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NtGCNZ2 mediates tobacco
cold tolerance through
chlorophyll retention, proline
accumulation, antioxidant
defense, and ABA regulation
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Introduction: Cold conditions severely limit plant productivity. Accordingly,
elucidating the physiological and biochemical changes and molecular
mechanisms in plants under low-temperature stress is necessary. The
conserved kinase general control non-derepressible 2 (GCN2) regulates stress
responses; however, its role in cold adaptation remains elusive.

Methods: Considering that tobacco (Nicotiana tabacum L.) is an ideal model plant
for understanding the mechanisms through which economic crops respond to
abiotic and biotic stress, this study aimed to elucidate the role and potential
mechanisms of NtGCNZ in the cold-stress response of tobacco plants. NtGCNZ2-
overexpressing and wild-type K326 tobacco plants were exposed to low-
temperature treatment at 4°C for 12 h. Thereafter, antioxidant activity was
evaluated, abscisic acid (ABA) and chlorophyll content were measured, and
transcriptomic profiling was conducted.

Results: NtGCNZ2-overexpressing lines and K326 were subjected to low-
temperature treatment. Integrated analyses revealed that NtGCNZ2 coordinates
multiple adaptive responses under cold stress. Specifically, NtGCNZ2 preserved
photosynthetic capacity by maintaining chlorophyll levels through upregulation
of biosynthesis genes (e.g., HEMA1 and PORI1) and chloroplast-associated
regulators. It promoted osmotic adjustment by enhancing proline accumulation
via upregulation of biosynthesis and transport genes (e.g., PAP1 and ProT) and
nitrogen signaling components (AMTs and NRTs). Furthermore, NtGCN2
alleviated oxidative damage by increasing superoxide dismutase and catalase
activities and inducing peroxidase-related genes. In parallel, NtGCN2 elevated
ABA accumulation through upregulation of biosynthetic genes (e.g., NCEDI)
while attenuating ABA signaling components such as COPL1. Collectively, these
changes contributed to reduced oxidative damage (lower MDA levels) and
improved stress resilience.
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Discussion: These findings suggest that NtGCNZ functions as a central regulator
of cold adaptation by integrating multiple physiological and molecular pathways,
including photosynthetic maintenance, osmotic regulation, antioxidant defense,
and ABA-mediated signaling. By modulating key downstream targets, NtGCN2
enhances plant tolerance to low-temperature stress. This study expands the
functional understanding of the conserved GCNZ2 signaling network in plants and
highlights its potential as a genetic target for improving crop resilience to

cold environments.
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1 Introduction

Temperature is a key environmental factor in plant growth and
development that enables plants to grow normally only under
suitable temperatures. Among the various temperature stressors,
low-temperature stress is one of the most common and detrimental,
causing substantial annual yield losses in global crop production
(Soualiou et al., 2022; Zhang et al., 2022). Therefore, elucidating the
physiological and biochemical changes in plants under low-
temperature stress and uncovering the molecular mechanisms
underlying plant responses to cold stress are crucial for improving
plant cold tolerance.

Low-temperature stress disrupts multiple physiological pro-
cesses in plants. It impairs membrane fluidity and stability, leading
to increased electrolyte leakage and cellular damage (Milovskaya
et al,, 2026). Photosynthesis is particularly sensitive to cold, with
reduced chlorophyll content, inhibited enzyme activities, and
impaired chloroplast structure resulting in decreased photosyn-
thetic efficiency (Sati et al., 2025; Sardoei and Fazeli-Nasab, 2025).
In addition, cold stress induces the overproduction of reactive
oxygen species (ROS), causing oxidative damage to lipids, proteins,
and nucleic acids (Rao et al., 2025). To cope with these challenges,
plants often accumulate osmoprotectants such as proline and
soluble sugars to maintain cellular osmotic balance and protect
macromolecular structures.

Over the course of evolution, plants have developed sophisti-
cated systems to perceive and transduce low-temperature signals,
thus enabling them to sense environmental temperature fluctua-
tions rapidly and actively mitigate cold-induced damage (Zhang
et al., 2022; Jahed et al., 2023).

Plants perceive low-temperature stress through changes in
cellular membranes and photoreceptors. The fluidity of the
plasma membrane is closely linked to the ratio of unsaturated
fatty acids and plays a pivotal role in cold perception (Kargiotidou
et al., 2008). Fatty acid desaturase 2 (FAD2) encodes an oleate
desaturase that affects membrane fluidity. Moreover, fad2 mutants
exhibit altered sensitivity to cold stress. Therefore, membrane
fluidity is a key component of cold sensing in plants (Chen and
Thelen, 2013). Under low-temperature stress, malondialdehyde
(MDA) content is negatively correlated with cold tolerance and
serves as an indicator of reactive oxygen species (ROS)-induced
membrane damage within plant tissues (Sato et al.,, 2011). The
photoreceptor state facilitates cold-signal transmission. Upon
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exposure to cold, photoreceptors, such as phytochrome A (phyA)
and phytochrome B, shift from their active Pfr form to the inactive
Pr form. This consequently affects photomorphogenesis and pho-
tosynthesis (Wang et al., 2015; Paik and Hugq, 2019). Moreover,
exposure to low-temperature stress induces a substantial increase in
endogenous abscisic acid (ABA) levels, especially in the root and
leaf tissues, where rapid accumulation is often observed (Guo et al.,
2018). Once cold stress is perceived, ABA acts as a key signaling
molecule to activate a cascade of downstream adaptive responses at
the molecular and physiological levels (Sato et al., 2011; Zhang
et al., 2022).

