Yang et al., 2010). Studies
have shown that overexpression of soybean luminal bind-
ing protein, a member of the HSP70 protein chaperone
family, confers drought resistance in soybean plants by
delaying drought-induced leaf senescence. Consistent
with this, proline accumulation in rice plants protects
against drought stress, suggesting that MR220 may
have a lower abundance of chaperones, making it less
equipped to withstand abiotic stresses.

Statistical analysis revealed that MR220 has no
significant difference with the mutant lines, implying
that both the mutant lines also comprise insubstantial
chaperone quantity. Therefore, MR220, along with ML
82-2 and ML 125-2 are less tolerant to drought stress in
comparison to IS21. Under normal conditions, the pro-
line content in ML 82-2 and ML 125-2 was recorded at
0.0276 mg/g FW and 0.0232 mg/g FW, respectively, as
shown in Figure 1D. According to Bunnag et al. (2013),
rice cultivars subjected to drought stress exhibited
higher proline levels (> 0.05 mg/g FW), confirming that
proline accumulation predominantly occurs in plants un-
der drought conditions. Similar findings were reported
by Mishra et al. (2018), who observed elevated proline
accumulation in water-deficit conditions rather than in
well-watered rice varieties. This phenomenon can be
attributed to the enhancement of substomatal carbon

dioxide levels, stomatal conductance, and the mainte-
nance of leaf turgidity in response to drought stress
(Ghosh et al., 2022). As proline facilitates osmotic ad-
justment and stabilizes cellular structures, its accumu-
lation is often an indicator of leaf dehydration and has
been correlated with plant stress susceptibility (Dien
et al., 2019). For context, proline content in ML 82-2
and ML 125-2 in the present study can only suggest
that these mutant lines have a certain extent of drought
tolerance, but further research on these mutant lines
under drought treatment should be conducted to justify
its tolerance towards drought stress.

Transcriptomics profiling analysis

For the transcriptomics profiling analysis, the cor-
relation between parent and mutant lines was assessed
using a Venn diagram of co-expressed genes (Fig-
ure 2A) and a correlation heatmap (Figure 2B). As
shown in Figure 2A, ML 82-2 and ML 125-2 shared
808 genes with the parent line MR220 but only 456
genes with IS21. These results suggest that the prog-
eny exhibit a closer genetic alignment with MR220,
demonstrating a higher genotypic resemblance to this
parent line.

Consistent with Figure 2A, the Pearson correlation
heatmap in Figure 2B further supports these findings.
The data indicate that ML 82-2 is more closely corre-
lated with MR220 than with IS21. Similarly, ML 125-2
showed a higher genetic association with MR220, sur-
passing IS21 by 2.1%. Additionally, ML 125-2 exhibited
a stronger connection with IS21 than ML 82-2 when
comparing the two mutant lines.
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Gene ontology
Osmolytic regulation

To complement the biochemical tests conducted,
transcriptomic data analysis was performed across all
rice lines to further validate and verify the presence
of drought-resistance-related genes in the mutant lines.
Osmoregulation through osmolytes, such as amino
acids, plays a crucial role in facilitating water uptake
and maintaining plant turgidity under drought stress.

For the CC category in the GO analysis of ML 125-2
vs. IS21, the overrepresented functional annotation
was the extracellular region. The transcriptomic pro-
file identified substandard starch grain4 (SSG4) as one
of the enriched genes. Generally, SSG4 is responsible
for forming starch granules, which are essential for
plastid maintenance and cellular function (Matsushima
et al., 2014). Similar to the downregulation of glycosyl
hydrolase (GH) in ML 82-2 and MR220, SSG4 is critical
for starch production and storage. The downregulation
of SSG4 potentially compromises drought tolerance in
rice cultivars due to reduced starch availability, which is
necessary for maintaining water balance, photosynthe-
sis, and other metabolic activities under drought stress
(Pfister et al., 2016).

According to Seleiman et al. (2021), stored starch
mobilization occurs during drought stress to provide en-
ergy in the form of glucose, supporting energy produc-
tion, osmotic adjustment, and turgor pressure mainte-
nance in plant cells. In this context, the downregulation
of SSG4 is speculated to be a drought-stress response,
prioritizing survival over development in rice. Several
studies further support the idea that resource realloca-
tion from starch synthesis serves as an adaptive mecha-
nism to conserve energy under drought conditions
(Du et al., 2020; Seleiman et al., 2021).

