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Abstract

Background Global warming has increased the frequency and intensity of extreme heat events, posing a serious
threat to crop growth and productivity. Although y-aminobutyric acid (GABA) is recognized as a bioactive factor
functioning in plant stress adaptation, its specific role and underlying mechanisms under heat stress remain poorly
understood in rice.

Results In this study, we demonstrate that exogenous GABA significantly enhances heat tolerance in rice seedlings
in a dose-dependent manner. Application of 0.1 mM GABA effectively alleviated heat-induced growth inhibition

and mitigated oxidative damage by suppressing reactive oxygen species (ROS) accumulation, membrane lipid
peroxidation, and cell death. This protection was associated with enhanced antioxidant capacity, evidenced by
up-regulation of key antioxidant enzymes and elevated glutathione levels. Moreover, transcriptome and quantitative
analysis revealed that GABA supplementation finely reconfigures the heat-induced accumulation of specific amino
acids and carbohydrates, thereby promoting metabolic homeostasis under heat stress. We further show that GABA
modulates heat signaling pathway and amplifies the heat-induced expression of heat shock transcription factors
(HSFs), which in turn drives stronger induction of downstream heat-responsive genes, such as heat shock protein
(HSP) and antioxidant enzyme genes.

Conclusion Together, these findings indicate that GABA coordinates multiple adaptive mechanisms, including
enhancing antioxidant capacity, optimizing metabolic homeostasis, and activating heat-responsive transcription,
thereby enhancing rice heat tolerance. Our study highlights GABA as a promising biostimulant for improving heat
resilience in crops and provides a viable strategy for sustainable crop production under climate warming.
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Background

Global climate change has increased the frequency and
intensity of extreme heat events, posing a severe threat
to agriculture productivity worldwide [1]. As a staple
food for over half of the global population, rice (Oryza
sativa L.) is highly sensitive to elevated temperatures
throughout its entire growth period [2]. Unexpected
heat stress can lead to membrane and photosynthetic
system damage, imbalances in reactive oxygen species
(ROS) and phytohormones, as well as disruption of
carbohydrate metabolism. These physiological distur-
bances collectively suppress plant growth and devel-
opment, impair pollination and fertilization processes,
reduce the seed setting rates, and ultimately cause sub-
stantial declines in grain yield and quality [3, 4]. There-
fore, developing effective strategies to improve heat
stress tolerance in rice is critical for ensuring sustain-
able agriculture and food security [5].

Plants cope with heat stress through integrated physi-
ological and molecular adaptations, including the
upregulation of heat shock proteins (HSPs), activation
of antioxidant systems to scavenge reactive oxygen spe-
cies (ROS), and accumulation of protective metabolites
to maintain cellular homeostasis [6]. These responses are
regulated by signaling pathways such as calcium (Ca**)
signaling and transcriptional regulatory networks, which
collectively help mitigate heat-induced damage and
improve stress resilience [7, 8]. In recent years, several
key heat-tolerance-related genes in rice have been identi-
fied and functionally characterized, providing opportuni-
ties to develop heat-resistant cultivars through molecular
breeding approaches [9, 10]. However, despite being an
efficient and sustainable long-term strategy, the com-
plexity of the regulatory networks underlying rice heat
tolerance means that breeding programs utilizing these
genes still require considerable time for practice imple-
mentation [11]. Given these challenges, complementary
mitigation strategies, such as the application of protec-
tive compound, have garnered increasing attention as
a short or mid-term effort [12, 13]. Recent studies have
revealed the role of bioactive molecules, including amino
acids, sugars and secondary metabolites, in enhancing
plant stress resilience, offering promising avenues for
more immediate and practicable interventions [14, 15].
For example, endogenous active molecules such as gly-
cine betaine, trehalose, nitric oxide (NO), and flavonoids
have been shown to play regulatory roles in plant stress
responses [16—19]. Exogenous application of these mol-
ecules can enhance stress tolerance without adversely
effecting plant growth under normal conditions [20-23].
A deeper understanding of the mechanisms and regula-
tory networks of these molecules in the alleviation heat
stress will be crucial for developing innovative strategies
to improve crop heat stress resilience.
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Amino acids and their derivatives are key metabo-
lites in regulating plant growth and defense against
both biotic and abiotic stresses [24]. Among them,
y-aminobutyric acid (GABA), a non-protein amino
acid, has emerged as an important metabolite involved
in plant development and stress adaptation [25, 26].
In plants, GABA is primarily synthesized through the
irreversible decarboxylation of glutamate catalyzed
by glutamate decarboxylase (GAD), or derived from
the polyamine metabolic pathway via multiple enzy-
matic reactions [27]. Research has shown that GABA
accumulates rapidly under various stress conditions
and contributes to plant stress responses by modulat-
ing several physiological processes, such as maintain-
ing carbon-nitrogen metabolism balance, regulating
osmotic and redox homeostasis, and stabilizing cel-
lular structures [28-30]. Elevating endogenous GABA
levels or applying GABA exogenously has been widely
reported to improve stress tolerance across diverse
plant species [31, 32]. GABA also functions as a sig-
naling molecule that participates in stress-response
regulation [33, 34]. Recent evidence suggests that
plant aluminum-activated malate transporter (ALMT)
anion channels act as GABA signal transducers, with
their activity negatively regulated by GABA to pro-
mote physiological adaptation and stress tolerance
[35-37]. Moreover, GABA signaling may interact
with other active molecules, including ROS, reactive
nitrogen species (RNS), phytohormones, and poly-
amines, to coordinate plant stress responses [38, 39].
For example, increased endogenous GABA enhances
saline-alkali tolerance in tomato by promoting ROS
scavenging and activating the ethylene signaling path-
way [40]. Similarly, exogenous GABA supplementa-
tion alleviates arsenate toxicity in tomato and brinjal
seedlings through crosstalk with NO [41]. These find-
ings not only underscore the important role of GABA
in stress adaptation, but also reveal the complexity of
GABA-associated regulation networks in plant.