Upon perception of cold signals, plants transduce these signals
via secondary messengers, such as calcium ions (Ca’") and ROS.
Ca*" is a key signaling molecule in plant responses to environmen-
tal stimuli, and cold-induced Ca** influx is an early response to low-
temperature stress (Zhang et al., 2022). Furthermore, the expression
of specific cold-responsive (COR) genes is Ca**-dependent (Igbal
et al.,, 2022). For instance, cyclic nucleotide-gated channels (CNGC)
in Arabidopsis and moss and the chilling tolerance divergence 1
(COLDI)-regulator of G-protein signaling 1 (RGA1) complex in
rice, which comprises the plasma membrane and endoplasmic
reticulum-localized cold sensor COLD1 and RGA1, are all involved
in regulating Ca®" signaling under cold stress. This ultimately
activates the expression of downstream COR genes (Shi and
Yang, 2015; Igbal et al., 2022). In addition to Ca**, ROS function
as signaling molecules during cold-stress responses (Mittler et al.,
2022). However, the role of ROS is dual-faceted. Specifically,
although moderate ROS levels activate gene expression and protein
synthesis to protect cells, excessive ROS accumulation leads to
oxidative stress (Xia et al., 2015).

Following signal perception and transduction, plants activate
downstream transcriptional regulators and induce expression of
COR genes. One of the best-characterized pathways involves C-
repeat-binding factors (CBF)/dehydration-responsive element-
binding (DREB) factors, which are rapidly induced by cold and
bind to the promoters of COR genes to activate their transcription
(Liu et al., 2018). Cold signaling pathways are typically categorized
into CBF/DREB-dependent and CBF/DREB-independent pathways.
In the CBF/DREB-dependent pathway, signal transduction pro-
ceeds primarily via the ICEI-CBF-COR module. Although the
CBF-COR pathway is considered a central component of the
plant cold response, many COR genes are not regulated by CBFs
(Shi et al., 2018). Furthermore, transcription factors, such as
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HSFCI, ZATI10/12, RAV1, CZFI, and HY5, modulate plant cold
tolerance independent of CBFs (Vogel et al., 2005; Catala et al,
2011; Jia et al., 2016; Zhao et al., 2016; Fan et al.,, 2021).

In plants, general control non-derepressible 2 (GCN2) is the
only known eukaryotic initiation factor 20 (eIF2ar) kinase encoded
by a single gene (Zhang et al., 2003, 2008). During protein synthesis,
GCN2 phosphorylates the o-subunit of eIF2, thereby facilitating its
binding to eIF2B (Zhang et al., 2008). This interaction prevents the
conversion of elF2y-guanosine diphosphate to elF2y-guanosine
triphosphate due to the lack of eIF2B. This disrupts the translation
initiation cycle and regulates protein synthesis (Li et al., 2018). In
addition, GCN2 is a protein kinase that responds to various stresses,
including cold, drought, hormone treatments (SA and MeJA),
herbicides (chlorsulfuron), heavy metals (cadmium), wounding,
and ultraviolet radiation (Lageix et al., 2008; Li et al., 2018; Zhao
et al.,, 2018; Liu et al., 2019; Llabata et al., 2019; Lokdarshi et al.,
20205 Cho et al., 2022). Moreover, GCN2 upregulates the phospho-
rylation of its substrate NteIF2a. and improves plant tolerance to
drought and cadmium stress (Wang et al., 2023; Shi et al., 2024).

In Arabidopsis thaliana, AtGCN2 interacts with AtGCN1 to
activate the phosphorylation of eIF20., thereby enhancing
Arabidopsis tolerance to cold stress (Wang et al.,, 2017).
Moreover, AtGCN2 is essential for elF2o. phosphorylation and
improving cold tolerance in Arabidopsis. As a homolog of AtGCN2,
NtGCN2 may play an important role in the response of tobacco
plants to cold stress. Tobacco is an ideal model plant that has long
served as a valuable reference for understanding the mechanisms
through which economic crops respond to abiotic and biotic stress.
Therefore, to investigate the function of Nt\GCN2 under cold stress,
this study subjected NtGCN2-overexpressed(NtGCN2-OE) and
K326 tobacco plants (Nicotiana tabacum L.) to low-tempera-
ture treatment.

Interactions between ROS and Ca®" have been reported; how-
ever, the precise mechanisms of their crosstalk in cold signal
transduction remain unclear. Furthermore, although the CBEF/
DREB-dependent signaling pathway has been extensively studied
and is relatively well understood, the mechanisms and gene regu-
latory networks involved in the CBF/DREB-independent pathway
remain largely unclear and warrant further investigation.

Therefore, this study aimed to elucidate the role and potential
mechanisms of NtGCN2 in the cold-stress response of tobacco plants
by integrating physiological, biochemical, and RNA sequencing (RNA-
seq) data. This study provides a theoretical basis for the identification of
gene resources related to cold stress and contributes to understanding
the signaling networks involved in cold-stress responses.

2 Materials and methods

2.1 Plant materials, growth conditions and
stress treatments

The experimental materials, Nicotiana tabacum L. cv. K326 and
three distinct NtGCN2-overexpressed tobacco lines (OE-1, OE-2,
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and OE-3), derived from the K326 transformation background,
were developed and maintained in our laboratory (Li et al., 2018). In
this study, K326 is widely adopted due to its stable genetic
background and high transformation efficiency, which facilitate
transgenic analysis. Moreover, its moderate sensitivity to abiotic
stresses, including cold stress, makes it a suitable model system for
assessing gene function and dissecting molecular mechanisms
underlying stress tolerance (Din et al., 2025).

The seeds were disinfected using a 10% sodium hypochlorite
solution, and then, with the aid of a toothpick, the disinfected seeds
were sown on MS solid medium in a sterile laminar flow hood After
10 days of continuous cultivation, the tobacco seedlings were trans-
ferred to black square pots (10 x 10 cm) containing a mixture of
sterile soil and nutrient soil (Floragard, Germany) in a 1:1 ratio. They
were grown under normal watering conditions for 3-4 days to allow
acclimatization, and then uniformly growing plants were selected for
stress treatments. The seeds and transplanted tobacco plants were
placed in a growth chamber under light conditions of 28°C with a 16
h/8 h light/dark cycle and a relative humidity of (75 + 5)%.

For cold stress, tobacco seedlings were subjected to 4°C for 0, 3,
and 6 hours (under continuous light conditions). At each time
point, the third leaf from the top was collected, with three inde-
pendent biological replicates at each time point. The samples were
flash-frozen in liquid nitrogen and stored at -80°C for subsequent
quantitative analysis and RNA-seq. Samples for physiological and
biochemical analysis were collected at 0, 3, 6, and 12 hours of cold
stress treatment. For germination rate experiments, seeds were
subjected to 15°C low-temperature stress to avoid the inhibitory
effect of 4°C on seed germination.

