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Abstract 

Hemp (Cannabis sativa L.) has a long cultivation history around the world. In north-

east part of China, the alkaline soil geology severely reduces crop production. In 

this study, we tried to evaluate the impacts of alkali-induced stress on the photosyn-

thetic status and physiological indices of hemp plants. The microscopic evaluation 

of endogenous ultrastructure clearly demonstrated significant oxidative damage to 

the structure of the photosynthetic tissues associated with the membrane, resulting 

from an increase in the levels of MGDG and DGDG. The deformed photosynthetic 

apparatus induced by alkali-stress significantly inhibited the biosynthesis process 

of photosynthetic pigments, causing 49.25%, 52.72%, 65.31%, and 28.13% loss in 

total Chl, Chl a, Chl b, and carotenoids, respectively. Meanwhile, the reduction in 

chlorophyll fluorescence parameters (Pn (74.62%), Gs (39.69%), and Tr (83.77%)) 

along with the obviously increased MDA (28.57%) and H
2
O

2
 (35.18%) content exhib-

ited that the inhibitory effect of alkali-stress not only decreased the photosynthetic 

efficiency by intercepting the nutrient supply but also generated excessive ROS, 

resulting in oxidative stress. Transcriptomic analysis (RNA-sequencing) revealed 

the considerably enriched GO terms as well as KEGG pathways that exposed 

the significant DEGs. The qPCR expression evaluation of down-regulated chlo-

rophyll biosynthesis-related major genes (GOGAT (LOC115699366) and HEMA 

(LOC133032634)) and photosystem-related major genes (PSB (LOC115701338) 

and HCF (LOC115707994)) exhibited important molecular evidence for modulating 

the photosynthesis activity of hemp plant under devastating mechanism of alkali-

stress. However, the transcript patterns of photorespiration-related genes (GOX 

(LOC115697365) and GDC (LOC115707082)) showed a slower decreasing trend at 

late stress stage (at 24 ~ 48 h), and the transcription of SGAT gene (LOC115699360) 

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0326434&domain=pdf&date_stamp=2025-06-25
https://doi.org/10.1371/journal.pone.0326434
https://doi.org/10.1371/journal.pone.0326434
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-4069-9322
https://orcid.org/0009-0004-7393-2017
mailto:sikandaraman@yahoo.com
mailto:dqnkyqgc@outlook.com


PLOS One | https://doi.org/10.1371/journal.pone.0326434  June 25, 2025 2 / 22

was even enhanced by stress treatment at 48 h, probably in an attempt to adjust cel-

lular carbon balance and elevate the antioxidant properties induced by alkali-stress.

Introduction

Soil is a vital component of ecosystems, supporting plant life and acting as a reser-
voir for water and nutrients. The major issues of soil erosion, evapotranspiration, use 
of synthetic fertilizers, and heavy grazing produce unfavorable conditions that lead to 
the accumulation of excessive alkaline-salinity on the soil surface [1]. These condi-
tions are becoming the most significant threat to the sustainable progress of agricul-
ture and the ecological environment, as the biological yield and quality of crops are 
severely compromised by alkaline-sensitive mechanisms [2].

Photosynthesis is a system of biological processes by which plants convert typical 
sunlight energy into the chemical energy necessary for metabolism activity. The 
environmental fluctuations related stress often results in significant photoinhibition, 
which affects metabolic activities within lipid membranes and disrupts hormone 
degradation of plants [3]. This disruption can trigger significant metabolic syndrome, 
ion toxicity, and organelle dysfunction [4], which inhibit the photosynthesis rate 
and leaf expansion, ultimately resulting in wilting, yellowing, and stunted growth 
of the leaves [5]. Furthermore, the plasma membrane acts as a defensive obsta-
cle between the cytoplasm and external environmental factors based on various 
membrane lipids to maintain the arrangement and its essential components, while 
modifications of the lipid composition occur regularly, especially the remodeling of 
mono-galactosediacylglycerol (MGDG) and di-galactosyldiacylglycerol (DGDG), 
which primarily form the membrane of green tissues [6]; however, when the DGDG 
levels upsurge under stress phase, the DGDG to MGDG ratio decreases to boost the 
proper stability of the cell membrane [7,8].

Alkalinity stress can be alleviated by adjusting the internal physiological functions 
linked to the morphological characters of plants, which are influenced by balanced 
carbohydrate and hormonal regulation [9]. The superoxide dismutase (SOD) and 
peroxidase (POD) levels regulate high activity of reactive oxygen species (ROS) 
and help protect the super-oxidized membrane structure by altering the enzymatic 
activities of antioxidants [10]. However, the plant health and degree of cells dam-
aged by alkalinity stress can be evaluated by integrating balanced levels of pH, 
conductivity (REC), antioxidant activity, and malondialdehyde (MDA) contents [11]. 
Molecular regulation is far more intricate compared to physicochemical and biological 
activities [12], and the study of the regulatory transcriptional factors of various genes 
and encoding proteins to enhance tolerance or resistance against salt stress in crop 
plants by remodeling the cell-wall-linked enzymes and biosynthesis of hormonal 
genes has significantly increased [13,14].

Recently, genomics, transcriptomics, and proteomics studies have been performed 
to identify candidate functional genes that affect ion transport proteins, antioxidants, 
photosynthetic proteins, and transcription factors under alkalinity and salinity stresses 
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[15–17]. However, genetic evaluation of the photorespiration modulatory pathways involved in stress conditions has 
caused big concern. Photorespiration has always been noticed as an inefficient process for consuming substantial ATP 
and reductant, the emission of CO₂ and NH₃ [18], and for photoprotective functions. Mainly, glycine and serine have been 
reported to promote senescence and glutathione synthesis, which acts as an antioxidant to prevent the cell injury induced 
by ROS activity under alkali stress [19,20]. Photorespiration could protect photosynthesis activity from photoinhibition 
through energy dissipation in C3 plants under stress [21]. Some essential enzymes in the photorespiration pathway show 
different roles in modulating the cell injury triggered by abiotic and biotic stresses [22,23]. E.g., ribulose-1, 5-bisphosphate 
carboxylase/oxygenase (Rubisco), which is responsible for catalyzing the transformation of inorganic carbon to biomass, 
may accumulate due to the salt stress [24,25]. Similarly, an enriched expression of photorespiratory peroxisomes enzyme 
serine:glyoxylate aminotransferases (AT1 and AT2) presented higher resilient towards downy mildew in the wild-type 
melon [26]. However, the expression of serine:glyoxylate aminotransferases (SGAT) was noticed to be suggestively trig-
gered by induced salinity in sea daffodil (Pancratium maritimum L.) [27].

At present, the advent of next-generation sequencing has made it advantageous to utilize transcriptome analysis (RNA 
sequencing, RNA-seq) that enables the rapid measurement of messenger RNA (mRNA) expression [28]. RNA-seq is fre-
quently used to explore the evolution process and expression variations of stress-responsive differentially expressed gene 
(DEG) in multiple crops, e.g., maize, rice, barley, and Arabidopsis [29,30]. An in-depth understanding of important biologi-
cal and physiological processes linked to genetic regulatory pathways is critical for directing the proliferation of vegetative 
growth of crop plants, as evidenced by the research findings that DEGs are exclusively contributed to modulating the salt 
and alkali stress conditions at different developmental stages, antioxidant activities, transcriptional regulation, and nutrient 
transportation [31,32].

In China, Heilongjiang province is a typical alkalinized and salinized area that occupies the dominant production area 
for industrial hemp (Cannabis sativa L.) [33]. The soda-saline-alkali soils of this area are well known due to the dominant 
salt components (sodium bicarbonate and sodium carbonate). Up to the present time, very less molecular and genetic 
basis research has explained the roles of candidate genes and pathways modulating plants susceptibility and resistance 
to the salt stress, but specific information about the devastating mechanism of alkaline stress hemp crop is limited. Hence, 
in this study, we explored the impact of alkali-induced stress on the physiological indices and photosynthetic functions of 
hemp plants and functional candidate genes modulating the alkali-stress tolerance were dissected using the comparative 
transcriptomic analysis (RNA-sequencing).

Materials and methods

Experiment materials and treatments

The alkaline-susceptible variety “Qingma No.1 (QM1)” of hemp was taken as the experimental material. The seeds of 
the QM1 variety were granted by the Heilongjiang Academy of Agricultural Sciences (HAAS), Daqing Branch, and the 
research was performed in the hygienic laboratory of HAAS. Experiment was conducted in completely randomized design 
(CRD) using three repetitions of 250 mmol·L−1 of alkali (sodium bicarbonate (NaHCO

3
))-induced stress and control treat-

ments (CK, without stress), respectively. In order to cultivate seedlings, varietal seeds were first placed in muslin bags, 
allowed to germinate for two days at 30 °C, and the photosynthetic and physiological indices were checked from the seed-
lings of comparative groups of alkali-stress and control treatment at different time intervals (6 h, 24 h, and 48 h).

The germinated seedlings that were all 20 cm tall were transferred to a hydroponic chamber by treating them with 
Hoagland solution having 250 mmol·L−1 of alkali stress for a total time period of 48 hours (h), and the solution without 
alkali stress was marked as the control treatment [34–35]. All the seedlings of comparative groups were allowed to grow 
at an optimal temperature of 22–25 °C with a light:dark cycle of 16:8 hours. Later, the stress-acclimatized and control 
group seedlings were replanted in solid substrate in pots, and actual morphological observations were observed from the 
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growth status of plants at 6 h, 24 h, and 48 h intervals. Further, the cytological, metabolic, physiological, and photosynthetic 
activities were assessed from collected leaf samples, then transcriptomic data was examined, putative DEGs were sorted, 
and gene expression trends were analyzed for practical confirmation [5].

Observation of ultrastructure of hemp leaves

The internal cytological characteristics of hemp seedling leaves were examined using transmission electron micros-
copy based on different magnification levels (3,000 × , 25,000 × , and 60,000×), as previously reported [5]. In short, the 
infected leaves were freshly sampled from alkali-induced and control treatments at various time durations, respectively. 
The sampled leaves were cut into 2 mm-wide pieces, and the prepared pieces were fixed with 1% osmium tetroxide and 
2.5% solution (v/v), respectively. The tissues were embedded in EMBed-812 before being thin-sliced using Ultra-cut UCT 
(Leica) and examined under transmission electron microscope (H-7500, Hitachi, Tokyo, Japan) after being dried by using 
acetone solutions.