Although preliminary evidence suggests that GABA
may contribute to heat tolerance in plants [42-45], the
underlying physiological and molecular mechanisms
involved remain poorly understood. In this study, we
aimed to elucidate how exogenous GABA enhances
heat stress tolerance in rice seedlings. We demon-
strate that GABA application significantly improves
heat stress tolerance by mitigating heat-induced oxi-
dative stress, modulating the accumulation of stress-
related amino acids, and regulating the HSF-HSP
transcriptional pathway. These findings advance our
understanding of GABA-mediated heat tolerance
mechanisms in rice and support its potential as a bio-
chemical strategy for improving crop resilience in a
warming climate.
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Materials and methods

Plant materials and treatments

The japonica rice variety ‘Nipponbare’ (NIP) was used in
this study. Rice seeds were surfaced-sterilized with 2.5%
sodium hypochlorite (NaClO) and germinated on moist-
ened filter paper in Petri dishes at 30°C in darkness for three
days. Uniformly germinated seeds were transferred into
96-well PCR plates with the bottoms removed and placed
in nutrient solution for hydroponic cultivation in a growth
chamber. The normal growth conditions were maintained
at a 14 h light (300 umol m™2 s™!) /10 h dark photoperiod,
with temperatures of 28 C (light) / 24 “C (dark), and relative
humidity 65% + 5%. The basal nutrient solution contained
the following components (mg-L™!): NH,NO3, 91.4; CaCl,,
88.6; MgSO,.7H,0, 324; K,SO,, 71.4; KH,PO,-2H,0, 40.3;
Na,-EDTA-2H,0, 46.6; FeSO,-7H, 0, 34.8; MnCl,-7H,0, 1.5;
H;BO;, 0.934; (NH,)¢Mo,0,,-4H,0, 0.074; ZnSO,7H,0,
0.035; CuSO,-5H,0, 0.031. The nutrient solution was
renewed every three days. In a preliminary experiment,
two-week-old rice seedlings grown under normal growth
conditions were placed in nutrient solution supplemented
with 0, 0.1, 0.5 or ImM GABA and then transferred to a
growth chamber at 45 °C for three days, followed by two
days of recovery under normal growth conditions; control
plants were maintained under normal growth conditions.
After treatment, survival rate and shoot biomass were eval-
uated to identify the optimal dose of GABA. For the main
experiments, two-week-old rice seedlings grown under
normal growth conditions were used. GABA was added
to the nutrient solution to establish two treatment groups:
(1) Control: plants grown under normal growth conditions
in basal nutrient solution with or without 0.1 mM GABA;
(2) Heat: plants exposed to 45°C in basal nutrient solution
with or without 0.1 mM GABA. Each treatment including
three biological replicates arranged randomly. The first fully
expanded leaves were collected after one and three days of
treatment for measurements of enzyme activities, antioxi-
dant contents, and MDA levels. Histochemical staining and
quantitative determination of H,O, and O, was performed
using leaves harvested after three days. Additionally, for
gene expression analysis, the first fully expanded leaves were
taken at 0, 0.5, 1, 3 and 6 h after treatment. For ethylene gly-
col tetraacetic acid (EGTA) treatment, two-week-old seed-
lings were pretreated with 15 mM EGTA for 2 h at normal
growth conditions and subsequently exposed to 45°C with
0.1 mM GABA to assess heat tolerance.

In the detached-leaf assay, the first fully expanded
leaves from four-week-old seedlings were excised and
placed in Petri dishes lined with three layers of filter
paper moistened with 20 mL of distilled water, with or
without 0.1 mM GABA. For oxidative stress treatments,
leaf segments were similarly placed in solutions contain-
ing H,O, (1% or 2%, v/v) or methyl viologen (MV; 5 uM
or 10 uM), with or without 0.1 mM GABA; distilled water
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served as the control. All leaves were first incubated at
45 °C for five hours (heat treatment) or maintained under
normal growth conditions (oxidative stress treatments).
Subsequently, leaves were transferred to 28 °C under con-
tinuous light for a three-day recovery period, after which
phenotypic images were captured and chlorophyll con-
tent was measured.

Measurement of phenotypic parameter and chlorophyll
content

Phenotypic parameters were assessed using at least 35
randomly selected plants per treatment. Survival rate
was determined based on the degree of shoot wither-
ing, after which shoot fresh weight was measured. Chlo-
rophyll content was quantified following a previously
described method [46]. Briefly, leaves were cut into
5-mm segments, and approximately 0.1 g of tissue was
placed in a 15-ml tube containing 10 mL of 80% ethanol
(v/v). Extraction was performed in darkness for 24 h. The
supernatant was then collected, and its absorbance was
measured at 645 nm and 663 nm. Chlorophyll content
was calculated from these absorbance values.