2.2 Measurement of chilling injury index

Chilling injury (CI) was assessed visually based on the propor-
tion of leaf surface area exhibiting pitting and dark, water-soaked
lesions. The severity of CI was rated on a 5-point scale as follows: 0
= no visible injury; 1 = injury affecting < 25% of the surface area;
2 = 25-50%; 3 = 51-75%; and 4 = > 75%. The CI index was
calculated using the following formula: CI index (between 0 and 4)
= [X (CI scale x number of leaf at each CI level)/total number of leaf
in the treatment] (Huqing Yang, 2011).

2.3 Germination rate and phenotypic
characterization

Low-temperature stress (< 15°C) inhibits the germination of
tobacco seeds, and as the temperature decreases further, the
germination time is progressively prolonged, with seeds potentially
failing to germinate altogether. Therefore, a temperature of 15°C
was selected for the tobacco seed germination experiment (Gechev
et al,, 2003; Wang, 2006). A layer of sterile absorbent cotton was
placed at the bottom of a circular glass Petri dish, followed by a
sheet of filter paper. The sterile absorbent cotton and filter paper
were thoroughly wetted with water. Disinfected seeds were then
placed on the filter paper at a 10 x 10 cm ratio using a toothpick.
The Petri dishes were subsequently placed in a light-controlled
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growth chamber set to 15°C and 25°C for seed germination
experiments, with three biological replicates for each genotype.

Phenotypic images of tobacco seedlings subjected to cold stress
were taken and analyzed. Different cold stress symptoms, such as
leaf color, morphology, wilting, and dehydration, were classified
and rated according to severity (The cold damage index was
calculated independently for each plant.).

2.4 Histochemical staining

The superoxide anion (O,") was detected in tobacco seedlings
by conducting histochemical staining with nitroblue tetrazolium
(NBT) (Kong et al., 2011). Tobacco seedlings or punched leaf discs
were immersed in NBT staining solution for 1 hour, followed by
substitution with 95% ethanol. After decolorization in the dark at

37°C, images were taken.

2.5 Determination of antioxidant enzyme
activity

Superoxide Dismutase (SOD) and Catalase (CAT) were mea-
sured using an enzyme activity assay kit (Keming Biotechnology
Co., Ltd.).

2.6 Determination of malondialdehyde,
proline and ABA content

MDA and free proline were determined using MDA and proline
assay kits (Nanjing Zhongding Biotechnology Co., Ltd., China).

ABA content was determined using an enzyme-linked immu-
nosorbent assay (ELISA; China Agricultural University,
Beijing, China).

2.7 Determination of chlorophyll content

As described by previous studies, a certain mass of tobacco
leaves was immersed in 95% ethanol for 24 hours. The absorbance
of the supernatant was measured using a UV spectrophotometer,
and chlorophyll content was calculated based on the absorbance
values (Wang, 2006; Wang et al., 2023).

2.8 RNA-seq analysis

Simultaneously subject 36 tobacco seedlings to 4°C cold stress,
the third leaf (counted from the top) of tobacco seedlings was
collected at 0 h, 3 h, and 6 h. The samples were immediately placed
into cryogenic tubes, rapidly frozen in liquid nitrogen, and subse-
quently shipped on dry ice to OE Biotech Co., Ltd. (Shanghai,
China) for further analysis. Each sample included three biological
replicates, resulting in a total of 36 samples. The reference genome
of Nicotiana tabacum cultivar K326, version Nitab4.5, was obtained
from the Sol Genomics Network database (SGN; https://
solgenomics.net/) (Edwards et al., 2017). Total RNA was extracted
using TRIzol and quality-checked with NanoDrop 2000 and Agilent
2100. Libraries were constructed using the VAHTS Universal V5 kit
and sequenced by OE Biotech (Shanghai, China). Clean reads
(filtered by fastp) were aligned to the Nicotiana tabacum genome
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using HISAT2. Gene expression was quantified with HTSeq-count
and normalized as FPKM. Differentially expressed genes (DEGs)
were identified using DESeq2 (fold change > 2, g-value < 0.05),
followed by GO and KEGG enrichment analyses (Wang
et al., 2023).

2.9 Real-time quantitative reverse
transcription PCR

Total RNA was extracted, and first-strand cDNA was synthe-
sized as previously described. qRT-PCR was conducted using the
same methodology (Li et al., 2018). The NtL25 (L18908) gene was
used as reference gene. The samples used for qRT-PCR validation of
RNA-seq results were derived from another batch of independent
replicate experiments. Primer design for all genes was carried out
using Primer 5.0 and TBtools, and the corresponding sequences are
provided in Supplementary Table S1.

3 Result

3.1 NtGCNZ2 positively regulates cold
tolerance in tobacco

Under control conditions (25°C), the germination rates of
NtGCN2-overexpressed (OE) lines and K326 were comparable.
However, under low-temperature stress (15°C), NtGCN2-OE lines
exhibited markedly enhanced seed germination rates compared
with those of K326 (Figures 1A, B).

At the beginning of the cold stress of seedlings, the Nt\GCN2-OE
lines and K326 plants displayed similar phenotypes. In contrast,
after exposure to cold stress, OE lines showed markedly reduced
wilting symptoms relative to those of K326, thus demonstrating
enhanced tolerance to cold stress. This phenotypic advantage was
particularly evident during the initial 3 or 6 h of cold exposure
(Figures 1C, E).

Furthermore, qRT-PCR analysis confirmed that NtGCN2 ex-
pression was rapidly induced by cold treatment (Figure 1D).
Collectively, these results demonstrate that Nt*GCN2 is involved in
the cold stress response of tobacco and that its overexpression
enhances cold stress tolerance.