Estimation of photosynthetic pigments and cell membrane permeability

The vital photosynthetic pigments (carotenoids, Chl, Chl a, and Chl b) were assessed using the earlier reported protocol 
of ethanol–acetone (80%) extraction [36]. In brief, a total of 0.3 gram of fresh leaf tissue samples were collected from dif-
ferent treatment of alkali stress and control groups, and dipped in ethanol–acetone solution (1:1) for 24 hours. The extract 
absorbance rate was measured by spectrophotometer (UV/VIS, DU520, Thermo Fisher Scientific, Delaware, DE, USA) 
and final readings were noted as mg·g−1 of fresh weight (FW) [37]. The lipids were extracted using the slightly modifica-
tion method as earlier reported [38], and the composition of lipid content was calculated with the electrospray ionization 
technique using mass spectrometry (MS).

Determination of photosynthetic fluorescence parameters

The chlorophyll fluorescence associated parameters (net photosynthetic rate (Pn), intercellular carbon dioxide (CO
2
) 

concentration (Ci), stomatal conductance (Gs), and transpiration rate (Tr)) were evaluated from collected hemp leaf sam-
ples of comparative groups of alkali stress and control treatments, using an automated hand-held photosynthesis system 
(LI-6400XT, LI-COR Biosciences, Lincoln, NE, USA), respectively [5].

Determination of MDA, H2O2, and antioxidant contents

MDA contents were measured as nmol L−1 on a fresh weight (FW) basis by adopting the thiobarbituric acid method as 
earlier reported [39]. H

2
O

2
 content was deter-mined in g·kg−1 per FW based on absorption rate of 460 nm of the spectro-

photometer device (UV/VIS, DU520, Thermo Fisher Scientific, Delaware, DE, USA) [40]. Glutathione was measured in 
mol·kg−1 per FW using the 5, 5-dithio-bis-(2-nitrobenzoic acid) method at absorption rate of 412 nm [41]. The endogenous 
peroxidase (POD) activity was similarly quantified through spectrophotometer device (UV/VIS, DU520, Thermo Fisher 
Scientific, Delaware, DE, USA) by following the minor modification in intensity of absorption rate at 240 nm intervals in the 
biochemical reaction [42].

Determination of SGAT, Rubisco activity, and amino acid contents

The leaf protein was extracted from 100 mg of sampled leaf tissue using a mild heated extraction buffer (comprising 
of 25 mM of HEPES-KOH, 1 mM of MgCl

2
, 1 mM EDTA, 1 mM of KCl, 0.1 mM of phenylmethylsulfonyl fluoride, 10 mM 

of β-mercaptoethanol, and 10% of glycerol, with final pH of 7.60), and protein concentration was determined as earlier 
reported method [43]. SGAT activity was similarly measured by following the formerly reported method [44]. The deriva-
tives were measured through high performance liquid chromatography (HPLC) with 2, 4-dinitrofluorobenzene (DNFB) as 
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the pre-column derivatization agent, using ODS-C18 column, and detected by 360 nm wavelength, as reported by Shang 
et al. [45]. Endogenous Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase, RuBP) activity was assessed by 
using the commercially available kit (Rubisco Kit) specifically designed to monitor the CO

2
 fixation through colorimetric 

change in the reaction mixture (Ge Ruisi, Suzhou, China) [46].

Transcriptomic sequencing

Firstly, RNA was extracted from the sampled leaves of the hemp seedlings grown under different groups (CK, 6 h, 24 h, 
and 48 h), using TransZol Up Plus RNA purification Kit (TransGen Biotech Company, China). The extracted RNA integ-
rity was evaluated by measuring its absorbance at specific wavelengths on a spectrophotometer (NanoDropTM, Thermo 
Fisher Scientific, Delaware, DE, USA). Then, mRNA was enriched from total RNA using poly-T oligo-attached magnetic 
beads. AMPure XP beads was utilized to purify the double-strand cDNA templated from the mRNA, and size-selected, 
adaptor-ligated cDNA fragments were prepared for PCR and cDNA libraries performance, according to the formerly 
reported method [47]. The final libraries were developed from the sampled leaves at different time intervals of control 
and alkali-stressed groups using three biological replicates. All sequencing libraries were pooled up on an Illumina next-
generation sequencing (NGS) platform. Finally, the obtained raw RNA-seq reads were uploaded on the NCBI website, 
under BioProject (Accession: PRJNA1163756, including three respective biological repetitions). The information of map-
ping statistics of reads for transcriptome data can be seen in S1 Table.

Detection of differentially expressed genes (DEGs)

The relative gene expression was calculated using StringTie software utilizing fragments per kilobase of transcripts per 
million mapped reads (FPKM) and transcription levels of DEGs were validated. The gene expression differences were 
analyzed by DESeq software, by following threshold level at qValue < 0.05 and FoldChange > 2. The associated DEGs 
of collected samples at various time points were clustered and the functional enrichment analysis of KEGG and GO was 
conducted for investigating the high-level organized functions and integration of DEGs using an integrative bioinformatics 
software (TBtools-II) and a statistical computing program (R, version 4.3.0) [48,49]. The DEGs enrichment in KEGG path-
ways was determined by means of the KOBAS. The information of identified hub DEGs of chlorophyll synthesis, photore-
spiratory metabolism, and photosynthesis can be seen in S2 Table.

Gene expression validation

For measuring the accuracy of obtained RNA-seq data and hub genes, the primers of candidate genes were exported 
using a bioinformatics software (Primer Premier, version 6.10) and real time quantitative polymerase chain reactions 
(RT-qPCR) were conducted for verification of genes expressions through 2-delta delta CT (2-∆∆CT) technique [50], and 
Actin was used as the standard “houskeeping” gene. The PCR reactions were performed on an Applied Biosystems Fast 
Real-time PCR System (ABI, 7500) using the following reaction processes: 95 °C for 10 min, 40 cycles at 95 °C for 15 s, 
60 °C for 15 s, and 72 °C for 15 s, correspondingly. The information of exported primers of associated candidate DEGs is 
shown in S3 Table.

Data analysis

We regularly recorded the photosynthetic and physiological parameter data from the cultivated seedlings under alkali-
stress and control treatments. The suitable statistical analysis was done by using the software of the IBM-SPSS platform 
(version 28.0), and differences among the acquired results were perceived at significant statistical levels of p < 0.05 and 
p < 0.01 using Duncan’s test, as earlier reported statistical methods [5].
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Results

Analysis of phenotypic characterization

The visualized phenotypic characterization (Fig 1) depicted that the alkali stress had a crucial impact on developed stems 
and leaves of hemp; however, the leaves seemed as highly susceptible as compared to the stem tissue. Just as the 
results showed, the stem of hemp seedlings could keep straight under low alkali-induced conditions, while an obvious 
browning symptoms appeared in the stem under the extreme stress. In contrast, the significant inhibitory reaction in hemp 
leaves is supposed to be the main aspect reflecting the devastating mechanism of alkali stress. At the initial stage, no 
obvious chlorosis was observed except the dehydration-induced curled leaves; however, the exacerbation velocity of alkali 
stress was so rapid that it infected the entire leaf within 48 h, causing visible necrosis and extensive yellowing symptoms.

Analysis of histological observations

To assess the significant impact of alkali-induced stress on variation in the internal ultrastructure, we evaluated cytological 
characteristics by observing an endogenous structure of the leaf organelles of the full-grown seedling that was assessed 
under control and alkali stress based on transmission electron microscopy analysis (Fig 2). The seedlings grown under 
the control treatment group (without stress) depicted a normal arrangement of thylakoid chloroplast structure; however, an 
uneven thylakoid arrangement and swollen, oval-shaped structure of chloroplasts were observed along with decreased 
granal lamellae under the alkali-stressed treatment at 48 h. Additionally, the reduced starch granular quantity along with 
their integrity degradation indicated that the photosynthetic assimilation has been drastically damaged at 48 h of alkali-
induced stress.

Analysis of physiological and photosynthetic activities

We explored the physiological parameters associated with photosynthesis and membrane system (Fig 3). The results 
disclosed that the photosynthetic pigments gradually declined with the upsurged duration of alkali-stress infection effected 
by the internal chloroplast structure of leaves (Fig 2), which was in accordance with the upsurged distorted photosynthesis 
mechanism. Total chlorophyll (Chl), chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid (Car) contents decreased 
by 49.25%, 52.72%, 65.31%, and 28.13%, respectively, at 48 h of time than that of the control (without stress), which may 

Fig 1.  A pictorial view of hemp seedling and leaves grown under normal condition (CK, control without stress) and alkali-stress (NaHCO
3
 (250 

mmol·L−1)) during three different time intervals (h, hours), respectively.

https://doi.org/10.1371/journal.pone.0326434.g001

https://doi.org/10.1371/journal.pone.0326434.g001
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indicate that the dysfunction of photosynthesis apparatus induced by alkali stress severely inhibited the biosynthesis of 
photosynthetic pigments.

Then, we analyzed the changes in chlorophyll fluorescence related parameters of hemp leaves grown under alkali-
induced stress compared to control treatment (Fig 4). The results exhibited that Pn, Gs, and Tr showed a stable decline 
trend under stress conditions, which decreased significantly by 74.62%, 39.69%, and 83.77% at 48 h com-pared with CK 
(Figs 4A–4C). In contrast, Ci showed a “V” type response with first decreasing and then increasing, while decreased by 
8.39% compared with CK (Fig 4D).

Further, the physiological indices related to lipid metabolism in structural membrane showed that MDA and H₂O₂ con-
tent were obviously higher in hemp leaves by 23.78% and 12.96% (at 24 h) and 28.57% and 35.18% (at 48 h) under alkali 
stress than CK groups (Figs 5A–5B), denoting the cell membrane damage. However, the response of H₂O₂ to alkali stress 
seems to be earlier than MDA, with a rapid increase of 16.67% at 6 h compared to control (without stress). This result was 
also supported by the fact that the amounts of MGDG and DGDG declined by 10.94% and 25.23%, respectively (Table 1), 
when compared to CK after 48 hours of alkaline stress. In addition, the MGDG/DGDG ratio showed an obvious upward 
trend with the deepening of alkali stress.

Due to an imbalance in the homeostasis of normal cellular and alkali-induced oxidative stress, glutathione content and 
POD activity upsurged significantly by 13.77% and 21.96% at 6 h compared to CK, but the antioxidant aptitude of hemp 
appeared to be inhibited with the duration of stress, e.g., 17.49% and 16.52% decline at 48 h compared to the maximum 
value at 24 h (Fig 5C–5D). These validations proposed that alkali stress negatively affected the growth and metabolism of 
hemp by inhibiting cell homeostasis. Meanwhile, the reduced stress-regulated capacity was consistent with the detected 
variations in cellular ultrastructure.

The substantial differentiations were observed for the SGAT and Rubisco activity as well as Gly and Ser content in 
hemp seedling leaves with the extension of alkali-stress interval (Table 2). The alkali-stress treatment caused a 7.95%, 
15.75%, 69.69%, and 61.76% decrease in the amino acid activities and contents, respectively, at 48 h compared with CK. 
However, the alteration of these physiological indices exhibited a similar up-regulated trend at the initial stage, which may 
indicate that stress conditions activate the photorespiratory pathway.