Histochemical staining and quantitative analysis of ROS
Histochemical staining for H,0,, O, and dead cells was
performed using 3,3’-diaminobenzidine (DAB), nitro
blue tetrazolium (NBT) and trypan blue (TB), respec-
tively, following established protocols [20, 47]. For H,O,
detection, leaf segments were immersed in 20 mM potas-
sium phosphate buffer (PBS, pH 6.5) containing 1% DAB
and 0.1% Tween 20. Samples were vacuum-infiltrated
twice for 5 min each and then incubated overnight at
room temperature in darkness. For O,~ detection, leaf
pieces were immersed in 50 mM PBS (pH 7.5) contain-
ing 0.1% NBT, vacuum-infiltrated twice (5 min each),
and similarly incubated overnight at room temperature
in darkness. After incubation, leaves were decolorized
by boiling in a solution of ethanol : acetic acid : glycerol
(3:1:1, v/v/v) for 15 min. Cell death was examined by
vacuum-infiltrating leaf segments with 0.1% (w/v) trypan
blue (TB) dissolved in 50 mM phosphate-buffered saline
(PBS, pH 7.5) for 5 min. The samples were then incubated
in darkness on a shaker at 50 rpm for 8 h at room tem-
perature. After staining, leaves were decolorized by incu-
bation in 80% ethanol at 80 °C.

H,0, and O, levels were further quantified using com-
mercial assay kits (Solarbio, Beijing, China) according to
the manufacturer’s instructions. For H,O, measurement,
fresh leaf tissue (0.1 g) was ground in liquid nitrogen and
homogenized in 1 mL of acetone. The homogenate was
centrifuged at 12,000 g for 10 min at 4 °C. Aliquot of the
supernatant, together with standard and control samples,
were mixed with an equal volume of H,0O, detection
reagent, and centrifuged at 4,000 g for 10 min at room
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temperature. The supernatant was discarded, and 1 ml of
the test solution was added to resuspend the precipitate.
After incubated at room temperature for 5 min, absor-
bance was measured at 415 nm using a spectrophotom-
eter. For O, detection, leaf sample was homogenized in
1 mL of extraction solution and centrifuged at 12,000 g
for 10 min at 4 °C. Aliquots (500 pL) of supernatant, stan-
dards and controls were transferred to microtubes, mixed
with 400 pL of working solution 1, and incubated at 37 °C
for 20 min. Next, 300 puL each of working solution 2 and
3 were added, followed by another incubation at 37 °C for
20 min. After adding 500 pL of chloroform, samples were
centrifuged at 8,000 g for 5 min at 25 °C. The upper phase
was collected and the absorbance was measured immedi-
ately at 560 nm.

Determination of proline and MDA contents

Proline content was determined following Jiang et al.
[48]. Approximately 0.1 g of leaf tissue (pooled from
five plants) was homogenized in 1 mL 3% hydroxyben-
zoic acid and soaking in boiling water for 10 min. After
cooling, samples were centrifuged at 8,000 g for 10 min
at room temperature. A 500 pL aliquot of the superna-
tant was mixed with an equal volume of acetic acid and
acidic ninhydrin, and incubated at 95 °C for 40 min. Fol-
lowing cooling, 500 pL of toluene was added and the
mixture was allowed to stratify. The upper layer was col-
lected, centrifuged at 3,000 g for 5 min, and absorbance
was measured at 520 nm. Proline content was calculated
using a calibration curve prepared with standard sam-
ple. For the determination of malondialdehyde (MDA)
content, fresh leaf tissue (0.1 g pooled from five plants)
was homogenized in 1 mL of extraction buffer and cen-
trifuged at 8,000 g for 10 min at 4 oC. An aliquot of the
supernatant was mixed with an equal volume of working
solution (0.5% thiobarbituric acid made in 5% trichloro-
acetic acid, v/v) and heated in boiling water for 15 min.
After cooling, the mixture was centrifuged at 8,000xg for
15 min, and absorbance at 532 and 600 nm was recorded,
and the MDA content was calculated using an established
formula [49]. Each analysis was independently repeated
three times.

Determination of antioxidants

Antioxidant enzyme activities were determined using
fresh leaf samples (0.1 g pooled from five plants) homog-
enized in 3 mL of ice-cold PBS buffer (50 mM, pH 7.8).
After centrifugation at 10,000 g for 15 min at 4 °C, the
supernatant was collected for enzyme assays. Activities
of ascorbate peroxidase (APX), superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT) were
determined following previously described methods [49].
Glutathione (GSH) content was measured using a com-
mercial assay kit (Solarbio, Beijing, China) according to
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the instructions. Briefly, 0.1 g of leaf tissue was homog-
enized in 5 ml of extraction buffer on ice. The homoge-
nate was centrifuged at 12,000 g for 10 min at 4°C, and
the supernatant was used for analysis. For GSH quanti-
fication, 20 pL of supernatant, standard or control (dis-
tilled water) was mixed with 180 uL working solution and
incubated for 5 min at room temperature. Absorbance
was then measured at 412 nm, and GSH content was
calculated based on a standard curve. Each analysis was
independently repeated three times.

Determination of amino acids and carbohydrates

The determination of free amino acids was analyzed
according to the national standard method GB/T
30,987 -2020 for plant samples. Fresh leaf tissue was
first ground into a fine powder under liquid nitrogen.
A 0.5 g aliquot of the powder was then extracted with 5
mL of sulfosalicylic acid by shaking at room temperature
for 1 h. The mixture was centrifuged at 10,000 rpm for
15 min at 4 °C, and the supernatant was filtered through
a 045 pm aqueous-phase membrane. The filtrate was
subsequently injected into an automatic amino acid ana-
lyzer (Hitachi L-8900, Tokyo, Japan) for quantification.
Total sugar, soluble sugar, sucrose and trehalose were
extracted and measured with corresponding commercial
kits (Comin, Suzhou, China) according to the manufac-
turer’s protocols.