3.2 NtGCNZ2 enhances ROS scavenging via
antioxidant enzymes under cold stress

Low-temperature stress disrupts the equilibrium between ROS
production and scavenging, leading to oxidative damage. To assess
ROS accumulation, nitroblue tetrazolium (NBT) staining was
performed to visualize superoxide anions (O,’) in the leaves of
OE and K326 plants. Under control conditions, all lines exhibited
comparable NBT staining intensity, thereby indicating similar basal
O, levels. However, following cold stress, staining intensity
increased in both genotypes, but this increase was substantially
attenuated in OE lines compared with that of K326 plants, thereby
demonstrating reduced O, accumulation (Figures 2A, B).
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Cold-tolerance analysis of NtGCN2. (A) Photographs showing the maximum germination rate of transgenic and K326 tobacco seeds under low-
temperature stress (15°C); (B) Quantification of germination rates at 15°C; (C) Phenotypes of transgenic and WT tobacco plants under low-
temperature stress (4°C) for different durations; (D) Quantitative reverse transcription PCR (QRT-PCR) analysis of NtGCN2 expression in transgenic
and K326 plants under cold treatment; (E) Statistical analysis of damage severity in transgenic and WT plants under cold stress. For panel (A), 100
seeds were used per plate in each experiment. Error bars represent the mean + standard deviation (SD). Asterisks indicate statistically significant
differences compared with those of the WT (P < 0.05 or P < 0.01), as determined by Duncan’s multiple range test.

Excessive ROS accumulation induces lipid peroxidation, as
quantified by MDA, a well-established biomarker of membrane
damage. Consistent with the ROS data, the MDA content was
similar across genotypes under control conditions. However,
after cold treatment, the OE lines exhibited markedly lower MDA
levels than those of K326, confirming reduced oxidative
damage (Figure 2C).

To elucidate the mechanism underlying reduced ROS accumu-
lation, the activities of the key antioxidant enzymes superoxide
dismutase (SOD) and catalase (CAT) were measured. Under non-
stress conditions, SOD and CAT activities were comparable be-
tween the OE lines and K326 plants. Strikingly, upon cold exposure,
both SOD and CAT activities were considerably elevated in the OE
lines relative to those in K326 (Figures 2D, E).

To evaluate osmotic adjustment, the leaf free-proline content
was measured. Under cold stress, the OF lines accumulated mark-
edly higher proline levels than those of K326, suggesting a potential
role of NtGCN2 in osmotic regulation under low-temperature
conditions (Figure 2F).
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Collectively, these results demonstrate that NtGCN2 overex-
pression potentiates the antioxidant defense system under cold
stress, thereby enhancing ROS detoxification through the upregu-
lation of SOD and CAT activities, and ultimately mitigating
oxidative damage.

3.3 NtGCN2 modulates ABA accumulation
and maintains chlorophyll content under
cold stress

The chlorophyll dynamics, which are critical indicators of photo-
synthetic competence, were monitored. Under control conditions, OE
lines displayed elevated chlorophyll a/b, and total chlorophyll content
relative to that in K326 plants. Following cold stress, all genotypes
experienced chlorophyll degradation; however, the OE lines retained
considerably higher chlorophyll levels than those in K326 plants
(Figures 3A-C). This demonstrated that NtGCN2 overexpression
mitigated cold-induced chlorophyll loss, most likely by preserving
photosynthetic capacity under stress conditions.
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FIGURE 2
Antioxidant capacity of transgenic tobacco under cold stress. (A) Whole-leaf nitroblue tetrazolium (NBT) staining of two-leaf stage transgenic and
K326 seedlings after cold treatment for different durations; (B) NBT staining of leaf discs (punched using a hole puncher) from 5-6 leaf stage
seedlings after cold treatment; (C—F) Quantification of physiological and biochemical indices after cold treatment in transgenic and WT plants,
including: (C) Malondialdehyde (MDA) content, (D) catalase (CAT) activity, (E) superoxide dismutase (SOD) activity, and (F) free-proline content. Error
bars represent the mean + standard deviation (SD) of three independent biological replicates (n = 3). Asterisks indicate statistically significant
differences compared with those of the K326 (P < 0.05 or P < 0.01), as determined by Duncan’s multiple range test.

Given the established role of ABA in stress adaptation, ABA
levels in OE and K326 plant were quantified during cold exposure.
ABA content progressively increased with cold treatment duration
in both genotypes. Notably, the OE lines exhibited markedly higher
ABA accumulation than that in K326 plants at all time points
(Figure 3D). However, MeJA and brassinosteroid levels were also
measured, and no consistent patterns of change were observed
(Figures 3E, F). These results indicate that NtGCN2 positively
regulates cold-induced ABA biosynthesis, potentially enhancing
stress signaling.
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3.4 Transcriptomic profiling reveals
NtGCNZ2-mediated gene regulation under
cold stress

Transcriptomic analysis of OE and K326 plants was conducted
under cold stress. High-quality RNA sequencing of the 36 samples
yielded an average of 48.91 million clean reads per sample (total =
1760.73 million reads; 253.58 Gb clean bases), with valid bases
exceeding 94.15%, Q30 scores >93.93%, and GC content between
43.47-44.52% (Supplementary Tables S2-S3). Rigorous quality
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Chlorophyll and hormone contents in transgenic tobacco under cold conditions. (A) Chlorophyll a content; (B) Chlorophyll b content; (C) Total
chlorophyll content; (D) Abscisic acid (ABA) content; (E) Methyl jasmonate (MeJA) content; (F) Brassinosteroid (BR) content. Error bars represent the
mean + standard deviation (SD) of three independent biological replicates (n = 3). Asterisks indicate statistically significant differences compared with
those of K326 (P < 0.05 or P < 0.01), as determined by Duncan’s multiple range test.

assessment, including principal component analysis and sample
clustering, confirmed the high data reproducibility and reliability of
the downstream analysis (Supplementary Figure S1).

Differential gene expression revealed that under control conditions
(25°C), 1024 differentially expressed genes (DEG) were identified
between NtGCN2-overexpressing lines (OE) and K326 (Figures 4A,
B). Following cold stress (4°C), DEG numbers increased to 1473 at 3 h
and 1111 at 6 h (Figures 4A, C, D), thereby demonstrating that Nt\GCN2
overexpression substantially reshapes the transcriptional response
to cold.