Fig 2.  Microscopic observation of photosynthesis related endogenous ultrastructure in leaves of hemp seedling grown under control (CK, 
control without stress) and alkali stress (NaHCO₃ (250 mmol·L−1)) treatment at 48 h.  Chl, chloroplast; T, thylakoid; GL, granal lamellae; SG, starch 
granule.

https://doi.org/10.1371/journal.pone.0326434.g002

https://doi.org/10.1371/journal.pone.0326434.g002
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Analysis of transcriptomic (RNA-seq) data

We obtained good-quality sequencing reads for transcriptomic data analysis from collected samples of alkali-stressed 
groups and control (S1 Table): the T6 group (T6_1, T6_2, and T6_3), the T24 group (T24_1, T24_2, and T24_3), and 
the T48 group (T48_1, T48_2, and T48_3)”, and control (CK, without stress) treatment groups (CK_1, CK_2, and CK_3), 
respectively. The mapping statistics of RNA-seq reads of CK samples showed >90% of reads coverage (91.3% for 
CK_1, 91.1% for CK_2, 91.08% for CK_3). For the T6 treatment samples, the total mapped reads were 90.33% for T6_1, 
89.05% for T6_2, and 91.65% for T6_3. For the T24 treatment samples, the total mapped reads were 62.57% for T24_1, 
65.5% for T24_2, and 63.63% for T24_3. For the samples of T48 group treatment, the total mapped reads were 46.31% 
for T48_1, 90.76% for T48_2, and 40.06% for T48_3, individually.

Analysis of detected DEGs

The Venn diagram (Fig 6A) exhibited a total of 1847, 13076, and 13353 genes that were expressed differentially in the 
comparative treatment groups of control and alkali-stress (T6_vs_CK, T24_vs_CK, and T48_vs_CK), which denoted the 

Fig 3.  Effect of alkali-stress on photosynthetic pigments of hemp seedlings compared to control treatment. (A) Total chlorophyll content, (B) 
Chlorophyll a content, (C) Chlorophyll b content, (D) Carotenoid content. The statistical error bars indicate mean+SDs and dissimilar letters are denoting 
the significant change from each other (p < 0.05). Control (CK, without stress treatment).

https://doi.org/10.1371/journal.pone.0326434.g003

https://doi.org/10.1371/journal.pone.0326434.g003
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majority of DEGs were late-response genes. However, there were more up-regulated DEGs (such as 1095, 6854, and 
6893) that were identified at different time intervals as compared with down-regulated DEGs (such as 752, 6222, and 
6460) for hemp under alkali stress for 6 h, 24 h, and 48 h (Fig 6B–6D), and cluster analysis of DEGs similarly showed 
significant expressions (Fig 6E). As anticipated, the candidate DEGs identified in the T48 group (Fig 6F) exhibited a sig-
nificant alteration trend at the transcriptomic level under alkali stress, that were enriched in, e.g., Galactose metabolism, 
Glycerolipid metabolism, and Starch and sucrose metabolism which are closely related to the membrane component and 
starch and sucrose metabolism.

Analysis of GO terms and KEGG pathways

Gene ontology (GO) analysis results exhibited that the up-regulated DEGs (S1 Fig) at 6 h interval of time were enriched 
in transcription factors activity as well as photosynthetic pigments biosynthesis-related substrate and genes, while the 
down-regulated DEGs (S2 Fig) were considerably enriched in lipid metabolism as well as amino acid metabolism pro-
cesses. Likewise, the up-regulated DEGs were enriched in hydrolase activity, transcription regulator activity, and organic 
substance metabolism; the down-regulated DEGs were enriched in amide metabolic process, membrane component, and 
photosynthesis at 24 h and 48 h stress.

Further, the detected DEGs were found to correspond to 130 KEGG pathways. The significant KEGG pathways of 
up-regulated DEGs (S3 Fig) within the alkali-stress treatment under 48 h were mostly enriched in plant hormone signal 
transduction, phenylpropanoid biosynthesis, protein processes, plant-pathogen interaction, and MAPK signaling; the sig-
nificant KEGG pathways of down-regulated DEGs (S4 Fig) were more in motor protein, photosynthesis, ribosome, carbon 
metabolism, and cofactors biosynthesis.

Fig 4.  Effect of alkali-stress to chlorophyll fluorescence parameters compared to control treatment. (A) Net photosynthetic rate, (B) Stomatal 
conductance, (C) Transpiration rate, (D) Intercellular CO

2
 concentration. The statistical error bars indicate mean+SDs and dissimilar letters are denoting 

the significant change from each other (p < 0.05).

https://doi.org/10.1371/journal.pone.0326434.g004

https://doi.org/10.1371/journal.pone.0326434.g004
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Transcription analysis of hub DEGs

We extracted a total of 33 hub genes associated with photosynthesis (S2 Table) and also analyzed the photoinhibition effect 
of alkali-stress on hemp seedling leaves. However, a total of 9 major genes related to chlorophyll metabolism were identified 
(S3 Table), and their associated transcripts were exhibited by visualized heat map with gradient colors (Fig 7), respectively.

Fig 5.  Effect of alkali-stress on physiological indices of antioxidant system compared to control treatment. (A) Malondialdehyde (MDA) content, 
(B) Hydrogen peroxide (H

2
O

2
) content, (C) Glutathione content, (D) Peroxidase (POD) activity. The statistical error bars indicate mean+SDs and dissimi-

lar letters are denoting the significant change from each other (p < 0.05).

https://doi.org/10.1371/journal.pone.0326434.g005

Table 1.  Measurement of molar percentage (%) and ratio of MGDG and DGDG content of hemp seedling leaves grown under alkali-stress and 
control treatments at different time intervals, respectively.

Molar percentage (%) Control (no stress) Alkali stress (NaHCO3 (250 mmol·L − 1))

CK 6 h 24 h 48 h

MGDG (%) 35.18 ± 0.94a 35.02 ± 0.31a 32.21 ± 0.61b 31.33 ± 1.27b

DGDG (%) 26.83 ± 0.40a 25.13 ± 0.31a 22.48 ± 0.60b 20.06 ± 1.13b

MGDG/DGDG 1.31 ± 0.03c 1.39 ± 0.03 b 1.43 ± 0.06b 1.56 ± 0.15a

https://doi.org/10.1371/journal.pone.0326434.t001

Table 2.  Effect of alkali-stress (NaHCO3 (250 mmol·L−1)) on SGAT activity, Rubico activity, glycine (Gly), and serine (Ser) content in hemp seed-
ling leaves grown under different time intervals. Statistical letters are exhibiting the significant differences among the values.

Treatments SGAT activity
(mol·min − 1·mg − 1 FW)

Rubisco activity
(nmol (CO2) min − 1·mg − 1 FW)

Gly content
(μmol·g − 1 FW)

Ser content
(μmol·g − 1 FW)

Control CK 0.88 ± 0.03a 216.07 ± 4.45b 2.21 ± 0.05a 3.87 ± 0.12a

Alkali stress 6 h 0.93 ± 0.02a 232.45 ± 2.40a 2.14 ± 0.13a 4.16 ± 0.14a

24 h 0.90 ± 0.03a 194.65 ± 2.11c 1.59 ± 0.02b 2.65 ± 0.06b

48 h 0.81 ± 0.03b 182.14 ± 1.61d 0.67 ± 0.15c 1.48 ± 0.04c

https://doi.org/10.1371/journal.pone.0326434.t002

https://doi.org/10.1371/journal.pone.0326434.g005
https://doi.org/10.1371/journal.pone.0326434.t001
https://doi.org/10.1371/journal.pone.0326434.t002
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Then, qRT-PCR analysis revealed expression verification of hub DEGs under control and alkali stress (Fig 8). The 
expression level of Fd-GOGAT gene (LOC115699366), which encodes ferredoxin-dependent glutamate synthase 1, and 
HEMA gene (LOC133032634), which encodes glutamyl-tRNA reductase (GluTR), catalyzes the biogenesis of glutamate 
and tetrapyrrole in plastids, triggering the accumulation of chlorophyll contents, which was reduced considerably with the 
extreme alkali-stress, indicating that substrate accessibility for biosynthesis of chlorophyll is limited. Likewise, stress con-
ditions sup-pressed the expression trends of photosynthesis-like DEGs (LOC115696924 and LOC115696993) in the LHC 
families, whose products are certain to Chl a and b and transfer excitation energy to the PSI and PSII reaction centers, 
which was also consistent with the physiological alterations.

Additionally, the mRNA frequency of the 4 genes in the LHC family and 10 genes in photosystem II (PS II) showed 
a widely down-regulated trend, which may indicate that the stabilization of PS II has been destroyed significantly 
by alkali-stress. Mean-while, we detected total 10 genes linked with photorespiration. The expression trends of the 
photorespiration-related four genes (GOX (LOC115697365), GDC (LOC115707082), GGAT (LOC115699366), and 
SHMT (LOC133037337)) showed a declining trend under stressed conditions, which was similarly aligned with the 
above-mentioned genes. However, we noticed that the decreasing rate of these photorespiration-related genes (GOX 
(LOC115697365) and GDC (LOC115707082)) showed an obviously slower trend at 24 ~ 48 h of stress when compared to 
the initial stress stage of 0 ~ 6 h, and the transcript tendency of the SGAT gene (LOC115699360) even upsurged in higher 
ratio relative to control treatment. Thus, we suspected that the inhibitory effect of alkali-stress may have activated the 
repaired and salvage pathway of photorespiration. The motif analysis and transcription factor information of the predicted 
hub genes in hemp under alkali stress can be seen in S4 Table and S5 Fig.

Fig 6.  Analysis of categorized DEGs related to hemp leaves under comparative groups of alkali-stress and control treatments. (A) Venn dia-
gram of DEGs in comparative treatment groups at different time intervals, (B) Volcano plot of DEGs between alkali-stress and control at 6 h, (C) at 24 h, 
(D) at 48 h, (E) Hierarchical clustering analysis of DEGs, (F) Pathway information of clustered gene involved in the T48 group of alkali-stress.

https://doi.org/10.1371/journal.pone.0326434.g006

https://doi.org/10.1371/journal.pone.0326434.g006
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Discussion

Hemp is known as an industrial crop but alkaline stress greatly effects the significant activity of photosynthesis and inhibits 
essential vegetative growth, reduces plant biomass, and lowers biological yield [3]. There is a dire need to understand the 
functional genes and pathways associated with alkali stress tolerance that regulate proper plant growth activities. Herein, 
based on the establishment of a reference genome of industrial hemp, transcriptomic sequencing data were used to eval-
uate the metabolic pathway and genes associated with regulation of photosynthesis and physiological-related indices in 
the hemp plant under alkali stress.