RNA extraction, RT-qPCR analysis and RNA-seq analysis

Total RNA was isolated from leaf tissues of rice seedlings
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
First-strand cDNA was synthesized with the HiFiScript
c¢DNA Synthesis Kit (CWBIO, Beijing, China) following
the manufacturer’s instructions. Quantitative real-time
PCR (RT-qPCR) analysis was performed in a CFX96
Touch System (Bio-Rad, Hercules, CA, USA) using
Magic SYBR Mixture (CWBIO, Beijing, China) with the
reaction cycling conditions as follow: 95°C for 30 s, fol-
lowed by 40 cycles of 95°C for 5 s, and 60°C for 10 s. Gene
expression was calculated via the 2724CT method with
three technical replicates and three independent biologi-
cal replicates. The rice OsActin gene (LOC_Os03g50885)
served as the internal reference, and primers sequences
are provided in Table S1. For RNA-sequencing (RNA-
seq) analysis, leaves were collected from two-week-old
seedlings grown at 28°C (control) and exposed to 45C
(heat stress) for 3 h. The first fully expanded leaves from
five seedlings were pooled as one biological replicate,
and three independent replicates were prepared per
treatment. Library construction, sequencing and data
analysis was conducted by Gene Denovo Biotechnology
Co., Ltd. (Guangzhou, China). Different expressed genes
(DEGs) were identified using an adjusted false discov-
ery rat (FDR)<0.05 and a fold change |log2Ratio| > 1.
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Bioinformatics analysis was conducted using the Omic-
Share tools (www.omicshare.com/tools).

Statistical analysis

All statistical analyses were conducted using the Data
Processing System software package (DPS, version
v21.05). Differences between treatments were evalu-
ated by Student’s t-test or one-way analysis of variance
(ANOVA) followed by Tukey’s HSD test [50]. All experi-
ments were repeated at least three times, and data are
presented as mean + standard deviation.

Results

Exogenous GABA significantly improves heat stress
tolerance in rice seedlings

To investigate the effect of GABA on heat stress toler-
ance, two-week-old rice seedlings grown in nutrient
solution at normal temperature (28°C) were treated with
different concentrations of GABA (0.1, 0.5, or 1 mM)
and subsequently subjected to 45°C heat treatment or
maintained under normal temperature. Under non-
stress conditions, GABA treatment had no obvious effect
on seedling growth. However, after heat treatment at
45 °C, rice seedlings without GABA showed visible heat
shock symptoms, including early leaf curling and wilt-
ing, and ultimately died after three days of heat exposure
(Fig. S1A). By contrast, exogenous GABA application

A Control (28°C)

0.1 mM

Heat (45°C) 3d; Recover 2d D
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markedly improved rice seedling’s heat tolerance in a
dose-dependent manner. Both 0.1 mM and 0.5 mM
GABA substantially alleviated heat-induced growth inhi-
bition and physical damage, with most seedlings main-
taining normal growth under heat stress. Compared to
the heat-stressed control, GABA-supplemented seedlings
showed increases in plant height by approximately 38.5%
(0.1 mM), 28.1% (0.5 mM) and 4.6% (1 mM), and in shoot
biomass by about 358%, 308% and 85%, respectively
(Fig. S1B-C). Based on these results, 0.1 mM GABA was
selected for further analyses.

We further verified whether 0.1 mM GABA could
alleviate the heat-induced damage in rice seedlings.
The addition of 0.1 mM GABA drastically reduced heat
stress-caused growth impairment (Fig. 1A). About 87.5%
of GABA-treated plants survived after three days of heat
treatment followed by two days of recovery, whereas the
survival rate of plants without GABA addition was only
27.8% (Fig. 1B). Moreover, the biomass of GABA-treated
seedlings recovered to 72.3% of the control level, which
was 1.83-fold higher than that of seedlings exposed
to heat stress alone (Fig. 1C). The protective role of 0.1
mM GABA on heat tolerance was further confirmed by
a detached-leaf assay. After five hours heating and three
days recovery under light, leaves without GABA addi-
tion turned nearly white, while most GABA-treated
leaves remained green (Fig. 1D). Consistent with this

Control

Heat
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0.1 mM
GABA GABA
B Chla
B 0mM GABA C 0mM GABA E 5.0 ns
120q® 0.ImM GABA 02548 0.ImM GABA Chlb
s % o € 4.0
~ 1007 = ns 2 I =
< S 0.20 €~
< 801 = I iz $g
i Z 0157 E
501 = 2
— ) 2 &
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? 407 3 ==
= r
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=
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Fig. 1 Effect of GABA supplementation on the growth of rice seedlings under heat stress. A Phenotypic comparison of rice seedlings under control and
heat-stress conditions with or without GABA. Two-week-old seedlings grown under 28°C were treated with or without 0.1 mM GABA, exposed to 45°C for
3 days, and then recovered at 28°C for 2 days. d means day. B, C Survival rate (B) and fresh weight (C) of rice seedlings under control and heat treatment
with or without GABA. D Images of detached leaves from rice seedlings under control and heat treatment with or without GABA. E Chlorophyll content
of detached leaves as described in (D). Chla, Chlorophyll a; Chlb, Chlorophyll b; G 0 and G 0.1 denote 0 mM and 0.1 mM GABA, respectively. Data are
presented as mean + SD (n = 3). Asterisks denote significant difference between treatments by Student’s t-test (**P < 0.01), “ns"indicates no significance

difference
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phenotype, the total chlorophyll content in GABA-
treated leaves was 3.97-fold higher than that in the con-
trol (Fig. 1E).