Functional enrichment gene ontology (GO) revealed that DEGs
under control conditions were enriched in 1170 GO terms. These
included response to salicylic acid, positive regulation of auxin-
mediated signaling pathways, and DNA-binding transcription
factor activity (Figure 5A). Moreover, after 3 h of cold stress,
enrichment shifted to 1417 terms. This was dominated by the
positive regulation of auxin signaling, response to salicylic acid,
the CCAAT-binding factor complex, and transcription regulatory
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region DNA binding (Figure 5B). After 6 h of cold stress, enrich-
ment peaked at 1482 terms, with key categories implicated in
cellular oxidant detoxification, regulation of response to osmotic
stress, (+)-abscisic acid D-glucopyranosyl ester transmembrane
transport/transporter activity, and dioxygenase activity (Figure 5C).
Pathway analysis (Kyoto Encyclopedia of Genes and Genomes)
showed 72 enriched pathways under control conditions, notably
peroxisomes, plant hormone signal transduction, and mitogen-activated
protein kinase (MAPK) signaling pathway (Figure 5D). After 3 h of cold
stress, 89 pathways were enriched, including plant hormone signal
transduction, protein processing in the endoplasmic reticulum, phenyl-
alanine/tryptophan metabolism, and alpha-linolenic acid metabolism
(Figure 5E). After 6 h of cold stress, 88 pathways were enriched,
primarily plant hormone signal transduction, circadian rhythm-plant,
brassinosteroid biosynthesis, biosynthesis of various plant secondary
metabolites, and alpha-linolenic acid metabolism (Figure 5F).
Validation was conducted via QRT-PCR. To confirm the RNA-seq
reliability, six DEGs (Nitab4.5_0005212g0050, Nitab4.5_0002419g0020,
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Nitab4.5_0021312g0010, Nitab4.5_0000222g0080 and
Nitab4.5_0003878¢0020, Nitab4.5_0003983g0070) were analyzed.
Their expression patterns under both control and cold-stress condi-
tions were highly consistent with the RNA-seq data, thus validating the
transcriptomic findings (Supplementary Figure S2).

3.5 Integrated analysis reveals molecular
mechanisms of NtGCN2-mediated cold
tolerance

By integrating physiological, biochemical, and transcriptomic data,
the molecular mechanisms through which NtGCN2 confers cold
tolerance were elucidated. The first mechanism was chlorophyll
maintenance. Cold stress induced differential expression of 10 chloro-
phyll-related genes in OE plants. The upregulated genes included
chlorophyll synthesis regulators [HEMAI (Nitab4.5_0009708g0010),
PORI (Nitab4.5_0002526g0100)] and light signaling/chloroplast
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development factors [FARI (Nitab4.5_0000443g0060), GRF5
(Nitab4.5_0006741g0010), PGR3 (Nitab4.5_0000090g0200), EGY3
(Nitab4.5_0001099¢0050, Nitab4.5_0010145g0010), ATJ20
(Nitab4.5_0000188¢0090), STY17 (Nitab4.5_0001198¢0210), CRR2
(Nitab4.5_0002499¢0120), and HY5 (Nitab4.5_0009676g0030)]. This
coordinated upregulation provides a transcriptional basis for the
observed preservation of chlorophyll levels in the OE lines under
cold stress (Figure 6; Supplementary Table S4).

The second mechanism was proline accumulation and nitrogen
regulation. NtGCN2-OE modulated the key genes involved in proline
metabolism under cold stress. In terms of synthesis/accumulation,
proline aminopeptidase homologs [PAPI (Nitab4.5_0002589¢0070;
Nitab4.5_0005625g0020) and PAP2 (Nitab4.5_0002064g0060)] and
the proline transporter ProT (Nitab4.5_0006950g0010) were upregu-
lated. In terms of metabolic regulation, the phosphate starvation
regulator PHRI (Nitab4.5_0008908¢0020) was upregulated, potentially
activating ProDH2/P5CS1 (Figure 6; Supplementary Table $4).

frontiersin.org


https://doi.org/10.3389/fpls.2026.1833586
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

10.3389/fpls.2026.1833586

FGON2-0E-vs-K226 {4°C, D h)
TOP 20 GO Tam
Gl i rmatabolic
DA replication
Mitatic recombination—dependant ... |
Synthesia of RMA primer |nvo|ved m {—
Telomara mai Ca via
Response to salicylic 2 cid "
—
[r—
[r—

MNegative regulation of responze to salt
Positive regulation of auxin mediated ..
HNuclecsame assembly

Responss Lo chitin
Monclayer-surroundad lipid storage bodyf
Epsilon DNA polyrnerase complex:
Cendensed nuclear chromosorme:

) ’ Crganelle
Muclear chramatin
COAMT-binding factor complex

MNucleus|

Alphia DNA palyrrarase primase cormplxd

= 2
i
Fo
=
[
Nuckosormadt
Tranacription reguiatory region DNA binding
Chitin bincling f
DNA primase activity
F i sphate <. [
Muclotidase activity j—
S-nuclsotidase activity
Sequance—spacfic DA binding [
DNA-binding transaription factor activiy {mm—m"8
DNA binding p—
Protein heterodirnarization activil

05 10 15 20 25
-log, [p-value)

NIGCNZ-0E-vs K326 (4°C. 6 h)
TOP 20 GO Term

Hylan

{+-abscisic acid D—gluoopyra nosyl ..
Regulation of roat devempment
Agglutinatian invalved in conjugatian|
Sulfate assimilation

F ion of e asmatic
Regulation of suifur ublization
Sulfate reducton
Callular oxidant deloxificaton|
Callular responsa to sulfur starvation
UZAFE
Tr ion release facior con

Membrane

Manalayer-suraunced lipid storage |

Intrinsie eompanent of endeplasmic ..
Glycing cleavage compbex
Cyloplasm|
Muciear ubiguitin ligase complex
Amyloplast]