Fig 7.  A schematic overview of genetic regulatory mechanisms against effect of alkali-stress on hemp seedling leaves. (A) Chlorophyll metabo-
lism, (B) Photorespiration metabolism. The expression profiles of putative DEGs contributed in the pathway are shown by heat map, respectively.

https://doi.org/10.1371/journal.pone.0326434.g007

https://doi.org/10.1371/journal.pone.0326434.g007
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Fig 8.  qRT-PCR analysis of identified hub DEGs. The expression verification of 13 DEGs of photosynthesis linked chlorophyll synthesis and photore-
spiratory metabolism. Statistical letters exhibit the significant differences among expression levels in comparative groups of control (CK) and alkali-stress 
(NaHCO

3
 (250 mmol·L−1)) treatments at different time intervals, respectively.

https://doi.org/10.1371/journal.pone.0326434.g008

https://doi.org/10.1371/journal.pone.0326434.g008
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The thylakoid membrane is a system of interconnected membranes in chloroplasts that carry out light-dependent 
photosynthetic reactions necessary for pigmentation and protein complexes to capture sunlight energy and convert it 
into chemical energy, producing ATP and NADPH [5]. Herein, we observed an internal ultrastructure of sampled hemp 
leaves and it was noticed that the quantity of granular lamellae decreased in the affected chloroplast under alkali stress 
as compared to the control (Fig 2), which is consistent with the endogenous fluctuations in the physiological parameters 
(Figs 3–5) and with the expression patterns of the PSB and PsbY-linked genes involved in light-dependent reactions in 
PSI and PSII systems (Figs 7–8). However, the inhibitory mechanism of alkali-stress on the thylakoid is not restricted to its 
structure but also includes the PSII reaction center complex. The PSII reaction center may be the major site of injury from 
a variety of stress circumstances. The earlier research found that thylakoid membranes in melon can become severely 
super-oxidized due to salt-induced stress [5], considerably reducing the ability of light capturing and converting into usable 
chemical energy. Furthermore, it was found that PSII system in pepper plants is consistently pho-to-inhibited during cold 
stress [51]. However, chlorophyll b is an important element of the light-harvesting complex (LHC), and changes in LHC, 
usually linked to changes in Chl b level, lead to a significant decline in the enriched thylakoid grana [52]. As a result, we 
hypothesized that the down-regulated LHC genes (LOC115696924 and LOC115696993) (Figs 7–8), together with the 
lower chlorophyll b content, have a comprehensive effect on thylakoid formation.

The membrane system acts as an important barrier protecting the cell from exterior stimuli owing to its distinct con-
figuration, vital permeability, and intrinsic lipidic components [53]. Plant-membrane-associated lipids are ordered into 3 
different types due to particular processes and architecture. Glycerolipids are basic lipids comprised of distinct fatty acids 
in glycerol structure [54–57]. Digalactosyldiacylglycerol (DGDG) and monogalactosediacylglycerol (MGDG) primarily form 
the leaves tissues and assist to modulate the biosynthesis of chloroplast structure and chlorophyll pigment [6]. However, 
significant remodeling in membrane lipids will occur due to various environmental fluctuations [58]. Herein, the MGDG 
and DGDG contents were decreased (Table 1), indicative of severe damage that the photosynthetic membranes suffered, 
and It was discovered that lowering glycolipid levels also reduced chlorophyll content in the leaves [59]. Meanwhile, 
previous research demonstrated that the ratio of MGDG to DGDG effectively stabilizes the permeability of photosynthetic 
membranes [5,60], and changes in membrane lipid composition are a possible effort to respond injury to the activity of 
photosynthesis membrane under phase of stress [61]. For example, a lower ratio of MGDG to DGDG contents during 
cold-induced stress improves membrane strength for biological functions [7,8]. In contrast, the observed elevated ratio 
of MGDG to DGDG contents in our results (Table 1) revealed that alkali-stress had a deleterious impact on plastid mem-
brane composition, resulting in uneven photosynthetic homeostasis.

Chlorophyll is a green color pigment that provides plants their green hue and aids in the production of organics via 
photosynthesis and the development of internal pigment protein complexes. Herein, the chlorophyll content of hemp 
reduced significantly, as did transpiration, net photosynthesis (CO

2
) concentration, and stomatal shrinking (Fig 4), which 

was consistent with the alteration observed in numerous plants under stress conditions [62,63]. The biosynthesis pro-
cess of chlorophyll is dependent on the participation of several genes and proteins, and genetic differences can have 
an adverse impact on biosynthesis of chlorophyll. The recent results showed that the bio-synthesis of tetrapyrrole path-
way is a prominent action through Chl accumulation [64]; however, magnesium chelase (MgCh) and 5-aminolevulinic 
acid (ALA) are critical sites in regulating the process of chlorophyll modulation. MgCh is complex component made up 
of CHLI, CHLP, and CHLD that is primarily involved in the primary phase of the branch reaction during biosynthesis of 
chlorophyll [65]. The HEMA gene also encodes GluTR, which initiates the first enzymatic phase of tetrapyrrole biosynthe-
sis in the cytoplasm and chlorophyll formation takes place [66]. In this study, we noticed that the considerable decrease 
in expression trend of HEMA gene (LOC133032634) may have resulted in steady biosynthesis of chlorophyll and lower 
chlorophyll content during alkali stress. In terms of genetic regulation, we discovered that the putative genes (GOGAT, 
HEMA/F, ALA, CHLI/D, and POR) with lower transcript levels influence chlorophyll synthesis degradation in a comprehen-
sive manner (Fig 7). It has been stated that the reduction of photosynthetic genes in response to alkali stress is a type of 



PLOS One | https://doi.org/10.1371/journal.pone.0326434  June 25, 2025 15 / 22

regulatory mechanism. E.g., Chaves et al. [67] reported that salt stress can trigger rapid gene expression responsible for 
reprogramming in plants. Even under mild stress, it can optimize resource allocation by down-regulating photosynthetic 
genes (such as those related to light reaction and Calvin cycle), and this process has no direct association with cell death. 
The research found through transcriptome analysis that the down-regulation of photosynthetic genes under salt stress is 
the result of systemic regulation rather than passive cell damage. Yang et al. [68] took sweet sorghum as a model, and 
proved that the down-regulation of photosynthetic gene expression under salt stress is an adaptive strategy, maintaining 
cellular carbon balance by protecting the structure of the light system and enhancing the ability of sucrose synthesis. In 
the current research, the down-regulated photosynthetic genes, e.g., HEMA, GOGAT, and POR, were consistent with the 
previous studies revealed that the down-regulation of photosynthetic genes is an active regulatory strategy of plants in 
response to the stressful conditions, rather than the result of passive damage. Moreover, we checked the in silico valida-
tion, through promoter motif analysis and transcription factor information, of the predicted hub genes in hemp under alkali 
stress. The obtained results (see S5 Fig and S4 Table) suggested that most of the hub genes were combined with the 
HAT5 from the HD-Zip TF family, which has been widely reported to play an important role in enhancing the resistance 
adversity in many plants, as previously reported. Liu et al. [69] reported that HAT5 enhances the antioxidant capacity of 
Arabidopsis thaliana under drought and salt stress by directly binding to the promoters of superoxide dismutase (SOD) 
and catalase (CAT) genes. Pan et al. [70] stated that the overexpression of tomato SlHAT5 reduces the activity of antiox-
idant enzymes and chlorophyll content under high-temperature stress, which may contribute to the inhibition of SuMOyla-
tion modification of HSFA1. Thus, it highlights the importance of our research to study the key transcription factors (TF) in 
hemp under alkali stress for further understanding its resistance mechanism.

The chloroplast and chlorophyll degradation is accelerated during senescence or stress conditions, whereas higher 
carotenoids level protect the photosynthetic tissues from significant injury, maintain chloroplast integrity, and promote 
antioxidant activity [71–73]. However, the chloroplast is considered as a key source of ROS production, which promote the 
accumulation of MDA in plant cells [74,75]. Herein, alkali-induced stress caused significant increase in MDA content (Fig 
5) that directly damaged the membrane system of photosynthetic organelles. In addition, we found that carotenoids syn-
thesis was maximized at the start of stress phase as compared to constant reduction in chlorophyll contents (Fig 3), that is 
related to the previous specified result [50]. However, the protective property of carotenoid showed significant decline and 
reached its minimum limit due to the steady increase in time interval of alkali-stress (Fig 3).

Alkali-saline treatment induced osmotic stress directly effects the transpiration rate, causes stomatal closure, decreases 
ambient CO

2
 supply for Calvin cycle, and comprehensively result in severe disturbance in photosynthesis metabolism 

[76–79]. Herein, our cytological observation of degradation in starch granule (Fig 2) and chlorophyll (Chlf) results (Figs 
2–3) indicated that the reduction in stomatal conductance under such water deficit states reduces intercellular CO

2
 levels 

within leaves, and facilitate the increase in photorespiration. Abiotic stress, such as high irradiance upsurged temperature 
and closed stomata inhibits CO

2
 absorption for the Calvin cycle. However, the photo respiratory regulation mechanisms 

for releasing the photoinhibition effect that restrict the availability of CO
2
 to photosynthesis could be distinguished into 

three aspects. First, it contributes to energy dissipation by directly utilizing the existed reducing power and regenerating 
the energy acceptors (ADP, NADP+ and NAD+) [21]. Second, it produces the amino acid glycine that can be used for 
synthesis of glutathione which serves as a carbon donor in the glycine decarboxylase (GDC) reaction, emitting one mole-
cule each of CO

2
 and NH

3
 and as a carbon acceptor in the serine hydroxy methyltransferase (SHMT) reaction, producing 

serine [80]. Third, it can release CO
2
 restriction in the Calvin cycle due to its intracellular re-cycling within the cells by 

enhancing the activity of Rubisco [81].
In crop plants, transgenic plants of Arabidopsis depicted photorespiratory enzymes and confirmed maximum efficacy 

of photosynthesis related growth activities (GDC-H and GDC-L) [82,83], SHMT1 in rice [84], and SGAT in duckweed [85]. 
Furthermore, previous research found that the proportion of photosynthetic electrons dissipated by reduced CO

2
 adapta-

tion while photorespiration upsurged in tomato production under water stress [86], implying that photorespiration can play 
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significant and positive role in energy dissipation pathway for protecting the photosynthetic apparatus from photoinhibition 
during drought stress. In grapes, chlf results showed that photorespiration boosted under mild water stress, contributing 
to the comparatively high photochemical efficiency of the PSII system and the prompt recovery of net photosynthesis rate 
after irrigation [87]. Herein, the decreased glycine and serine content (Table 2) along with the downregulated transcript 
and expression level of the GOX, GDC, SHMT and Rubisco activities associated genes under severe alkali stress, sig-
nifies that the photorespiratory pathway is regulated by tight signaling cascade that negatively responds to stress condi-
tions. However, the up-regulated SGAT gene (LOC115699360) probably in an attempt to activate the antioxidant system.