GABA application attenuates heat-induced oxidative
damage

To determine whether exogenous GABA affects ROS
homeostasis under heat stress, we examined its influ-
ence on ROS accumulation induced by high temperature
in rice plants. Histochemical staining results revealed
no notable difference in H,O, and O, accumulation
between the control and GABA-treatment groups under
normal conditions. However, after three days of heat
treatment alone, rice leaves exhibited significant elevated
levels of H,O, and O,7, as indicated by the intense dark
brown and blue staining, respectively. GABA addition
substantially reduced heat-induced ROS accumulation in
leaves, bringing it nearly back to control level (Fig. 2A-
B). Quantitative analysis further supported these obser-
vations. Under heat stress alone, H,0O, and O, levels
increased by 84.5% and 121.8%, respectively, compared
to the control. However, GABA application significantly
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suppressed this accumulation, resulting in H,0, and
O, increases of only 18.6% and 4.3% relative to the
heat-stressed control (Fig. 2C). Excessive ROS accu-
mulation can trigger oxidative stress, damaging lipids,
proteins, and DNA, ultimately leading to cellular injury
[51]. As excepted, after three days of heat treatment, lev-
els of MDA (a marker of membrane lipid peroxidation)
and proline (a compatible solute), both common stress
biomarkers, were increased significantly, by141.1% and
536.7%, respectively, compared to the control. Exogenous
GABA application markedly lowered the heat-induced
rise in MDA and proline contents, reducing them by
37.1% and 33.2% (for MDA) and by 33.3% and 30.5% (for
proline), respectively, relative to heat treatment alone
after one or three days (Fig. 2D-E). Under normal growth
conditions, GABA-treated seedlings showed no signifi-
cantly difference in MDA content or trypan blue staining
compared with the untreated control, with only a slight
decrease in proline content. However, strong dark blue
staining appeared in rice leaves after 45°C heat treat-
ment, and this signal was restored to near-control lev-
els with GABA addition, indicating that GABA reduced
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Fig. 2 Effect of GABA supplementation on oxidative damage in rice seedlings under heat stress. A Histochemical detection of H,0, and O, accumulation
in leaves of rice seedlings under control (28°C) and heat stress (45°C) conditions, with or without 0.1 mM GABA treatment, using DAB and NBT staining.
Two-week-old seedlings grown at 28°C were used for treatment. B Quantitative analysis of H,0, and O,- contents in rice seedling leaves as described
in (A). C, D Determination of proline (C) and MDA (D) contents in rice seedling leaves under different treatments as described in (A). E Visualization of
programmed cell death (PCD) in rice seedling leaves using trypan blue staining as described in (A). d means day. Data are presented as mean £ SD (n =
3). Asterisks denote significant difference between treatments by Student’s t-test (**P < 0.01, *P < 0.05), “ns”indicates no significance difference
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heat-induced cell death (Fig. 2F). Collectively, these
results demonstrate that exogenous GABA application
suppresses heat stress-induced ROS accumulation and
subsequent oxidative damage.

GABA application enhances the antioxidant capacity of
rice under heat stress

We next examined the effect of GABA application on
ROS scavenging processes in rice leaves. Compared to
the control under normal growth conditions, heat treat-
ment significantly increased the activities of four key
antioxidant enzymes, APX, CAT, POD, and SOD, in
rice leaves (Fig. 3A). Exogenous application of 0.1 mM
GABA further enhanced the activities of these enzymes
under heat stress, especially after three days of 45C
treatment, with increases of 24.4%, 112.5%, 43.5% and
31.9% in APX, CAT, POD, and SOD levels, respectively,
relative to the heat-alone group (Fig. 3A). A similar pat-
tern was observed for GSH, an important non-enzymatic
antioxidant. Heat treatment induced a significant rise
in GSH content in both untreated and GABA-treated
seedlings, with a notably greater increase in the GABA-
supplemented group (Fig. 3B). Consistent with these
biochemical results, RT-qPCR analysis revealed that
the expression of OsAPX8, OsCATB, OsPOD2, OsCSD3
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(Cu/Zn-SOD) and OsGRI was upregulated under heat
stress, with transcript levels increasing significantly after
three hours at 45°C treatment. GABA addition further
elevated the expression of these genes, reaching levels
69.2%, 91.7%, 84.0%, 70.1% and 37.3% higher than those
in plants subjected to heat treatment alone, respectively
(Fig. 3C). Notably, GABA treatment had no significant
effect on antioxidant activity or related gene expression
under normal growth conditions.

To further verify the role of GABA in enhancing rice
antioxidant capacity, detached leaves were directly
exposed to oxidative stressors such as H,O, or MV.
The results showed that control leaves without GABA
addition exhibited higher sensitivity to H,O, or MV
treatment and bleached more rapidly than GABA-
treated leaves (Fig. 4A). After three days of exposure
to 1% H,0,, 2% H,0,, 5 uyM MV or 10 pM MYV, total
chlorophyll content in control leaves decreased by
91.4%, 93.5%, 92.2% and 96.1%, respectively, compared
to unstressed leaves (Fig. 4B). In contrast, GABA addi-
tion substantially mitigated chlorophyll loss under oxi-
dative stress, increasing total chlorophyll content by
140.3%, 69.1%, 113.1% and 120.9% relative to the cor-
responding stress controls (Fig. 4B). Collectively, these
results demonstrate that exogenous GABA strengthens

Gk B W 0mM GABA
** ~10007 ’—‘ 8001m  0.1mM GABA «
£ *
z - .
£ 8004 ns [ z =
z — &= 600
- e
23 . o0
E o s a00d
g T 4004
£ S ]
= 400 =
£ H
é 200 5 2005
= <V 5
2 )
o)
172
Control Heat-1d Heat-3d Control Heal-1d Heat-3d
5.0 Cu/zn-SOD 5.09 0sGRT
£ 40 - 5 4.0 **
£ 3.04 2 3.0
P ~
o @
“
é’ 2.0 x 2 205 L
= =
S 3
& 1.0- & 1.0
0.0- 0.0-

3h

Oh 3h Oh 3h
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the antioxidant system in rice, thereby improving its
tolerance to heat stress.