Nuclea iptional reprassar

Grycogen (starch} synthase activity
ADP hbirding
L activity

(+}-abscisic acid D-glucopyranogyl ..
UDP-glucosyitransfarase activity
Channel activityy
Alpha-L-arabinofuranosidase activity]
Xylsn 1,4-bata-xylosidase activity

Adenylylsuf TiRer A

Adenyryl -zulfate reductase aac:tn.'lt;,I

B =] 12
log, (p-value)

MNIGCNZ-0E-v=-K3256 (4°C, 3 h)

TOP 20 KEGG Pathway m
Plant horrona signal ion

Protain processing in endoplasmic .. {e
Taurine and hypataurine metabclism] -
Diterpencid biosynthesis -
Stilbencid, diarylheptanaid and gingerel L] Murnher
Witarmin BS rr'atabullsm
Flavonoid biosynthesis)
Suffur metabolism

i

AT

Phenylalanine metabolism .
Sesquiterpencid and triterpenaid

Fhenylpropanoid biosynthesis{ L ]
Butarcata rmetabelism .

Gutin, suberirg and wax biosynthesis|

beta-Alanine metabolism

Zzatin biosynthesis

Caratenoid binsynthesis|

Alanina, aspartate znd glutamate ...

IR

T
alpha-Linclenic acid metabolism
Glutathione metabolism

2 2 §
Enrichment Scora

FIGURE 5

Metabolism (Metab), and Organismal Systems (Organs).

NHECN2-0E-vs-K326 (4°C, 2 h)
TOP 20 GO Term
Gi jin binsyrthetic p
Ethylene-activated signaling pathway jm—
fa] ion hor i
Lignin biosyrthetic process m—
Magative regulation ofhansl:nphnn |
Cellular resp o sulfur 3tal
R ta cycloheximi
Water transpor

0
Response to kariikin
Central vacuol
Golgi transpart complexy
Nuclear body
Protein-containing complex|
Intracellutar membrane—baunded .|
Muclear transcrpticnal repressor ...
Extracallutar region)
Organelle]
Muclear ubiquitin ligase complax)
CCMTO—binding factor complex

Quercetin 7-
Quercetin 3-0-gl I i
Caffeoyl- CMO mcu { i
UDF i vty
Irory jor bindingj———
Monsaxyganase aclivity m——
Oxidoreductase activity, acting on .. {————
DMA-binding transcripticn factor activity
Hema hlndlng_
Water channel

0 25 50 TE
-tag to-valua)

MBCNZ-OE-ve-K325 (4'C, 0 hy
TOP 20 KEGG Palhway
Peroxisome| @&
MAPE signaling pathway - plant []
Plant harmone signal

DA replication.
Praotain processing in endopiasmic ..) @

P et 'T-"J

Linoleic acid matabolism
Stilbenaid, diarylheptancid and . -

Porphyiin metanolism .
Zaatin biceynthesis] L

Fatty acid degradation{ .

alpha-| L-nolemc acid metahohsm 'y
lavonoid b » =
Temenokl backbone blosynlheS|s = i
Tropane, piperding and pyridine ... -
Laratencid biosynthesis- -
Pyrimidine matabolism) L
Purine metabolism L
aling, leucine and izaleucing ...
Starch and sucrose matabolismy

Phany

i

Z 2 4 3
Enrichmant Score

MIGON2-OE-ve-K325 (4'C. & h}
TOF 20 KEGG Pathway
Flant hormone gignal transduction{ &

Gluzasinolate bicsynthesis|
Brassinceteroid biosynthesis| .
alpha-Linaleniz acid metzbolisn L]
Linclec acid metabolism) Number
Cine carbon pocl by folatey . |
Alanine, azpartate and glutamate .. | L]
Fropanoate matabolism .
Driterpencid bicaynthesis)
Valing, =ucing and isoleusine | -
Bicgynthesis of varous plant .. | -
Sulfur matabolism L]
Flavonoid biosynthesis) .
Cyanoarming acid matabaligrr
Fatty acid elangation| .
Citrata cycle {TCA cycla -
Pynriate metzholism| =
F'har ylprupanold blosynthesls
G

Clrcaduan rhythm = plant{ ,?

Ennchment Sc.ore

T}

Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis of NtGCNZ2 overexpression (OE) versus
K326 under cold conditions. (A—C) Top 30 significantly enriched GO terms in Biological Process, Cellular Component, and Molecular Function
categories at 0 h (A), 3 h (B), and 6 h (C) after cold exposure.(D—F) Top 20 enriched KEGG pathways identified at O h (D), 3 h (E), and 6 h (F) after
cold exposure. Categories are indicated on the right: Environmental Information Processing (Envl P), Genetic Information Processing (GenlP),

In terms of nitrogen signaling, nitrogen transporters, such as
AMTI;3 (Nitab4.5_0002600g0010; Nitab4.5_0005734¢0020),
NRT1.4 (Nitab4.5_0000163g0340; Nitab4.5_0001750g0050), AMT2
(Nitab4.5_0000444g0190), NRT1.9 (Nitab4.5_0000003g0010;
Nitab4.5_0011731g0010), and NRT3.2 (Nitab4.5_0003741g0010),
were actively regulated. In terms of glutamate flux, the glutamate
decarboxylases GAD3 (Nitab4.5_0000944g0090) and GAD4
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(Nitab4.5_0001180¢0150; Nitab4.5_0003066g0030) were downreg-
ulated. This diverted glutamate toward proline synthesis (Figure 6;
Supplementary Table S4).

The third mechanism was enhanced antioxidant capacity.
Consistent with the elevated enzyme activity, N\GCN2 OE upregulated
critical ROS-scavenging components under cold stress. The following
peroxidases were upregulated: DOX1 (Nitab4.5_0001952¢0110;
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Heatmap representation of DEGs related to cold stress responses in transgenic (OE) and K326 tobacco plants exposed to cold stress for 0, 3, and
6 hours. Genes were grouped into four functional categories: Chlorophyll maintenance (green), Proline accumulation and nitrogen regulation
(orange), Antioxidant system and ROS homeostasis (blue), and ABA biosynthesis and signaling modulation (yellow). Gene expression values were

normalized and log,-transformed.

