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Introduction: High temperature posed a signi cant abiotic stress, severely
limiting plant growth and development. As a cool-loving vegetable, pakchoi
(Brassica rapa subsp. chinensig is highly sensitive to high temperatures, yet its
molecular mechanisms underlying heat stress tolerance in pakchoi are not
well explored.
Methods: This study employed an integrated approach combining physiological
assessments with extensive transcriptomic and proteomic pro ling of leaves from
a heat-tolerant pakchoi line.
Results: Our physiological analyses revealed that 5 days of heat stress (39/32°C,
day/night) signi cantly impaired plant performance, resulting in a signi cant
reduction in plant fresh weight, chlorophyll content, and critical Chl
uorescence parameters, including Fv/Fm and Plags. Furthermore, the activities
of key antioxidant enzymes, peroxidase and catalase, were signi cantly reduced,
suggesting a reduced reliance on these antioxidant enzymes for mitigating
oxidative stress in heat-tolerant varieties. Subsequent integrated transcriptomic
and proteomic analysis identi ed 4414 differentially expressed genes (DEGs) and
506 differentially abundant proteins (DAPs) under heat stress. Functional
enrichment analysis demonstrated that up-regulated DEGs/DAPs were
signi cantly enriched in pathways essential for cellular protection and energy
metabolism, including protein processing in endoplasmic reticulum, starch and
sucrose metabolism, glycolysis/gluconeogenesis. Conversely, down-regulated
DEGs/DAPs were mainly involved in plant hormones and signaling pathway (e.g.
ABA pathway, MAPK signaling), as well as secondary metabolic processes (e.g.
phenylpropanoid and avonoid biosynthesis), suggesting a strategic reallocation
of cellular resources and a shift in metabolic priorities under stress. Notably,
integrated omics and protein-protein interaction (PPI) analysis highlighted the
privotal role of the heat shock proteins (HSPs) in mediating heat tolerance,
particularly heat shock protein 70s (HSP70s), with four HSP70s identi ed as hub
nodes in the PPl network, three of which were involved in protein processing in
the endoplasmic reticulum.
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Dissusion: This study not only provides novel and comprehensive insights into
the multi-level physiological and adaptations of pakchoi to heat stress, but also
lays a robust foundation for the development of more heat-tolerant pakchoi
through targeted breeding strategies.
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1 Introduction

Over recent decades, global temperatures have risen
continuously, and extreme weather events have occurred
frequently, especially in tropical and subtropical regions
(Lippmann et al., 2019). The adverse effects of elevated
temperature on plant growth are exacerbated by climate change,
and heat stress has become one of the most critical abiotic factors
constraining global agricultural output (Lobell et al., 2008;
Rosenzweig et al., 2014). High temperature retard plant
development, disrupt cellular processes, and may lead to plant
death (Kan et al., 2023). In response to elevated temperatures,
plants activate a wide range of adaptive mechanisms involving
complex physiological, biochemical, and molecular regulatory
networks to mitigate thermal damage. These responses include
the accumulation of heat-shock proteins (HSPs) to prevent
irreversible protein unfolding and aggregation (Sadura et al.,
2020), and the upregulation of antioxidant defense systems—
comprising enzymes such as superoxide dismutase, calatase,
peroxidase (Zhang et al., 2024) and glutathione peroxidase, as
well as non-enzymatic antioxidants such as ascorbic acid and
glutathione (Mittler, 2002; Roach et al., 2023). Plants also
recon gure endogenous phytohormones signaling pathways,
including those of abscisic acid (Huang et al., 2016), auxin (Chen
et al.,, 2024b), jasmonates (Wang et al., 2021), to initiate
downstream transcription reprogramming. Furthermore, heat
stress often induces the synthesis of protective secondary
metabolites, such as phenolics, terpenoids, and nitrogen-
containing compounds (Salam et al., 2023). Therefore, a
comprehensive understanding of these regulatory mechanisms is
the foundation for breeding heat-tolerant crop varieties.