Thus, the mutant lines ML 125-2 and ML 82-2 appear
to exhibit drought tolerance through trade-off mecha-
nisms, where the downregulation of SSG4 and GH real-
locates starch hydrolysis resources for downstream os-
motic adjustments. This also suggests the inheritance
of drought-adaptive genes from the parent lines IS21
and MR220. These findings align with the biochemical
results in Figure 1A, which showed the upregulation
of amino acids involved in osmoregulation, facilitating
water uptake and maintaining plant turgidity.

A highly annotated GO category in ML 82-2 and
MR220 is the CC category, with the extracellular region

remaining highly significant. In general, plant proteases
play a crucial role in drought response signaling path-
ways, regulating mechanisms such as stomatal develop-
ment, stomatal aperture adjustment, ROS production,
and amino acid remobilization (D’Ippdlito et al., 2021).

This is supported by the upregulation of the Serpin-Z1
(OrysaZl) gene in ML 82-2. Studies have identified ser-
pins, also known as serine protease inhibitors, as stress-
induced negative regulators of cell death in plant immune
systems (Rehman et al., 2020). The mechanism involves
the inactivation of target proteinases through large confor-
mational changes and the formation of kinetically stable
covalent complexes with target enzymes (Hajibarat et al.,
2022). Accordingly, ML 82-2 appears to confer drought
tolerance through the upregulation of OrysaZ1, modu-
lating proteolysis activity under water-deficit stress -
an adaptive trait predominantly inherited from its parent
line, MR220. These findings also support the biochemi-
cal results in Figure 1, emphasizing the importance of os-
motic adjustment for stomatal conductance.

Regarding stomatal conductance, RGA genes have
been implicated in facilitating stomatal closure via ABA
signaling pathways, thereby reducing water loss under
drought conditions. Notably, ADP binding was identi-
fied as the most significantly enriched MF GO term in
ML 82-2, ML 125-2, and IS21, where the functionally en-
riched RGA genes (RGA3, RGA5, and RGA1.1-4) were de-
tected. These findings align with the data in Figure 1B,
demonstrating that ABA signaling pathways played a role
in the 30% hydrogen peroxide drought treatment, pre-
venting excessive water loss in rice plants. The results
further underscore the inheritance of RGA genes by
the mutant lines from their parent line, IS21.

Stress proteins and protein protection

In addition to osmotic adjustments and stomatal
conductance, stress proteins that provide protein pro-
tection play a crucial role in ensuring proper drought
stress responses in plants under water-deficit condi-
tions. Research has shown that drought-stressed rice
plants are also at risk of fungal pathogen attacks, which
further compromise their ability to withstand drought-
induced stress (Ahluwalia et al., 2021).

Notably, resistance gene analogs (RGA) contain con-
served domains and motifs that primarily function in
pathogen resistance (Cortaga et al., 2022; Sekhwal et al.,
2015). The presence of RGA genes in the ADP binding
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Table 1. Top 10 most significant enriched GO annotations and the respective differentially expressed genes (DEGs)
in all rice lines

Lines

Category

Description

p-value

Gene Symbol

ML 125-2
vs. IS21

cC

Extracellular region

3.1E-11

C10150/RIXI/POX8/0X01/C10122/BGLU6/EXB15/
SSG4/BBI3-3/DIP3/
PRX30/EXPA32/PR1-51/RAG2/FOR1/PPC2B/CP1/
WDA1/CKX2

MF

ADP binding

2.6E-10

PI63/0SWD40-115/WX1/PIZ/PGK4/PITA/WRKY41/
WRKY125/PI9/
BPH26/rNBS41/LSSR1/RLS1/PISH/PGK2/RGA5/
RPR1/VQ34

BP

RNA modification

7.4E-10

WAF1/ORRM1/SPED1/EMP5/NCS6/IPT9/PPR1

MF

Heme binding

1.6E-06

POX8/HB1/HB2/SCP28/D2/APX2/KO1/ABASOX3
/HB3/KO4/PRX32/
PRX45/A0S3/POX22/PRX48/PRX12/
CYP86A7-2/F3’H/PRX34/CYP71Z4/
SD37/PRX19/D11/CYP76M5/CYP99A3/PRX98/PRX88/
PRXA/PER4/APX3/F5H1/CYP734A4/NR2/HPL3/PSR1/
D35/SL/CATC/C4H2/PRX17/PRX49