Nitab4.5_0007254g0040), POD (Nitab4.5_0008525¢0010), and PER54
(Nitab4.5_0008525¢0020). The following ROS homeostasis regulators
were upregulated: BPAI (Nitab4.5_0000274g0110;
Nitab4.5_0001108g0060), SPL4 (Nitab4.5_0002219g0060), AARE
(Nitab4.5_0001497g0060; Nitab4.5_0012986¢0020), MYB4
(Nitab4.5_0000365g0050), AOX3 (Nitabd.5_0001198g0240), and
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ANP2 (Nitab4.5_0000440g0090). In terms of reduced glutathione
degradation, GGT3 (Nitab4.5_0000818g0070) and Chac2
(Nitab4.5_0003963g0020; Nitab4.5_0001159¢0090) were downregu-
lated. This transcriptional reprogramming directly supported the
observed increase in peroxidase activity and reduced oxidative
damage (Figure 6; Supplementary Table S4).
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The fourth mechanism was ABA biosynthesis and signaling modu-
lation. N(GCN2 profoundly altered ABA metabolism and signaling. In
terms of enhanced biosynthesis, carotenoid pathway genes [NCEDI
(Nitab4.5_0000030g0420; Nitab4.5_0005280¢0010), VDEI
(Nitab4.5_0009050g0050), and Z-ISO (Nitab4.5_000651950030)] and
ABA signaling components [PP2C5 (Nitab4.5_0000789g0020;
Nitab4.5_0003391g0010), ABCG40 (Nitab4.5_0003555g0060), DCAFI
(Nitab4.5_0026868¢0010), and MEDI6 (Nitabd.5_0005271g0020)] were
upregulated. In terms of reduced degradation/inhibition, the ABA hydrox-
ylase encoding gene CYP707A4 (Nitab4.50000986g0020) and the ABA
synthesis inhibitory transcription factor LHY (Nitab4.5_0000005g0090;
Nitab4.5_0004821g0020; Nitab4.5_0009714g0010) was downregulated
(Figure 6; Supplementary Table S4).

10.3389/fpls.2026.1833586

In terms of the attenuated signaling response, key signaling
components, including COPI1 (Nitab4.5_0000143¢g0520;
Nitab4.5_0028943¢0010), SDIR1 (Nitab4.5_0000249¢0020), DPBF4
(Nitab4.5_0000188¢0190), and RHA2B (Nitab4.5_0009441g0010)
were downregulated. These changes collectively explain the
elevated ABA accumulation in the OE lines and suggest that
NtGCN2 fine-tunes ABA signaling during cold adaptation
(Figure 6; Supplementary Table S4).

To further investigate the transcriptional regulatory mecha-
nisms under cold stress, differentially expressed transcription fac-
tors (TFs) were identified at multiple time points following low
temperature treatment, and their potential target genes were pre-
dicted to construct a TF-target regulatory network. The analysis
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FIGURE 7

Transcription factor (TF)-target regulatory network and expression patterns under cold stress conditions. (A) Sankey diagram illustrating the
associations between transcription factor families (left), individual transcription factors (middle), and their corresponding target genes (right) in
tobacco under cold stress. TFs are classified into major families including Trihelix, NAC, MYB, LUX, LBD, ERF, bZIP, bHLH, and ARF. Links represent
predicted or validated regulatory relationships. (B) Heatmap showing the expression profiles of selected TFs in wild-type (K326) and transgenic (OE)
tobacco lines under low temperature treatment (4 °C) at O, 3, and 6 hours.
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FIGURE 8
Proposed model for NtGCN2-mediated cold stress tolerance. By integrating physiological, biochemical, and transcriptomic data, the study proposed
a mechanistic model wherein NtGCNZ2 orchestrates cold adaptation as follows: (1) modulating osmotic balance through enhanced proline
biosynthesis and transport, (2) ameliorating oxidative damage by upregulating ROS scavenging capacity; (3) maintaining photosynthetic integrity via
sustained chlorophyll accumulation, and (4) elevating ABA levels to potentiate stress signaling.

revealed several key TFs from different families, including MYB,
NAC, ERF, and bZIP, which may regulate cold-responsive genes
(Figure 7A). Notably, expression profiling showed that ERF009
(Nitab4.5_0010294¢0020) and ERF095 (Nitab4.5_0000073g0330)
were continuously upregulated under cold stress, whereas
NAC062 (Nitab4.5_0007026g0040), HY5 (Nitab4.5_0009676g0030)
and ERF012 (Nitab4.5_0000073g0330) were consistently downreg-
ulated, suggesting distinct roles in the transcriptional response to
cold exposure (Figure 7B; Supplementary Table S5).

4 Discussion

Cold conditions severely restrict plant growth, development,
and distribution, resulting in severe yield loss and mortality (Gong
et al., 2020; Soualiou et al., 2022; Zhang et al.,, 2022). The protein
kinase GCN2 regulates stress adaptation across kingdoms by
phosphorylating eIF2at to modulate protein synthesis; however,
its specific mechanisms in plant cold responses remain poorly
defined. Building on previous findings that NtGCN2 enhances
antioxidant capacity, ABA/proline accumulation, and growth (Li
et al., 2018), this study integrated physiological, biochemical, and
transcriptomic analyses to elucidate the mechanisms through which
NtGCN2 confers cold tolerance to tobacco. The study demonstrates
that NtGCN2 orchestrates a multi-faceted defense by upregulating
genes involved in antioxidant defense, proline biosynthesis, ABA
synthesis, and chlorophyll maintenance, thereby enhancing ROS
scavenging, osmotic adjustment, stress signaling, and photosyn-
thetic resilience under cold stress (4°C).