Pakchoi (B. rapa subsp. Chinensis), a widely cultivated leafy
vegetable in China and increasingly popular worldwide. Pakchoi is a
cool-season crop that thrives at 18~20°C (Yu et al., 2023). Owing to
its short growth cycle, pakchoi is now grown year-round, especially
in the summer and early-autumn seasons to meet rising market
demands. However, as a cool-loving crop, pakchoi is highly
susceptible to elevated temperatures, which severely impact its
yield and quality. When pakchoi is subjected to temperatures
above 28°C, its growth potential will be restricted (Gao et al.,
2025). Severe heat causes leaf curling, twisting, yellowing, stem
elongation, and leaf narrowing, ultimately resulting in reduced
marketability. Thus, it is crucial to reveal the regulatory
mechanisms underlying heat tolerance for developing heat-
tolerant pakchoi cultivars. A previous study showed that a total of
1220 differentially expressed genes (DEGs) were detected and 9
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KEGG pathways were signi cantly enriched in pakchoi under heat
stress (Xu et al., 2016). Gene regulation in response to heat occurs
not only at the transcriptional level (Moradpour et al., 2021), but
also through complex post-transcriptional and post-translational
modi cations (Kan et al., 2023).

Transcriptome sequencing (RNA-Seq) has been widely used to
investigate the gene expression pro le under biotic or abiotic stress.
In owering Chinese cabbage (Ikram et al., 2022), functional
annotation of transcriptomic data has identi ed 15 potential heat-
tolerance genes. Similarly, Qiu et al. (2017) used transcriptomic
analysis to identify key DEGs involved in salt tolerance in Chinese
cabbage. However, transcriptomic data alone may not fully represent
cellular processes, as discrepancies between gene expression and
protein abundance often occur (Lu et al., 2022). To bridge this gap,
integrated transcriptomic and proteomic approaches have been
utilized to reveal regulatory networks in plants under abiotic
stresses. For instance, transcriptomic and proteomic pro les were
used to explore the transcriptional and post-transcriptional changes
in drought-stressed tomato (Liu et al., 2023). An integrated analysis
has clari ed cold tolerance mechanisms in rapeseed (Mehmood et al.,
2021). However, the mechanisms of heat tolerance in pakchoi remain
largely unexplored. Studies of high-temperature stress on B. rapa
have mainly focused on physiological or transcriptomic analyses (Shi
etal., 2023; Zhang et al., 2022), a comprehensive molecular regulatory
network underlying heat stress tolerance remain to be elucidated.

In this study, we performed an integrated transcriptomic and
proteomic analysis to characterize the molecular responses of
pakchoi under optimal and heat stress conditions. Based on the
functional annotation of differentially expressed genes (DEGSs) and
differentially abundant proteins (DAPS), and correlation analysis
between gene expression and protein abundance, we identi ed key
genes and pathways associated with heat tolerance. In addition,
physiological indices, including fresh weight, chlorophyll content
and Chl uorescence parameters, were assayed. Our ndings
provide a comprehensive understanding of the molecular and
physiological adaptation of pakchoi to heat stress and may serve
as a foundation for breeding heat-tolerant cultivars.

2 Materials and methods

2.1 Plant materials and heat stress
treatment

Seeds of the heat-tolerant pakchoi cultivar ‘Refeng’, a widely
cultivated variety in China, were bred by Degao Seed Co., Ltd.
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(Shandong, China). Uniformly sized seeds were germinated on
moist Iter paper in petri dishes and incubated in the dark at 28°
C. After germination, the seeds were sown directly into 50-cell plug
trays containing a growth substrate composed of peat, vermiculite,
and perlite (1:1:1, v/v/v). Seedlings were cultivated in arti cial
climate chambers set at 25/18°C (day/night) with a 16 h/8 h light/
dark photoperiod, a light intensity of 12000 lux, and a relative
humidity of 70%. At the 4-5 true leaf stage, half of the seedlings
were randomly assigned to the heat stress group (HS) and exposed
to a high temperature regime of 39/32°C (day/night). The
remaining seedlings were maintained under the original ambient
conditions (25/18°C, day/night) as control group (CK). To evaluate
the heat tolerance of pakchoi, leaf samples were collected following
a 5-day treatment period according to the protocols of Xu et al.
(2016) and Yuan et al. (2025). Speci cally, the second leaf from the
apex was sampled from each seedling in both HS and CK groups,
immediately frozen in liquid nitrogen, and nally stored at -80°C
for measurement of physiological indexes, and transcriptomic and
proteomic analyses. Moreover, fresh weight of shoot and root
tissues were recorded. The experiment was performed in three
independent biological replicates, each comprising
twenty seedlings.