ML 125-2
vs. MR220

MF

Chitinase activity

2.4E-07

C10150/GH/C10122/X1P/RIX1/CHT9/C10923/
CHT3/CHT6

ML 82-2
vs. IS21

MF

ADP binding

1.2E-08

RGA3/WRKY41/rNBS17/PISH/WX1/PITA/PIZT/PGK4/
WRKY125/0SWD40-115/BPH26/WRKY123/YR18/
PGK2/RGAA1.1-4/PI3/PID3

BP

RNA modification

5.0E-07

WAF1/PLS13/ORRM1/0SSTA84/SPED1/IPT9/NCS6/
0SDJC63/SIP2

ML 82-2
vs. MR220

BP

Xylan catabolic
process

3.8E-07

C10150/RIXI/C10923

MF

Chitinase activity

5.5E-07

C10150/GH/C10122/XIP/RIX1/C10923/CHT9/CHT4

CcC

Extracellular region

1.6E-06

C10150/GH/PRX61/C10122/XIP/ORAP1/RIXI/PR1/
PRX109/0LP1/C10923/DRR206/PRX63/GLP8-6/
PRX83/ORYSAZ2B/GLP24/LAC14/PRX43/PRX95/
SAG12/
MANS5/PRX2/EXLA4/YY1/PRX98/PRX69/GLP1/PR5/
XTH19/GLPS$-13/LAC24/
PMEI25/PRX42/PRX130/BBI3-3/PRX66/BBI2-3/XTH6/
LAC5/PRXS.1/GRP2

CC - cellular component, MF - molecular function, BP - biological process

GO term within the MF category for both mutant lines
and IS21 suggests that these rice lines possess some
degree of pathogen resistance in addition to drought tole-
rance. The nucleotide-binding site-leucine-rich repeat
receptor proteins in RGA genes act as signaling com-
ponents that interact with pathogen receptors to form
a resistome complex, ultimately triggering apoptosis by
destabilizing cell membrane integrity (Adachi et al., 2019;
Ijaz et al., 2022; Shi et al., 2020; Xiong et al., 2020).
The presence of pathogen-resistance-related RGA
genes of RGA in ML 82-2 and ML 125-2 further implies
the protection of plant and protein structures from
pathogens. The findings denote the ability and impor-

tance of mutant lines to confer disease resistance and
protect other drought-tolerant related proteins from
pathogen attack.

Interestingly, a significant GO term for MF in the
ML 82-2, ML 125-2, and MR220 is chitinase activity,
where pathogenesis-related chitinase proteins primarily
function as a defense against pathogens. Chitinases such
as C10150, C10122, C10923, CHT3, CHT4, CHT6, and
CHT9 play essential roles in embryogenesis, defense
against fungal pathogens, and abiotic stress responses
in plants. However, the precise mechanisms by which
chitinases confer drought tolerance are yet to be fully
elucidated (Sakamoto et al., 2017; Thapa et al., 2023).
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Lv et al. (2022) conducted a study on soybean (Gly-
cine max), where qRT-PCR analysis revealed an up-
regulation of chitinase genes at different time intervals
of drought, confirming their association with plant
stress responses. Similarly, a significant increase in
chitinase gene expression was observed in Arabidopsis
(Cho et al., 2013; Liu et al., 2020), Capsicum (Mishra
et al., 2021), Bermuda grass (Nakamura et al., 2008),
and Catharanthus roseus (Ali et al., 2021) in response
to drought tolerance, suggesting a strong link between
chitinases and drought stress response mechanisms in
plants. These findings highlight the significance of chi-
tinase genes in the mutant lines and suggest that this
trait was inherited from the parent line MR220.