The increasing accumulation of ROS is a typical feature when plants suffered from stress conditions. Furthermore, pho-
torespiration is a vital metabolic activity that triggers the ROS synthesis through the photosynthetic electron transport (PET) 
chain, with a large amount of hydrogen peroxide (H

2
O

2
) are formed in peroxisomes [88]. Herein, the increased MDA and 

H
2
O

2
 content demonstrated that alkali-stress stimulated severe oxidative damage to hemp leaves (Fig 5). However, the dual 

character of photorespiration makes it worthy role in maintaining ideal redox status through ROS scavenging and signaling 
systems. Since photorespiration can accumulate more >70% of total H

2
O

2
 generated under drought stress, photo respiratory 

H
2
O

2
 can be a major signal of stress for the induction of scavenging mechanisms resulting in ROS detoxification as well as 

regulates the redox states of antioxidant activities in leaves [89,90]. In addition, photorespiration not only acts as an indica-
tion for the adaptation to drought, but also provides glycine for glutathione synthesis and serine:glyoxylate aminotransferase 
(SGAT) which catalyze peroxisomal photo respiratory enzymes to provide protection against stress [25].

Herein, our transcriptomic analysis categorized different DEGs related to hemp leaves under comparative groups of 
control and stress treatments (Fig 6A–6E), and identified DEGs in T48 group of alkali stress (Fig 6F) exhibited a signif-
icant alteration trend at the transcriptomic level under alkali stress, that were enriched in, e.g., Galactose metabolism, 
Glycerolipid metabolism, and Starch and sucrose metabolism which are closely related to the membrane component and 
starch and sucrose metabolism. Meanwhile, the up-regulated transcript level of the genes enriched in the pathways (e.g., 
LOC115697215 (GDP-L-galactose phosphorylase) and LOC115699196 (α-amylase) catalyzing the degradation of galac-
tose and starch) confirmed the physiological observations. Further, the glutathione, POD activity and SGAT activity along 
with the glycine and serine content seemed to be increased to different extend at initial stage under alkali-stress (Table 
2), indicated that the photorespiratory ROS activate the antioxidant system, while the above-mentioned physiological 
indicators were inhibited by the severe alkali-stress level. Further, in our study, the function of the selected hub genes (Fig 
7) regulating the pathways were verified through qRT-PCR (Fig 8). These identified genes have been primarily verified 
in some of the reference plants under stress phase. For example, Timm, et al. [91] found that through overexpression of 
the phosphoglycolate phosphatase (PGP) gene that accelerating the degradation of 2-phosphoglycolate (2-PG) could 
enhance the tolerance of Arabidopsis thaliana to high light, high temperature and drought. The transgenic lines main-
tained higher photosynthetic efficiency and starch accumulation under stress, indicating that the increase in photorespi-
ration flux is a key protective mechanism. Ma, et al. [92] revealed that the photorespiration efficiency may enhance under 
high pH and improve the expression level of SGAT to mitigate the oxidative stress in millet. Meng et al. [9] reported that 
the transcriptomic level of HEMA, POR and CHLH declined significantly in wheat under alkali stress. In our experimen-
tal study in hemp, the transcript data and qPCR expression (Fig 8) revealed the accuracy of up-regulated expression of 
candidate SGAT gene (LOC115699360) associated with the changes in photorespiratory enzymes, which may compre-
hensively suggested the prominence of photorespiratory pathway in defending plants from stress induced crucial damage. 
Thus, we suggest that our possibly analyzed genes related to photosynthesis and photorespiration can be utilized for 
improving the resistance of hemp plants under alkali stress.

Conclusion

Overall, we observed that morphological and cytological alterations induced by alkali stress indicated the dysfunction of 
photosynthetic organelles structure, degraded endogenous pigmentation, low chlorophyll contents, and excessive ROS 
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generated by the super-oxidized membrane induced oxidative stress, thus inhibiting the metabolism process of photosyn-
thesis. Transcriptomic sequencing and qPCR verification revealed that the predicted hub genes coding the substrate for 
chlorophyll synthesis and photosystem were down-regulated, indicating that severe photoinhibition occurred due to alkali 
stress. However, the up-regulated SGAT (LOC115699360) gene may have promoted the protective function of photorespi-
ration in stabilizing cellular carbon balance and antioxidant mechanism. Thus, we supposed that identified genes can play 
a pivotal role for the photorespiration-related genome editing research, which could be an effective orientation to cultivate 
alkali-tolerant plants of industrial hemp.

Supporting information

S1 Fig.  GO enrichment of up-regulated DEGs. (A) Up-regulated genes under alkali stress at 6 h. (B) Up-regulated 
genes under alkali-stress at 24 h. (C) Up-regulated genes under alkali stress at 48 h.
(DOCX)

S2 Fig.  GO enrichment of down-regulated DEGs. (A) Down-regulated genes under alkali-stress at 6 h. (B) Down-
regulated genes under alkali-stress at 24 h. (C) Down-regulated genes under alkali-stress at 48 h.
(DOCX)

S3 Fig.  Top 20 KEGG pathways enriched in the upregulated DEGs. (A) Up-regulated DEGs under alkali-stress at 6 h. 
(B) Up-regulated DEGs under alkali-stress at 24 h. (C) Up-regulated DEGs under alkali-stress at 48 h.
(DOCX)

S4 Fig.  Top 20 KEGG pathways enriched in the down-regulated DEGs. (A) Down-regulated DEGs under alkali-stress 
at 6 h. (B) Down-regulated DEGs under alkali-stress at 24 h. (C) Down-regulated DEGs under alkali-stress at 48 h.
(DOCX)

S5 Fig.  The detailed motif information of the 6 hub genes. (A) Predicted transcription factor family and TF binding 
sites. (B) Motif analysis exhibited by MEME suite.
(DOCX)

S1 Table.  The quality and mapping of transcriptomic data. Statistic of sequencing reads obtained from samples of 
comparative treatments of CK and alkali-stressed groups.
(DOCX)

S2 Table.  The identified hub DEGs linked to activity of photosynthetic contents. DEGs related to chlorophyll metab-
olism, photorespiration, and photosynthesis.
(DOCX)

S3 Table.  The information of exported primers of candidate DEGs. Primers related to chlorophyll synthesis, photo 
respiratory metabolism, and photosynthesis.
(DOCX)

S4 Table.  The motif analysis and transcription factor (TF). Information of motif and TF information of the hub genes in 
hemp under alkali stress.
(DOCX)

Acknowledgments

All authors appreciated the practical guidance provided by senior members of research group.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326434.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326434.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326434.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326434.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326434.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326434.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326434.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326434.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326434.s009


PLOS One | https://doi.org/10.1371/journal.pone.0326434  June 25, 2025 18 / 22

Author contributions

Conceptualization: Zeyu Jiang, Di Wang, Ye Che, Sikandar Amanullah, Guochao Qi.

Data curation: Sikandar Amanullah.

Formal analysis: Sikandar Amanullah.

Funding acquisition: Guochao Qi.

Investigation: Sikandar Amanullah, Guochao Qi.

Methodology: Sikandar Amanullah, Ling Zhang, Siyuan Jie, Wei Yang, Mingze Wang, Lina Wang.

Project administration: Guochao Qi.

Resources: Di Wang, Guochao Qi.

Software: Sikandar Amanullah.

Supervision: Guochao Qi.

Validation: Sikandar Amanullah.

Visualization: Sikandar Amanullah.

Writing – original draft: Sikandar Amanullah.

Writing – review & editing: Zeyu Jiang, Sikandar Amanullah, Guochao Qi.

References
	 1.	 Qiao K, Takano T, Liu S. Discovery of two novel highly tolerant NaHCO3 trebouxiophytes: identification and characterization of microalgae from 

extreme saline–alkali soil. Algal Res. 2015;9:245–53. https://doi.org/10.1016/j.algal.2015.03.023

	 2.	 Yang S, Xu Y, Tang Z, Jin S, Yang S. The impact of alkaline stress on plant growth and its alkaline resistance mechanisms. Int J Mol Sci. 
2024;25(24):13719. https://doi.org/10.3390/ijms252413719 PMID: 39769481

	 3.	 Hussain S, Ulhassan Z, Brestic M, Zivcak M, Weijun Zhou, Allakhverdiev SI, et al. Photosynthesis research under climate change. Photosynth Res. 
2021;150(1–3):5–19. https://doi.org/10.1007/s11120-021-00861-z PMID: 34235625

	 4.	 Li N, Cao BL, Chen ZJ, Xu K. Root morphology ion absorption and antioxidative defense system of two Chinese cabbage cultivars (Brassica rapa 
L.) reveal the different adaptation mechanisms to salt and alkali stress. Protoplasma 2022;259:385–98.

	 5.	 Liu T, Amanullah S, Xu H, Gao P, Du Z, Hu X, et al. RNA-seq identified putative genes conferring photosynthesis and root development of melon 
under salt stress. Genes (Basel). 2023;14(9):1728. https://doi.org/10.3390/genes14091728 PMID: 37761868

	 6.	 Negi J, Munemasa S, Song B, Tadakuma R, Fujita M, Azoulay-Shemer T, et al. Eukaryotic lipid metabolic pathway is essential for functional 
chloroplasts and CO2 and light responses in Arabidopsis guard cells. Proc Natl Acad Sci U S A. 2018;115(36):9038–43. https://doi.org/10.1073/
pnas.1810458115 PMID: 30127035

	 7.	 Campos PS, Quartin V, Ramalho JC, Nunes MA. Electrolyte leakage and lipid degradation account for cold sensitivity in leaves of Coffea sp. 
plants. J Plant Physiol. 2003;160(3):283–92. https://doi.org/10.1078/0176-1617-00833 PMID: 12749085

	 8.	 Moellering ER, Muthan B, Benning C. Freezing tolerance in plants requires lipid remodeling at the outer chloroplast membrane. Sci. 
2010;330(6001):226–8. https://doi.org/10.1126/science.1191803 PMID: 20798281

	 9.	 Meng C, Quan T-Y, Li Z-Y, Cui K-L, Yan L, Liang Y, et al. Transcriptome profiling reveals the genetic basis of alkalinity tolerance in wheat. BMC 
Genomics. 2017;18(1):24. https://doi.org/10.1186/s12864-016-3421-8 PMID: 28056779

	10.	 Turan V. Potential of pistachio shell biochar and dicalcium phosphate combination to reduce Pb speciation in spinach, improved soil enzy-
matic activities, plant nutritional quality, and antioxidant defense system. Chemosphere. 2020;245:125611. https://doi.org/10.1016/j.chemo-
sphere.2019.125611 PMID: 31864057