GABA modulates amino acid metabolism under heat stress
Heat stress markedly increased total amino acid con-
tent in rice seedlings after one day of treatment.

However, exogenous GABA addition reduced this
heat-induced accumulation, lowering total amino
acid levels by 14.8% compared with heat treated alone
(Fig. 5A). Further profile analysis of amino acids
revealed that heat stress significantly altered the com-
position of free amino acids in rice leaves. Compared
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with the control under normal growth conditions,
heat treatment led to a pronounced accumulation
of most detected amino acids, except aspartic acid
(Asp), threonine (Thr) and glycine (Gly). Notably,
valine (Val), isoleucine (Ile), tyrosine (Tyr), and leu-
cine (Leu) increased most substantially, reaching 6.2,
7.2, 7.2 and 7.8-fold higher, respectively, than those in
the control (Fig. 5B-C). Under normal growth condi-
tions, exogenous GABA application (CK+ GABA) did
not significantly alter overall amino acid levels rela-
tive to CK alone, though contents of Thr, Asp, phe-
nylalanine (Phe), cysteine (Cys), arginine (Arg), serine
(Ser), histidine (His) and lysine (Lys) were reduced.
However, under heat stress, GABA supplementation
(Heat + GABA) distinctly regulated the heat-induced
accumulation of amino acids. GABA attenuated the
heat-triggered rise in most amino acids, including ala-
nine (Ala), Ser, Val, Ile, Phe, Lys, Tyr, His, Arg, and
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Compared with the control, the heat-treated group
showed the highest number of differentially expressed
genes (DEGs), with 7,657 DEGs (2,258 upregulated and
5,399 downregulated). In contrast, the GABA +Heat
(GH) group versus the control yielded significantly fewer
DEGs (4,860 total: 2,175 upregulated, 2,841 downregu-
lated). Additionally, 2,685 DEGs (1,641 upregulated and
1,021 downregulated) were identified between the GH
and heat-alone groups (Fig. 6A). Venn analysis indicated
3,724 shared DEGs between GH vs. control and heat vs.
control, while the GH vs. heat comparison shared 1,913
DEGs with GH vs. control and 856 DEGs with heat vs.
control; 656 genes overlapped across all three compari-
sons (Fig. 6B). To validate the RNA-seq results, we per-
formed heatmap analysis on key antioxidant enzyme
genes identified in Fig. 3, and the expression trends of
these genes were highly consistent between RT-qPCR
results (Fig. 3C) and transcriptome data (Fig. S2), con-

Leu. Meanwhile, glutamic acid (Glu) and Cys remained  firming the reliability of the transcriptome data. Gene

at levels comparable to those in the heat-alone group
(Fig. 5B-C). Together, these results indicate that GABA
actively restructures amino acid metabolism under
heat stress, fine-tuning the accumulation of specific
amino acids during thermal adaptation.

GABA restores cellular metabolic homeostasis under heat
stress inrice

To elucidate the mechanism by which GABA enhances
heat tolerance in rice, we performed transcriptome
analysis on leaf tissues following different treatments.
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pathways across the three comparison sets. Notably, the
number of DEGs assigned to these pathways decreased
progressively in the order of heat vs. control, HG vs. con-
trol, and HG vs. heat comparisons (Fig. 6C; Fig. S3B).

We next focused on specific genes associated with car-
bohydrate, amino acid, and lipid metabolism. Notably,
heat stress significantly altered the expression of genes
involved in these three metabolic pathways, while GABA
application largely counteracted these heat-induced
changes (Fig. 6D; Fig. S4). We also quantified carbo-
hydrate levels in rice leaves. Consistent with the trend
observed in amino acid content, heat treatment markedly
elevated the levels of total sugars, soluble sugars, sucrose
and trehalose in leaves. GABA supplementation signifi-
cantly attenuated these increases, reducing total sugar,
soluble sugar, sucrose and trehalose by 51.4%, 40.1%,
66.2% and 48.6%, respectively, relative to the heat treat-
ment alone (Fig. 7). Under normal growth conditions,
GABA had no significant effect on these metabolites.
Collectively, these results suggest that exogenous GABA
helps rebalance the perturbed cellular metabolic net-
work, thereby contributing to improved heat tolerance in
rice.

GABA integrates into heat signaling to amplify
transcriptional response under heat stress

In addition to metabolism adjustments, KEGG analy-
sis indicated DEGs enrichment in pathways associated
with signal transduction and environmental adaptation
(Fig. 6C), suggesting a potential role for GABA in heat
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signal processing. Ca®" signaling plays a central role in
the plant heat-shock response, activating HSF expres-
sion through calmodulin (CaM) proteins decoding and
thereby regulating downstream heat-responsive genes
[7]. To determine whether Ca** signaling is involved in
GABA-mediated heat-shock response, we first examined
the effect of exogenous GABA on CaM gene expression
under heat stress. RT-qPCR analyses showed that 45C
heat stress significantly elevated transcript levels of sev-
eral rice CaM genes (e.g., CaM1-1, CaM1-2 and CaM?2),
and this induction was further enhanced by GABA
supplementation (Fig. 8A), suggesting that GABA may
modulate Ca** signaling to regulate heat-responsive tran-
scription. To further test this, we applied the Ca®* che-
lator EGTA (15 mM) to the growth medium to examine
whether it could abolish the protective effect of GABA
under heat tolerance. While EGTA pretreatment alone
did not affect seedling growth under normal growth
conditions, it completely abolished the protective effect
of GABA under heat stress. Both survival rate and shoot
fresh weight was restored to levels observed in heat-
stress seedlings without GABA (Fig. 8B-C).