Bowman-Birk inhibitors (BBIs), such as BBI3-3
and BBI2-3, were also identified as significant genes
in the CC category for all rice lines, particularly in
the extracellular region (Table 1). BBIs are trypsin in-
hibitors that are elevated during injury or abiotic stress
to suppress drought-induced oxidative stress (Domagal-
ska et al., 2020). Supporting this, Dhanushokdi et al.
(2018) found that hydrogen peroxide production dur-
ing drought stress enhances proteolysis activity, where
elevated BBI levels contribute to leaf senescence and
drought stress sensitivity.

Under drought stress, protein breakdown is facilitat-
ed by proteases such as cysteine, asparagine, and serine
proteases (Malefo et al., 2020). Since BBIs act as serine
protease inhibitors, they catalyze the hydrolysis of spe-
cific peptide bonds in substrates containing serine amino
acid residues in their active sites. Proteolysis is a key
adaptation mechanism in plants under abiotic stress, as
the degradation of misfolded proteins generates amino
acids for the synthesis of new proteins (Gur et al., 2011).

Thus, the mutant lines demonstrate abiotic stress
resistance through protein breakdown regulated by BBI
genes, a trait inherited from their parent lines. These
findings align with the data presented in Figure 1,
supporting the role of stress proteins such as trypsin
inhibitors in protecting plants by degrading misfolded
proteins under drought stress.

Antioxidant defense

Peroxidases were detected across all rice cultivars,
including POX8, POX22, PRXA, PRX2, PRX12, PRX17,
PRX19, PRX30, PRX32, PRX34, PRX43, PRX45,
PRX48, PRX49, PRX61, PRX63, PRX66, PRX69, PRX83,

PRX&88, PRX95, PRX98, PRX103, and PRXI109. These
findings support the data in Figure 1B, which empha-
sizes the importance of peroxidases in ROS scavenging
activities.

While MR220 carried out the highest SPA as com-
pared to other rice cultivars, data in Table 1 suggests
the presence of peroxidases-related genes in all rice
cultivars, implying the dependence of MR220 on per-
oxidases to confer drought tolerance as compared to
other rice cultivars.

Photosynthesis

A significantly enriched GO term in the heme bind-
ing category of the MF classification in ML 125-2 and
IS21 includes dwarfrelated genes, such as dwarf ebisu
(D2), dwarf shinkaneaikoku (DI11), and semidwarf 37
(8D37). Previous studies have associated d2 with short-
er culm, leaf blade, and sheath length, as well as higher
chlorophyll content in O. sativa, which contributes to
improved water-use efficiency (Priatama et al., 2022).
These findings suggest that ML 125-2 and 1S21 exhibit
drought tolerance through dwarfism traits and enhanced
chlorophyll content as regulated by these genes.

This implies that ML 125-2, having inherited dwarf-
related genes from IS21, should have exhibited similar
chlorophyll content. However, the contradicting find-
ings in Figure 1C, where 1521 displayed an abnormally
high chlorophyll content, can be attributed to seed dor-
mancy and incomplete chlorophyll degradation before
germination.

This is further supported by the presence of WRKY41
genes, primarily detected in IS21. Research by Ding
et al. (2014) proposed that WRKY41 interacts with ABA
to regulate abscisic acid insensitive 3 (ABI3), which plays
arole in seed dormancy. Additionally, a study by Duan et
al. (2017) on Arabidopsis thaliana linked WRKY41 to the
positive regulation of ABI3, further confirming its role in
seed dormancy.

In summary, dwarfrelated genes not only provide
mechanical support but also enhance chlorophyll con-
tent, contributing to drought tolerance. The presence
of WRKY41 in the transcriptomic profile of IS21 had
also proven the dormancy of seeds.

Mechanical support

In both mutant lines and IS21, WAVY LEAF 1
(WAF1) genes were detected under the RNA modi-
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fication GO term in the BP category. A study by Abe
et al. (2010) suggested that WAFI stabilizes ta-siRNA,
which is essential for shoot development and shoot api-
cal meristem maintenance. In general, shoots provide
mechanical support to plants while also serving as wa-
ter and nutrient storage structures. This suggests that
the mutant lines inherited structural-maintaining genes
from IS21, enabling water and nutrient storage in rice
plants to better withstand drought conditions.