	11.	 Xu B, Cao L, Zhang Z, Li X, Zhao X, Wang X, et al. Physiological effects of combined NaCl and NaHCO3 stress on the seedlings of two maple 
species. Front Plant Sci. 2023;14:1209999. https://doi.org/10.3389/fpls.2023.1209999 PMID: 37496858

	12.	 Zhang H, Yu F, Xie P, Sun S, Qiao X, Tang S, et al. A Gγ protein regulates alkaline sensitivity in crops. Sci. 2023;379(6638):eade8416. https://doi.
org/10.1126/science.ade8416 PMID: 36952416

	13.	 Rose JKC, Braam J, Fry SC, Nishitani K. The XTH family of enzymes involved in xyloglucan endotransglucosylation and endohydrolysis: current 
perspectives and a new unifying nomenclature. Plant Cell Physiol. 2002;43(12):1421–35. https://doi.org/10.1093/pcp/pcf171 PMID: 12514239

https://doi.org/10.1016/j.algal.2015.03.023
https://doi.org/10.3390/ijms252413719
http://www.ncbi.nlm.nih.gov/pubmed/39769481
https://doi.org/10.1007/s11120-021-00861-z
http://www.ncbi.nlm.nih.gov/pubmed/34235625
https://doi.org/10.3390/genes14091728
http://www.ncbi.nlm.nih.gov/pubmed/37761868
https://doi.org/10.1073/pnas.1810458115
https://doi.org/10.1073/pnas.1810458115
http://www.ncbi.nlm.nih.gov/pubmed/30127035
https://doi.org/10.1078/0176-1617-00833
http://www.ncbi.nlm.nih.gov/pubmed/12749085
https://doi.org/10.1126/science.1191803
http://www.ncbi.nlm.nih.gov/pubmed/20798281
https://doi.org/10.1186/s12864-016-3421-8
http://www.ncbi.nlm.nih.gov/pubmed/28056779
https://doi.org/10.1016/j.chemosphere.2019.125611
https://doi.org/10.1016/j.chemosphere.2019.125611
http://www.ncbi.nlm.nih.gov/pubmed/31864057
https://doi.org/10.3389/fpls.2023.1209999
http://www.ncbi.nlm.nih.gov/pubmed/37496858
https://doi.org/10.1126/science.ade8416
https://doi.org/10.1126/science.ade8416
http://www.ncbi.nlm.nih.gov/pubmed/36952416
https://doi.org/10.1093/pcp/pcf171
http://www.ncbi.nlm.nih.gov/pubmed/12514239


PLOS One | https://doi.org/10.1371/journal.pone.0326434  June 25, 2025 19 / 22

	14.	 Blilou I, Xu J, Wildwater M, Willemsen V, Paponov I, Friml J, et al. The PIN auxin efflux facilitator network controls growth and patterning in Arabi-
dopsis roots. Nature. 2005;433(7021):39–44. https://doi.org/10.1038/nature03184 PMID: 15635403

	15.	 Chen Z, Niu J, Guo Z, Sui X, Xu N, Kareem HA, et al. Graphene enhances photosynthesis and the antioxidative defense system and alleviates 
salinity and alkalinity stresses in alfalfa (Medicago sativa L.) by regulating gene expression. Environ Sci: Nano. 2021;8(9):2731–48. https://doi.
org/10.1039/d1en00257k

	16.	 Zhao Z, Liu J, Jia R, Bao S, Haixia, Chen X. Physiological and TMT-based proteomic analysis of oat early seedlings in response to alkali stress. J 
Proteomics. 2019;193:10–26. https://doi.org/10.1016/j.jprot.2018.12.018 PMID: 30576833

	17.	 Fang S, Hou X, Liang X. Response mechanisms of plants under saline-alkali stress. Front Plant Sci. 2021;12:667458. https://doi.org/10.3389/
fpls.2021.667458 PMID: 34149764

	18.	 Smith K, Strand DD, Kramer DM, Walker BJ. The role of photorespiration in preventing feedback regulation via ATP synthase in Nicotiana 
tabacum. Plant Cell Environ. 2024;2:47.

	19.	 Siqueira JA, Zhang Y, Nunes-Nesi A, Fernie AR, Araújo WL. Beyond photorespiration: the significance of glycine and serine in leaf metabolism. 
Trends Plant Sci. 2023;28(10):1092–4. https://doi.org/10.1016/j.tplants.2023.06.012 PMID: 37407411

	20.	 Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF. The changing faces of glutathione, a cellular protagonist. Biochem Pharmacol. 
2003;66(8):1499–503. https://doi.org/10.1016/s0006-2952(03)00504-5 PMID: 14555227

	21.	 Flexas J, Medrano H. Energy dissipation in C3 plants under drought. Funct Plant Biol. 2002;29(10):1209–15. https://doi.org/10.1071/FP02015 
PMID: 32689573

	22.	 Zhang Z, Zhu G, Peng X. Photorespiration in plant adaptation to environmental changes. Crop and Environ. 2024;3(4):203–12. https://doi.
org/10.1016/j.crope.2024.07.001

	23.	 Srivastava AK, Alexova R, Jeon YJ, Kohli GS, Neilan BA. Assessment of salinity-induced photorespiratory glycolate metabolism in Anabaena sp. 
PCC 7120. Microbiology (Reading). 2011;157(Pt 3):911–7. https://doi.org/10.1099/mic.0.045682-0 PMID: 21163840

	24.	 Meng Y, Liu R, Wang L, Li F, Tian Y, Lu H. Binding affinity and conformational change predictions for a series of inhibitors with RuBisCO in a carbon 
dioxide gas and water environment by multiple computational methods. J Mol Liq. 2023;:121478.

	25.	 Srivastava AK, Bhargava P, Thapar R, Rai LC. Salinity induced physiological and proteomic changes in Anabaena doliolum. Environ Exp Bot. 
2008;64:49–57.

	26.	 Taler D, Galperin M, Benjamin I, Cohen Y, Kenigsbuch D. Plant eR genes that encode photorespiratory enzymes confer resistance against dis-
ease. Plant Cell. 2004;16(1):172–84. https://doi.org/10.1105/tpc.016352 PMID: 14688292

	27.	 Abogadallah GM. Differential regulation of photorespiratory gene expression by moderate and severe salt and drought stress in relation to oxida-
tive stress. Plant Sci. 2011;180(3):540–7. https://doi.org/10.1016/j.plantsci.2010.12.004 PMID: 21421402

	28.	 Zhu Q, Gao P, Liu S, Zhu Z, Amanullah S, Davis AR, et al. Comparative transcriptome analysis of two contrasting watermelon genotypes during 
fruit development and ripening. BMC Genomics. 2017;18(1):3. https://doi.org/10.1186/s12864-016-3442-3 PMID: 28049426

	29.	 Xu N, Zhang N, Yi P, Chen L, Dai H, Zhang J, et al. Integrated physio-biochemistry and RNA-seq revealed the mechanism underlying biochar-
mediated alleviation of compound heavy metals (Cd, Pb, As) toxicity in cotton. Ecotoxicol Environ Saf. 2024;284:116974. https://doi.org/10.1016/j.
ecoenv.2024.116974 PMID: 39232298

	30.	 Deyholos MK. Making the most of drought and salinity transcriptomics. Plant Cell Environ. 2010;33(4):648–54. https://doi.org/10.1111/j.1365-
3040.2009.02092.x PMID: 20002333

	31.	 Ren H, Zhang B, Zhang F, Liu X, Wang X, Zhang C, et al. Integration of physiological and transcriptomic approaches in investigating salt-alkali 
stress resilience in soybean. Plant Stress. 2024;11:100375. https://doi.org/10.1016/j.stress.2024.100375

	32.	 Postnikova OA, Shao J, Nemchinov LG. Analysis of the alfalfa root transcriptome in response to salinity stress. Plant Cell Physiol. 
2013;54(7):1041–55. https://doi.org/10.1093/pcp/pct056 PMID: 23592587

	33.	 Cao K, Sun Y, Han C, Zhang X, Zhao Y, Jiang Y. The transcriptome of saline-alkaline resistant industrial hemp (Cannabis sativa L.) exposed to 
NaHCO3 stress. Ind Crop Prod. 2021;170(2):113766.

	34.	 Bai L, Wang C, Zang S, Wu C, Luo J, Wu Y. Mapping soil alkalinity and salinity in northern songnen plain, China with the HJ-1 Hyperspectral 
imager data and partial least squares regression. Sensors (Basel). 2018;18(11):3855. https://doi.org/10.3390/s18113855 PMID: 30423992

	35.	 Liang ZW, Wang ZC, Ma HY, Yang F, Huang LH. The progress in improvement of high ph saline-alkali soil in the songnen plain by stress tolerant 
plants. J Jilin Agri University. 2008:48. https://doi.org/10.3901/JME.2008.09.177 (In Chinese)

	36.	 Li W, Yang S, Lu Z, He Z, Ye Y, Zhao B, et al. Cytological, physiological, and transcriptomic analyses of golden leaf coloration in Ginkgo biloba L. 
Hortic Res. 2018;5:12. https://doi.org/10.1038/s41438-018-0015-4 PMID: 29507736

	37.	 Wu S, Wang Y, Zhang J, Gong X, Zhang Z, Sun J, et al. Exogenous melatonin improves physiological characteristics and promotes growth of 
strawberry seedlings under cadmium stress. Horticultural Plant J. 2021;7(1):13–22. https://doi.org/10.1016/j.hpj.2020.06.002