We next examined the expression of key heat shock
transcription factor (HSF) and HSP genes. As shown in
Fig. 9, the expression of HSF and HSP genes exhibited
distinct time-dependent patterns under heat stress with
or without GABA supplementation. Consistent with
previous reports [52], exposure to 45°C rapidly induces
upregulation of HSFs (e.g., HSFA2s) and HSPs (e.g.,
HSP70, HSP90, HSP101, and HSPI18.2) genes, with the
peak expression occurring at 0.5 h after heat treatment.
Notably, the addition of 0.1 mM GABA further enhanced
this transcriptional induction. Among these genes exam-
ined, OsHsfA2a, OsHsfA2b, OsHsfA2c, HSP70, HSP90,
and HSP101 showed the most pronounced upregulation
under combined GABA and heat treatment. At the peak
expression time point, their expression levels increased
by 50.6%, 115.9%, 68.5%, 107.1%, 111.9%, and 60.4%,
respectively, compared to heat treatment alone (Fig. 9).
Together, these results indicate that GABA may integrate
into heat signaling networks, particularly via Ca** signal-
ing, to amplify the transcriptional response under heat
stress, thereby strengthening heat tolerance in rice.

Discussion

GABA has been widely reported to enhance the toler-
ance of plants to biotic and abiotic stress [25]. Plants
typically maintain low endogenous GABA content under
normal conditions, while rapidly accumulate when they
are exposed to various stresses [53]. This stress-induced
GABA accumulation contributes to plant adaptation
under adverse growth conditions [32]. Many recent
studies indicate that exogenous application of a certain
does of GABA can significantly alleviate damage caused
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by diverse environmental stresses, including salinity,
drought, temperature extremes and heavy metals [43,
54-59]. In present study, we show that the efficacy of
exogenous GABA application in mitigating heat stress
exhibits dose-dependency (Fig. S1). The protective effect
on rice seedlings alleviating heat damage decreases at

higher GABA concentration (e.g., 1 mM). Notably, a low
concentration (0.1 mM) of GABA application effectively
protected rice seedlings under high-temperature condi-
tions by promoting survival, preserving biomass, and
maintaining chlorophyll content (Fig. 1). These results
highlight the potential of low-dose GABA as a practical
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and cost-effective priming agent for crop management
under heat stress, offering a flexible and readily applica-
ble strategy to enhance climate resilience.

A common consequence of plant subjected to envi-
ronmental stress is the uncontrolled escalation of ROS
production, which lead to peroxidation of membrane
lipids and cell damage [60]. Maintaining cellular ROS
homeostasis is therefore essential for plant growth under
stressful conditions [61]. Accumulated evidences indicate
that GABA functions as an antioxidant that mitigates
the oxidative stress by suppressing the accumulation of
ROS in various plant species [62, 63]. Consistent with
these reports, we observed that heat stress induces sig-
nificant accumulation of ROS (H,0, and O,~) and lipid
peroxidation products (MDA) in rice leaves, resulting in
severe cell death. Exogenous GABA application effec-
tively alleviated this heat-induced oxidative damage by
reducing ROS levels (Fig. 2). Plants counteract ROS accu-
mulation under stress through both enzymatic and non-
enzymatic antioxidant system, including enzymes such
as APX, CAT, POD, and SOD, as well as components of
the GSH-ascorbate (ASA) cycle [64, 65]. Previous stud-
ies have suggested that GABA may act as a signaling mol-
ecule involved in regulating ROS scavenging pathways
[30, 62]. For instance, GABA has been shown to enhance
antioxidant function and alleviate oxidative stress in
wheat seedlings under drought and salt stress [57, 66]. In
rice, exogenous GABA improves salt and heat tolerance
by upregulating antioxidant activity and osmoprotectant
accumulation [42, 67]. Similarly, our results demonstrate
that GABA supplementation significantly increases the
activities of key antioxidant enzymes (APX, CAT, POD,
SOD), elevates levels of non-enzymatic antioxidants
(e.g., GSH), and thereby mitigates heat-induced oxida-
tive stress. Moreover, the expression of genes encod-
ing these antioxidant enzymes and those involved in the
GSH-GSSG cycle was markedly higher in GABA-treated
plants than in plants exposed to heat alone (Fig. 3). This
coordinated upregulation suggests that GABA serves as
an important modulator that potentiates the entire anti-
oxidant transcriptional network under heat stress, con-
ferring stronger antioxidant capacity [30, 62]. Supporting
this, detached-leaf assays showed that GABA-treated
leaves exhibited significantly less bleaching and chloro-
phyll degradation under oxidative stress induced by H,O,
or MV addition compared to control (Fig. 4), underscor-
ing the role of GABA in protecting against cellular oxi-
dative damage. Collectively, these findings indicate that
GABA-mediated enhancement of antioxidant capacity
is a key mechanism though which it alleviates ROS accu-
mulation under stress conditions.