Frontiers in Plant Science

12

4.1 Chlorophyll preservation and
photosynthetic integrity

Cold stress disrupts photosynthesis, notably through chloro-
phyll degradation and chloroplast impairment, manifesting as leaf
yellowing and wilting. In this study, NtGCN2 sustained the chlo-
rophyll content by upregulating key biosynthesis genes (HEMAI
and PORI), chloroplast development/function genes (GRF5, PGR3,
EGY3, ATJ20, STY17), and light-signaling components (FARI,
COP1, SPA2, HY5). This transcriptional program likely counteracts
cold-induced chlorophyll catabolism and chloroplast dysfunction.
This preserves photosynthetic capacity, which is a critical determi-
nant of cold tolerance (Yuan et al., 2018; Gu et al., 2021; Li et al,,
2024; Feng et al., 2025). Notably, upregulation of phyA signaling
genes (SCL21, FARI) suggests potential crosstalk between NtGCN2
and light signaling pathways in stress adaptation, warranting
further investigation.

4.2 Proline accumulation and osmotic
regulation

To mitigate cold-induced cellular dehydration, plants accumu-
late osmolytes, such as proline (Hayat et al., 2012). NtGCN2
overexpression markedly elevated proline levels. This correlated
with upregulated proline biosynthesis (PAP1, PAP2) and transport
(AAP4, ProT) genes and downregulated glutamate decarboxylase
(GAD3, GAD4), thereby diverting glutamate flux toward proline
synthesis. Furthermore, NtGCN2 modulates nitrogen transporter
genes (AMT1;3, AMT2, NRT1.4, NRT1.9, NRT3.2), thus implicating
nitrogen signaling in osmotic adjustment. Proline accumulation is
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also regulated by ABA, ROS (H,0,), and Ca*" signaling (Yuan et al.,
2018; Shrestha et al,, 2021; Li et al,, 2022). The study data suggest that
NtGCN2 may indirectly potentiate proline accumulation by elevating
ABA levels. This modulates ROS homeostasis and upregulates
Ca?* signaling components (RGA1/COLDI, CIPKs, CMLs, CNGCs),
ultimately forming an integrated osmotic defense network.

4.3 Antioxidant defense against oxidative
stress

Cold-induced ROS imbalance causes oxidative damage (Zhou et al,,
2025). NtGCN2 mitigated this effect by enhancing SOD and CAT
activities and upregulating peroxidase genes (DOX1, POD, PER54) and
ROS homeostasis regulators (BPAI, SPL4, AARE, MYB4, AOX3,
ANP2), while suppressing glutathione degradation (GGT3, Chac2).
This coordinated upregulation of antioxidant defenses, consistent with
previous studies on drought tolerance, directly scavenges excess ROS
and protects cellular integrity under cold-stress conditions.

4.4 ABA Biosynthesis and signaling
dynamics

ABA is a central regulator of cold acclimation (Chen et al,
2020). NtGCN2 substantially elevated ABA levels by upregulating
carotenoid pathway genes (NCEDI, VDEI, Z-ISO) and downregu-
lating the ABA catabolic enzyme encoding gene CYP707A4 and the
negative transcription factor LHY. Intriguingly, NtGCN2 simulta-
neously downregulated key ABA-signaling components (COPI,
SDIR1, DPBF4, RHA2B) and promoted ABA accumulation under
cold stress. This apparent decoupling of high ABA levels from
downstream signaling attenuation suggests that Nt\GCN2 may fine-
tune ABA sensitivity or utilize post-transcriptional regulation to
modulate stress responses. The elevated basal ABA in NtGCN2-OE
plants under control conditions, despite transcriptomic evidence
suggesting suppressed synthesis and enhanced degradation, further
implies the complex post-transcriptional or post-translational con-
trol of ABA homeostasis by NtGCN2.

While this study provides valuable insights into the role of
NtGCN2 in cold tolerance, several limitations should be acknowl-
edged. First, the conclusions are primarily based on overexpression
lines, without validation from loss-of-function mutants to fully
confirm gene-specific effects. Second, the proposed regulatory frame-
work—linking NtGCN2 to photosynthetic maintenance,
osmotic adjustment, ROS scavenging, and ABA accumulation-is
largely inferred from integrated physiological and transcriptomic
analyses. Further validation using genetic and molecular approaches,
such as loss-of-function mutants, protein-DNA interaction assays,
and post-transcriptional regulatory analyses, will be required to
confirm these mechanisms. Finally, although transcriptome profiling
revealed extensive reprogramming of stress-responsive pathways, the
functional roles of key downstream targets, including NCEDI in ABA
biosynthesis and PAPI in proline metabolism, remain to be exper-
imentally validated. Clarifying their specific contributions, as well as
their potential involvement in coordinating multiple processes such
as ROS homeostasis, Ca®* signaling, and light-responsive pathways,
will be essential for refining the proposed model. Collectively, these
future studies will be critical for establishing a more comprehensive
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and mechanistic understanding of how NtGCN2 integrates multiple
regulatory networks to confer cold tolerance in plants.

5 Conclusion

This study established a critical role for N\GCN2 in conferring cold
tolerance in tobacco. The study demonstrated that Nt GCN2 overex-
pression enhanced plant growth vigor, bolstered antioxidant capacity,
promoted ABA biosynthesis, and preserved chlorophyll content under
low-temperature stress. By integrating physiological, biochemical, and
transcriptomic data, the study proposed a mechanistic model wherein
NtGCN2 orchestrates cold adaptation as follows: (1) modulating
osmotic balance through enhanced proline biosynthesis and transport,
(2) ameliorating oxidative damage by upregulating ROS scavenging
capacity; (3) maintaining photosynthetic integrity via sustained chlo-
rophyll accumulation, and (4) elevating ABA levels to potentiate stress
signaling (Figure 8). Collectively, these findings confirmed that
NtGCN2 enhances cold tolerance by regulating proline metabolism,
antioxidant defense, chlorophyll homeostasis, and ABA biosynthesis.
This study considerably expands the functional understanding of the
conserved GCN2 signaling network in plants and provides valuable
genetic targets for improving crop resilience to cold stress. Further
research should investigate the upstream signaling mechanisms that
activate NtGCN2 under cold stress, including its potential regulation by
amino acid availability, tRNA phosphorylation, or other stress-induced
cues. Additionally, exploring the cross-talk between NtGCN2 and other
stress response pathways—such as ABA signaling, ROS homeostasis,
and cold-responsive transcriptional networks—will be essential for
elucidating its integrative role in plant stress adaptation.
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