	38.	 Narayanan S, Prasad PVV, Welti R. Wheat leaf lipids during heat stress: II. Lipids experiencing coordinated metabolism are detected by analysis of 
lipid co-occurrence. Plant Cell Environ. 2016;39(3):608–17. https://doi.org/10.1111/pce.12648 PMID: 26436445

https://doi.org/10.1038/nature03184
http://www.ncbi.nlm.nih.gov/pubmed/15635403
https://doi.org/10.1039/d1en00257k
https://doi.org/10.1039/d1en00257k
https://doi.org/10.1016/j.jprot.2018.12.018
http://www.ncbi.nlm.nih.gov/pubmed/30576833
https://doi.org/10.3389/fpls.2021.667458
https://doi.org/10.3389/fpls.2021.667458
http://www.ncbi.nlm.nih.gov/pubmed/34149764
https://doi.org/10.1016/j.tplants.2023.06.012
http://www.ncbi.nlm.nih.gov/pubmed/37407411
https://doi.org/10.1016/s0006-2952(03)00504-5
http://www.ncbi.nlm.nih.gov/pubmed/14555227
https://doi.org/10.1071/FP02015
http://www.ncbi.nlm.nih.gov/pubmed/32689573
https://doi.org/10.1016/j.crope.2024.07.001
https://doi.org/10.1016/j.crope.2024.07.001
https://doi.org/10.1099/mic.0.045682-0
http://www.ncbi.nlm.nih.gov/pubmed/21163840
https://doi.org/10.1105/tpc.016352
http://www.ncbi.nlm.nih.gov/pubmed/14688292
https://doi.org/10.1016/j.plantsci.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21421402
https://doi.org/10.1186/s12864-016-3442-3
http://www.ncbi.nlm.nih.gov/pubmed/28049426
https://doi.org/10.1016/j.ecoenv.2024.116974
https://doi.org/10.1016/j.ecoenv.2024.116974
http://www.ncbi.nlm.nih.gov/pubmed/39232298
https://doi.org/10.1111/j.1365-3040.2009.02092.x
https://doi.org/10.1111/j.1365-3040.2009.02092.x
http://www.ncbi.nlm.nih.gov/pubmed/20002333
https://doi.org/10.1016/j.stress.2024.100375
https://doi.org/10.1093/pcp/pct056
http://www.ncbi.nlm.nih.gov/pubmed/23592587
https://doi.org/10.3390/s18113855
http://www.ncbi.nlm.nih.gov/pubmed/30423992
https://doi.org/10.3901/JME.2008.09.177
https://doi.org/10.1038/s41438-018-0015-4
http://www.ncbi.nlm.nih.gov/pubmed/29507736
https://doi.org/10.1016/j.hpj.2020.06.002
https://doi.org/10.1111/pce.12648
http://www.ncbi.nlm.nih.gov/pubmed/26436445


PLOS One | https://doi.org/10.1371/journal.pone.0326434  June 25, 2025 20 / 22

	39.	 Parthasarathy SP, Anusuya S, Rajalakshmi S, Megha D, Appunu C, Alagumanian S, et al. Elucidating the efficacy of functionalized multi-walled 
carbon nanotube in the biogenesis of L-Dopa and antioxidant metabolites in cell cultures of Hybanthus enneaspermus. Plant Physiol Biochem. 
2024;206:108310. https://doi.org/10.1016/j.plaphy.2023.108310 PMID: 38169226

	40.	 Ramzan M, Shah A, Ahmed MZ, Bukhari MA, Ali L, Casini R. Exogenous application of glutathione and gamma amino-butyric acid alleviates salt 
stress through improvement in antioxidative defense system and modulation of CaXTHs stress-related genes. S Afr J Bot. 2023;266–73.

	41.	 Szarka A, L˝orincz T, Czobor A, Hajdin´ak P. The problem of glutathione determination: A comparative study on the measurement of glutathione 
from plant cells. Period Polytechn Chem Eng. 2018;63(1):1–10.

	42.	 Cui C, Cai J, Zhang S. Allelopathic effects of walnut (Juglans regia L.) rhizospheric soil extracts on germination and seedling growth of turnip (Bras-
sica rapa L.). Allelopathy Journal. 2013;32:37–48.

	43.	 Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal 
Biochem. 1976;72:248–54. https://doi.org/10.1016/0003-2697(76)90527-3 PMID: 942051

	44.	 Liepman AH, Olsen LJ. Peroxisomal alanine : glyoxylate aminotransferase (AGT1) is a photorespiratory enzyme with multiple substrates in Arabi-
dopsis thaliana. Plant J. 2001;25(5):487–98. https://doi.org/10.1046/j.1365-313x.2001.00961.x PMID: 11309139

	45.	 Shang ZH, Yu YN, Guo W, Liu YH, Wang JD. Sensitive determination of amino acids composition of pig plasmin by precolumn derivatization with 
1-fluoro-2, 4-dinitrobenzene and high performance liquid chromatographic (HPLC) separation. Chin J Chromatogr. 1993;11:236–8.

	46.	 Wu G, Li S, Li Y, Bi H, Ai X. Effects of hydrogen sulphide, nitric oxide and their interaction on photosynthesis of cucumber seedlings under chilling 
stress. Plant Physiol J. 2020;56:2221–32.

	47.	 Huang Y, Chen H, Reinfelder JR, Liang X, Sun C, Liu C, et al. A transcriptomic (RNA-seq) analysis of genes responsive to both cadmium and arse-
nic stress in rice root. Sci Total Environ. 2019;666:445–60. https://doi.org/10.1016/j.scitotenv.2019.02.281 PMID: 30802660

	48.	 Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis for RNA-seq: accounting for selection bias. Genome Biol. 
2010;11(2):R14. https://doi.org/10.1186/gb-2010-11-2-r14 PMID: 20132535

	49.	 Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res. 
2008;36(Database issue):D480-4. https://doi.org/10.1093/nar/gkm882 PMID: 18077471

	50.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Meth-
ods. 2001;25(4):402–8. https://doi.org/10.1006/meth.2001.1262 PMID: 11846609

	51.	 Zhang JF, Li J, Xie JM, Yu JH, Dawuda MM, Lyv J, et al. Changes in photosynthesis and carotenoid composition of pepper (Capsicum annuum 
L.) in response to low-light stress and low temperature combined with low-light stress. Photosynt. 2020;58(1):125–36. https://doi.org/10.32615/
ps.2019.175

	52.	 Zubo YO, Blakley IC, Franco-Zorrilla JM, Yamburenko MV, Solano R, Kieber JJ, et al. Coordination of chloroplast development through the action 
of the GNC and GLK transcription factor families. Plant Physiol. 2018;178(1):130–47. https://doi.org/10.1104/pp.18.00414 PMID: 30002259

	53.	 Chinnusamy V, Zhu J, Zhu J-K. Cold stress regulation of gene expression in plants. Trends Plant Sci. 2007;12(10):444–51. https://doi.
org/10.1016/j.tplants.2007.07.002 PMID: 17855156

	54.	 Borrell JH, Domènech Ò, Keough KM. Membrane Protein-Lipid Interactions: Physics and Chemistry in the Bilayer. Cham, Switzerland: Springer. 
2016.

	55.	 Reszczyńska E, Hanaka A. Lipids composition in plant membranes. Cell Biochem Biophys. 2020;78(4):401–14. https://doi.org/10.1007/s12013-
020-00947-w PMID: 33034870

	56.	 Guo Q, Liu L, Barkla BJ. Membrane lipid remodeling in response to salinity. Int J Mol Sci. 2019;20(17):4264. https://doi.org/10.3390/ijms20174264 
PMID: 31480391

	57.	 Kalisch B, Dörmann P, Hölzl G. DGDG and glycolipids in plants and algae. In Lipids in Plant and Algae Development; Nakamura Y, Li-Beisson Y, 
Eds.; Springer: Cham, Switzerland, 2016;86:51–83.

	58.	 Li Q, Zheng Q, Shen W, Cram D, Fowler DB, Wei Y, et al. Understanding the biochemical basis of temperature-induced lipid pathway adjustments 
in plants. Plant Cell. 2015;27(1):86–103. https://doi.org/10.1105/tpc.114.134338 PMID: 25564555

	59.	 Hori K, Nobusawa T, Watanabe T, Madoka Y, Suzuki H, Shibata D, et al. Tangled evolutionary processes with commonality and diversity in 
plastidial glycolipid synthesis in photosynthetic organisms. Biochim Biophys Acta. 2016;1861(9 Pt B):1294–308. https://doi.org/10.1016/j.
bbalip.2016.04.015 PMID: 27108062

	60.	 Demé B, Cataye C, Block MA, Maréchal E, Jouhet J. Contribution of galactoglycerolipids to the 3-dimensional architecture of thylakoids. FASEB J. 
2014;28(8):3373–83. https://doi.org/10.1096/fj.13-247395 PMID: 24736411

	61.	 Lamine M, Gargouri M, Mliki A. Identification of the NaCl-responsive metabolites in Citrus roots: A lipidomic and volatomic signature. Plant Signal 
Behav. 2020;15(8):1777376. https://doi.org/10.1080/15592324.2020.1777376 PMID: 32508206

	62.	 Khatri K, Rathore MS. Salt and osmotic stress-induced changes in physio-chemical responses, PSII photochemistry and chlorophyll a fluorescence 
in peanut. Plant Stress. 2022;3:100063. https://doi.org/10.1016/j.stress.2022.100063

	63.	 Rasouli F, Kiani-Pouya A, Tahir A, Shabala L, Chen Z, Shabala S. A comparative analysis of stomatal traits and photosynthetic responses in closely 
related halophytic and glycophytic species under saline conditions. Environ Exp Bot. 2021;:104300.

https://doi.org/10.1016/j.plaphy.2023.108310
http://www.ncbi.nlm.nih.gov/pubmed/38169226
https://doi.org/10.1016/0003-2697(76)90527-3
http://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.1046/j.1365-313x.2001.00961.x
http://www.ncbi.nlm.nih.gov/pubmed/11309139
https://doi.org/10.1016/j.scitotenv.2019.02.281
http://www.ncbi.nlm.nih.gov/pubmed/30802660
https://doi.org/10.1186/gb-2010-11-2-r14
http://www.ncbi.nlm.nih.gov/pubmed/20132535
https://doi.org/10.1093/nar/gkm882
http://www.ncbi.nlm.nih.gov/pubmed/18077471
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.32615/ps.2019.175
https://doi.org/10.32615/ps.2019.175
https://doi.org/10.1104/pp.18.00414
http://www.ncbi.nlm.nih.gov/pubmed/30002259
https://doi.org/10.1016/j.tplants.2007.07.002
https://doi.org/10.1016/j.tplants.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17855156
https://doi.org/10.1007/s12013-020-00947-w
https://doi.org/10.1007/s12013-020-00947-w
http://www.ncbi.nlm.nih.gov/pubmed/33034870
https://doi.org/10.3390/ijms20174264
http://www.ncbi.nlm.nih.gov/pubmed/31480391
https://doi.org/10.1105/tpc.114.134338
http://www.ncbi.nlm.nih.gov/pubmed/25564555
https://doi.org/10.1016/j.bbalip.2016.04.015
https://doi.org/10.1016/j.bbalip.2016.04.015
http://www.ncbi.nlm.nih.gov/pubmed/27108062
https://doi.org/10.1096/fj.13-247395
http://www.ncbi.nlm.nih.gov/pubmed/24736411
https://doi.org/10.1080/15592324.2020.1777376
http://www.ncbi.nlm.nih.gov/pubmed/32508206
https://doi.org/10.1016/j.stress.2022.100063


PLOS One | https://doi.org/10.1371/journal.pone.0326434  June 25, 2025 21 / 22

	64.	 Kiss É, Talbot J, Adams NBP, Opekar S, Moos M, Pilný J, et al. Chlorophyll biosynthesis under the control of arginine metabolism. Cell Rep. 
2023;42(11):113265. https://doi.org/10.1016/j.celrep.2023.113265 PMID: 37864789

	65.	 Sairam R, Tyagi A. Physiology and molecular biology of salinity stress tolerance in plants. Curr Sci. 2004;86:407–21.