Additionally, Wang et al. (2019) reported that WAF1
participates in the small RNA pathway, influencing
the polarity of lemma and palea. Lemma and palea are
key floral organs that determine grain length and shape,
which are indirectly linked to water-deficit stress re-
sponses by reducing excessive water loss. Thus, a higher
expression of WAF1 is associated with improved drought
tolerance, as it supports shoot development for suffi-
cient water and nutrient storage while regulating lemma
and palea formation. Therefore, ML 82-2 and ML 125-2
possess the drought-tolerance-related gene WAF1I, en-
suring nutrient and water storage in rice plants under
drought conditions—a trait inherited from IS21.

A high enrichment of chitinase activity in the MF
category was identified in ML 82-2, ML 125-2, and
MR220. Additionally, the xylan catabolic process was
significantly enriched in the BP category, while the ex-
tracellular region was enriched in the CC category in
ML 82-2 and MR220 (Table 1). The DEGs common
to these rice lines include xylanase inhibitor protein
(XIP) and rice xylanase inhibitor (RIXI). Under drought
stress, stress-responsive cis-acting elements in the pro-
moter regions of xylanase inhibitors play a role in
drought adaptation mechanisms (Dornez et al., 2010;
Liu et al., 2021). Cis-acting elements serve as binding
sites for transcription factors, regulating gene expres-
sion in signal transduction pathways (Mahmood et al.,
2020). In drought-tolerant plants, drought-responsive
transcription factors, such as dehydration-responsive
element-binding proteins, bind to dehydration-respon-
sive element/C-repeat motifs in the promoter regions
of xylanase inhibitor proteins. Activation of the bound
complex is initiated under drought conditions, result-
ing in an upregulation of the xylanase inhibitor genes
to further maintain the cell wall integrity of plants
(Wang et al., 2022). The presence of XIPs and RIXIs
in ML 82-2 and ML 125-2 suggests the inheritance
of xylanase inhibitor genes from MR220, contributing

to the maintenance of cell wall integrity under drought
stress.

The genomic profiles of both ML 125-2 and 1S21 re-
vealed Wax-Deficient Anther 1 (WDA1) as a DEG within
the extracellular region in the GO enrichment analysis.
Under water-limited conditions, as stomata close, tran-
spiration still occurs through nanoscale diffusion, cross-
ing the cuticle of leaf tissues in vegetative plants (Bi
et al., 2017; Jung et al., 2006).

A thicker cuticle helps retain water by reducing
transpiration rates, thereby improving drought toler-
ance (Bennett et al.,, 2012). Studies have linked the
WDAI gene to the biosynthesis of very long-chain fatty
acids, which serve as monomers for cutin, a vital com-
ponent of cuticles that prevents uncontrolled water loss
(Jung et al., 2006; Zhu et al., 2013).

Thus, the upregulation of WDA1 genes likely con-
tributes to the formation of thicker cuticles via wax
biosynthesis, reducing water loss in plants. In short,
WDA1 genes in the extracellular regions of ML 125-2
and IS21 function as a drought stress response mecha-
nism, enhancing cuticle thickness to minimize transpi-
ration-induced water loss.

Conclusions

The biochemical parameters that exhibited sig-
nificant differences between the mutant lines and par-
ent lines were total soluble protein content and SPA.
The mutant lines demonstrated higher or improved bio-
chemical content, with ML 82-2 being more dependent
on specific peroxidase activity, whereas ML 125-2 relied
more on total soluble protein content for drought tol-
erance. Additionally, several drought-tolerance-related
genes were identified based on their functions. These
included SSG4, GH, OrysaZ1, RGA, chitinase genes, per-
oxidaserelated genes, BBIs, dwarfrelated genes, and
WRKY41, all of which contribute to biochemical sup-
port and were inherited by ML 82-2 and ML 125-2 from
their parent lines. Furthermore, transcriptomic profil-
ing analysis highlighted the importance of mechanical
support in drought-resistant plants, with WDAI, WAF1,
RIXI, and XIP playing key roles in drought adaptation
mechanisms.
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