The accumulation of free amino acids is a key physi-
ological response of plants to abiotic stress, typi-
cally driven by enhanced protein degradation and/
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or activation of biosynthetic pathways [68, 69]. Nota-
bly, heat stress has also been shown to expand the free
amino acid pool in several plant species, such as wheat
and maize, and soybean [43, 70, 71]. Moderate amino
acid accumulation contributes to osmotic adjustment,
ROS homeostasis, and serves as a precursor source for
secondary metabolites and signaling molecules, thereby
supporting abiotic stress resistance [24]. For example,
elevated proline acts as a compatible osmolyte to main-
tain cytosolic osmotic balance, regulate cellular redox
status, and support energy metabolism under stress [72].
Glutamate serves as a central precursor for multiple
stress-related amino acids, such as Pro, Arg and GABA,
as well as key antioxidant molecules including GSH and
folate. Increased Glu content plays a vital role in cellu-
lar adaptation under adverse conditions [73]. However,
excessive amino acid accumulation can negatively affect
plant growth, suggesting the importance of finely regu-
lating amino acid levels for effective stress adaptation
[74, 75]. Given that GABA is a non-protein amino acid
metabolically connected to glutamate pathways, its exog-
enous application likely restructures amino acid metab-
olism to optimize metabolic homeostasis under stress
[43]. Consistent with this premise, we observed that 45C
heat treatment rapidly induced a broad accumulation of
free amino acids in rice seedlings, while GABA supple-
mentation significantly reduced the heat-induced rise
in many amino acids, including Pro, Ser, Val, Ile, Phe,
Lys, Ala, Tyr, His, Arg and Leu, while maintaining levels
of others such as Glu and Cys (Fig. 5). This fine-tuning
may reflect reduced oxidative protein degradation result
from GABA-mediated mitigation of oxidative damage
[76]. Meanwhile, the unchanged levels of certain amino
acids such as Glu and Cys may reflect their roles as cen-
tral metabolic hubs or precursors for key stress-respon-
sive molecules (e.g., glutathione, GABA itself, and other
antioxidants), which are actively maintained under stress
conditions to support cellular adaptation [26, 73]. In
addition to modulating amino acid metabolism, GABA
also regulated the expression of genes involved in other
primary metabolic pathways, including carbohydrate and
lipid metabolism. Accordingly, the heat-induced accu-
mulation of carbohydrates was markedly suppressed
by GABA treatment (Fig. 7), suggesting a redirection of
carbon/nitrogen flux toward global metabolism or spe-
cific protective compounds under GABA regulation [24].
These coordinated roles of GABA on oxidative balance
and metabolic homeostasis regulation collectively con-
tribute to enhanced heat tolerance.

The transcriptional regulation of HSF genes represents
a central mechanism in plant responses to heat stress
[77]. Under high temperature conditions, HSFs are rap-
idly activated and subsequently induce the expression
of HSP and other downstream heat-responsive genes,
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Fig. 10 A working model of exogenous GABA application to enhance
heat tolerance in rice seedlings. Briefly, exogenous GABA enhances heat
tolerance by activating the antioxidant system to alleviate oxidative dam-
age and by reprogramming global metabolism, including amino acid
and carbohydrate homeostasis. Moreover, GABA may also modulate Ca®*
signaling to upregulate the HSF-HSP transcriptional pathway, thereby
strengthening the heat stress response

thereby enhancing heat stress tolerance [8, 78]. Among
HSFs, HsfA2 plays a crucial role in modulating the
expression of genes involved in stress adaptation [79]. We
have previously demonstrated that heat stress-induced
OsHsfA2s and its downstream targets is essential for heat
tolerance in rice [52]. In this study, we found that GABA
amplifies the early transcriptional response to heat stress
by upregulating key HsfA2 genes, particularly OsHsfA2a
and OsHsfA2c (Fig. 9). This enhanced expression of HSF
transcription factors correlated with a stronger induction
of downstream HSPs (e.g., HSP70, HSP90 and HSP101)
and antioxidant enzyme genes, suggesting that GABA
potentiates the core heat-responsive transcriptional cas-
cade. In plants, HSF-HSP transcriptional activation is
known to be initiated by Ca®>" and ROS signaling path-
ways, which act as early and essential transducers of
heat stress response [8]. Previous studies have shown
that stress-induced increases in cytosolic Ca*" stimulate
GABA synthesis through the activation of GAD [33].
Conversely, elevated GABA levels have been shown to
modulate cellular Ca?* flux and interact with ROS signal-
ing, thereby facilitating plant adaptation to stress condi-
tions [80, 81]. In the present study, transcription analysis
revealed significantly changes in the expression of genes
associated with signal transduction, particularly CaM
genes, which encode key transducers of Ca®" signaling.
The heat-induced upregulation of these genes was fur-
ther enhanced by GABA treatment, indicating that Ca**
signaling may participate in GABA-mediated heat stress
responses. This interpretation was further supported by
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the application of EGTA (a Ca?* chelator), which coun-
teracted the positive effect of GABA on heat tolerance
in rice seedlings (Fig. 8). Collectively, these findings link
GABA signaling to the classical HSF-HSP heat tolerance
pathway and indicate that GABA may enhance the plant’s
ability to perceive and transcriptionally respond to heat
stress.

Conclusion

In summary, our study demonstrates that exogenous
application of 0.1 mM GABA enhances heat tolerance
in rice through an integrated mechanism (Fig. 10). Heat
stress triggers excessive ROS accumulation, leading to
oxidative stress and leads to membrane lipid peroxida-
tion, protein degradation, and ultimately cell death, all
of which contribute to overall plant injury. In contrast,
0.lmM GABA application significantly enhances the
activity of antioxidative system, thereby reducing ROS
accumulation. The lowered ROS level helps maintain
cellular redox homeostasis, alleviates oxidative damage
and modulates global metabolism, such as amino acids
and sugars, which collectively contributes to improved
heat tolerance. Moreover, both GABA itself and GABA-
activated heat signaling pathways (e.g., Ca** signal) sub-
stantially upregulate the expression of heat-responsive
transcriptional factors, which in turn induce HSPs and
other downstream heat-responsive genes essential for
plant against heat stress.
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