	66.	 Kumar AM, Söll D. Antisense HEMA1 RNA expression inhibits heme and chlorophyll biosynthesis in arabidopsis. Plant Physiol. 2000;122(1):49–56. 
https://doi.org/10.1104/pp.122.1.49 PMID: 10631248

	67.	 Chaves MM, Flexas J, Pinheiro C. Photosynthesis under drought and salt stress: regulation mechanisms from whole plant to cell. Ann Bot. 
2009;103(4):551–60. https://doi.org/10.1093/aob/mcn125 PMID: 18662937

	68.	 Yang Z, Li J-L, Liu L-N, Xie Q, Sui N. Photosynthetic regulation under salt stress and salt-tolerance mechanism of sweet sorghum. Front Plant Sci. 
2020;10:1722. https://doi.org/10.3389/fpls.2019.01722 PMID: 32010174

	69.	 Liu X, Li A, Wang S, Lan C, Wang Y, Li J, et al. Overexpression of Pyrus sinkiangensis HAT5 enhances drought and salt tolerance, and low-
temperature sensitivity in transgenic tomato. Front Plant Sci. 2022;13:1036254. https://doi.org/10.3389/fpls.2022.1036254 PMID: 36420018

	70.	 Pan Y, Yu J, Duan L. Method for improving high-temperature stress tolerance in tomato by suppressing SlHAT5 expression. Chinese Patent. 2022. 
https://doi.org/CN202211073278.2

	71.	 de Oliveira GLR, Medeiros I, Nascimento SS da C, Viana RLS, Porto DL, Rocha HAO, et al. Antioxidant stability enhancement of carot-
enoid rich-extract from Cantaloupe melon (Cucumis melo L.) nanoencapsulated in gelatin under different storage conditions. Food Chem. 
2021;348:129055. https://doi.org/10.1016/j.foodchem.2021.129055 PMID: 33508595

	72.	 Gulcin İ. Antioxidants and antioxidant methods: an updated overview. Arch Toxicol. 2020;94(3):651–715. https://doi.org/10.1007/s00204-020-
02689-3 PMID: 32180036

	73.	 Kang C, Zhai H, Xue L, Zhao N, He S, Liu Q. A lycopene β-cyclase gene, IbLCYB2, enhances carotenoid contents and abiotic stress tolerance in 
transgenic sweetpotato. Plant Sci. 2018;272:243–54. https://doi.org/10.1016/j.plantsci.2018.05.005 PMID: 29807598

	74.	 Iturbe-Ormaetxe I, Escuredo PR, Arrese-Igor C, Becana M. Oxidative damage in pea plants exposed to water deficit or paraquat1. Plant Physiol. 
1998;116(1):173–81. https://doi.org/10.1104/pp.116.1.173

	75.	 Li M, Kim C. Chloroplast ROS and stress signaling. Plant Commun. 2021;3(1):100264. https://doi.org/10.1016/j.xplc.2021.100264 PMID: 35059631

	76.	 Martínez-Goni XS, Miranda-Apodaca J, Pérez-Lopez U. Could buckwheat and spelt be alternatives to wheat under future environmental condi-
tions? Study of their physiological response to drought. Agric Water Manag. 2003;278:108176.

	77.	 Aung TT, Shi F, Zhai Y, Xue J, Wang S, Ren X, et al. Acidic and alkaline conditions affect the growth of tree peony plants via altering photosynthetic 
characteristics, limiting nutrient assimilation, and impairing ROS balance. Int J Mol Sci. 2022;23(9):5094. https://doi.org/10.3390/ijms23095094 
PMID: 35563483

	78.	 Sharma S, Joshi J, Kataria S, et al. Regulation of the calvin cycle under abiotic stresses: an overview - plant life under changing environment, 
2020;681–717.

	79.	 Ju C, Wang C. Gγ subunit AT1/GS3-the “code” of alkaline tolerance in main graminaceous crops. Stress Biol. 2023;3(1):9. https://doi.org/10.1007/
s44154-023-00090-5 PMID: 37676334

	80.	 Noctor G, Arisi ACM, Jouanin L, Foyer CH. Photorespiratory glycine enhances glutathione accumulation in both the chloroplastic and cytosolic 
compartments. J Exp Bot. 1999;50:1157–67.

	81.	 Wingler A, Lea PJ, Quick WP, Leegood RC. Photorespiration: metabolic pathways and their role in stress protection. Philo Trans Royal Soc B Biol 
Sci. 2000;355:1517–29.

	82.	 Timm S, Florian A, Arrivault S, Stitt M, Fernie AR, Bauwe H. Glycine decarboxylase controls photosynthesis and plant growth. FEBS Lett. 
2012;586(20):3692–7. https://doi.org/10.1016/j.febslet.2012.08.027 PMID: 22982108

	83.	 Timm S, Wittmiß M, Gamlien S, Ewald R, Florian A, Frank M, et al. Mitochondrial dihydrolipoyl dehydrogenase activity shapes photosynthesis and 
photorespiration of arabidopsis thaliana. Plant Cell. 2015;27(7):1968–84. https://doi.org/10.1105/tpc.15.00105 PMID: 26116608

	84.	 Wu J, Zhang Z, Zhang Q, Han X, Gu X, Lu T. The molecular cloning and clarification of a photorespiratory mutant, oscdm1, using enhancer trap-
ping. Front Genet. 2015;6:226. https://doi.org/10.3389/fgene.2015.00226 PMID: 26191072

	85.	 Yang L, Han H, Liu M, Zuo Z, Zhou K, Lü J, et al. Overexpression of the Arabidopsis photorespiratory pathway gene, serine: glyoxylate aminotrans-
ferase (AtAGT1), leads to salt stress tolerance in transgenic duckweed (Lemna minor). Plant Cell Tiss Organ Cult. 2013;113(3):407–16. https://doi.
org/10.1007/s11240-012-0280-0

	86.	 Haupt-Herting S, Fock HP. Oxygen exchange in relation to carbon assimilation in water-stressed leaves during photosynthesis. Ann Bot. 2002;89 
Spec No(7):851–9. https://doi.org/10.1093/aob/mcf023 PMID: 12102511

	87.	 Guan XQ, Zhao SJ, Li DQ, Shu HR. Photoprotective function of photorespiration in several grapevine cultivars under drought stress. Photosynt. 
2004;42(1):31–6. https://doi.org/10.1023/b:phot.0000040566.55149.52

	88.	 Foyer CH, Bloom AJ, Queval G, Noctor G. Photorespiratory metabolism: genes, mutants, energetics, and redox signaling. Annu Rev Plant Biol. 
2009;60:455–84. https://doi.org/10.1146/annurev.arplant.043008.091948 PMID: 19575589

	89.	 Noctor G, Veljovic-Jovanovic S, Driscoll S, Novitskaya L, Foyer CH. Drought and oxidative load in the leaves of C3 plants: a predominant role for 
photorespiration? Ann Bot. 2002;89 Spec No(7):841–50. https://doi.org/10.1093/aob/mcf096 PMID: 12102510

https://doi.org/10.1016/j.celrep.2023.113265
http://www.ncbi.nlm.nih.gov/pubmed/37864789
https://doi.org/10.1104/pp.122.1.49
http://www.ncbi.nlm.nih.gov/pubmed/10631248
https://doi.org/10.1093/aob/mcn125
http://www.ncbi.nlm.nih.gov/pubmed/18662937
https://doi.org/10.3389/fpls.2019.01722
http://www.ncbi.nlm.nih.gov/pubmed/32010174
https://doi.org/10.3389/fpls.2022.1036254
http://www.ncbi.nlm.nih.gov/pubmed/36420018
https://doi.org/CN202211073278.2
https://doi.org/10.1016/j.foodchem.2021.129055
http://www.ncbi.nlm.nih.gov/pubmed/33508595
https://doi.org/10.1007/s00204-020-02689-3
https://doi.org/10.1007/s00204-020-02689-3
http://www.ncbi.nlm.nih.gov/pubmed/32180036
https://doi.org/10.1016/j.plantsci.2018.05.005
http://www.ncbi.nlm.nih.gov/pubmed/29807598
https://doi.org/10.1104/pp.116.1.173
https://doi.org/10.1016/j.xplc.2021.100264
http://www.ncbi.nlm.nih.gov/pubmed/35059631
https://doi.org/10.3390/ijms23095094
http://www.ncbi.nlm.nih.gov/pubmed/35563483
https://doi.org/10.1007/s44154-023-00090-5
https://doi.org/10.1007/s44154-023-00090-5
http://www.ncbi.nlm.nih.gov/pubmed/37676334
https://doi.org/10.1016/j.febslet.2012.08.027
http://www.ncbi.nlm.nih.gov/pubmed/22982108
https://doi.org/10.1105/tpc.15.00105
http://www.ncbi.nlm.nih.gov/pubmed/26116608
https://doi.org/10.3389/fgene.2015.00226
http://www.ncbi.nlm.nih.gov/pubmed/26191072
https://doi.org/10.1007/s11240-012-0280-0
https://doi.org/10.1007/s11240-012-0280-0
https://doi.org/10.1093/aob/mcf023
http://www.ncbi.nlm.nih.gov/pubmed/12102511
https://doi.org/10.1023/b:phot.0000040566.55149.52
https://doi.org/10.1146/annurev.arplant.043008.091948
http://www.ncbi.nlm.nih.gov/pubmed/19575589
https://doi.org/10.1093/aob/mcf096
http://www.ncbi.nlm.nih.gov/pubmed/12102510


PLOS One | https://doi.org/10.1371/journal.pone.0326434  June 25, 2025 22 / 22

	90.	 Scheibe R, Beck E. Drought, desiccation and oxidative stress. In: L€uttge U, Beck E, Bartels D. (Eds), Ecological studies, Vol. 215: desiccation 
tolerance of plants. Springer: Berlin, Germany, 2011;209–231.

	91.	 Timm S, Woitschach F, Heise C, Hagemann M, Bauwe H. Faster removal of 2-phosphoglycolate through photorespiration improves abiotic stress 
tolerance of arabidopsis. Plants. 2019;8(12):563. https://doi.org/10.3390/plants8120563

	92.	 Ma Q, Wang H, Wu E, Zhang H, Feng Y, Feng B. Widely targeted metabolomic analysis revealed the effects of alkaline stress on nonvolatile and 
volatile metabolites in broomcorn millet grains. Food Res Int. 2023;171:113066. https://doi.org/10.1016/j.foodres.2023.113066 PMID: 37330826

https://doi.org/10.3390/plants8120563
https://doi.org/10.1016/j.foodres.2023.113066
http://www.ncbi.nlm.nih.gov/pubmed/37330826