2.2 Chlorophyll content

Chlorophyll content was assayed using the ethanol extraction
method (Yu et al., 2023). Brie y, fresh leaf tissue (0.5 g) was
homogenized in 96% (v/v) ethanol and centrifuged at 15,000 x g
for 3 min. Absorbance of the supernatant was measured at 665, 649,
and 470 nm, respectively, to calculate Chla and Chlb. Total
chlorophyll was de ned as the sum of Chla and Chlb.

2.3 Chl uorescence parameters

After 5 days of heat stress treatment, fully expanded and healthy
upper leaves of HS and CK were randomly selected for leaf OJIP
transient measurements using a Handy Plant Ef ciency Analyzer
(Handy-PEA, King's Lynn, Norfolk, UK) as described by Teng et al.
(2022). Leaves were dark-adapted for at least 30 min to ensure
complete closure of all photosystemll (PSII) reaction centers. Then,
the measurements were initiated by applying a beam of saturating
red light (peak wavelength 650 nm, intensity 3000 pmol-m?2s™).
The resulting OJIP transients were analyzed with Biolyzer HP3
software (Bioenergetics Laboratory, University of Geneva,
Switzerland) to generate energy pipeline models. The Chl

uorescence parameters Fv/Fm and Plags were calculated as
described by Li et al. (2019).

2.4 Antioxidant enzyme activities

Activities of Peroxidase (POD) and Catalase (CAT) were
determined using commercial kits (Solarbio Life Sciences, Beijing,
China; Cat#BC0095, Cat#BC0205) in accordance with the
manufacturer’s instructions (Zhang et al., 2022). Three biological
replicates (n=3) were analyzed for each sample.
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2.5 Transcriptome sequencing and analysis

Total RNA was isolated from leaf tissues using TRIzol Reagent
(Thermo sher scienti ¢, USA) following the manufacturer’s
protocol (Zheng et al., 2022). The concentration, purity, and
integrity of the RNA were quanti ed using a NanoDrop 2000
(NanoDrop, USA) and 1.0% agarose gel electrophoresis. For
library construction, 1 pg of total RNA per sample was used. The
mRNA was isolated using oligo (dT) beads and fragmented in
fragmentation buffer. First-strand cDNA was synthesized using
random primers followed by second-strand synthesis and end-
repair. The library was sequenced on the Illumina NovaSeq X
Plus platform (Majorbio BioPharm Technology Co., Ltd.,
Shanghai, China). To obtain clean reads, low-quality reads and
adapter sequences were removed using fastq. Then, the Q20, Q30,
and GC content of the clean data were calculated. Clean reads were
mapped to the assembled Brassica rapa subsp. pekinensis genome
(http://www.bioinformaticslab.cn/EMSmutation/download/).
Filtered reads were counted using RSEM (version 1.3.3). Differential
expression analysis was performed using DESeq2 (version 1.38.0)
(Varet et al, 2016). Functional annotation of transcripts were
conducted using GO, KEGG, NR, Swiss-Prot, Pfam and EggNOG
databases. Three biological replicates were performed in
transcriptomic analysis.

2.6 RT-gPCR validation of gene expression

The cDNA was synthesized from puri ed RNA using the Evo
M-MLV RT Mix Kit with gDNA Clean for gPCR (AG, Changsha,
China). RT-qPCR was performed using a SYBR Green Premix Pro
Taqg HS gPCR Kit (AG, Changsha, China). The BcGAPC gene was
used as an internal control (Gao et al., 2025). The sequences of all
gene-speci ¢ primer are provided in Supplementary Table 1.
Relative gene expression levels were calculated using the
2"PT method.

2.7 Proteome sequencing and analysis
2.7.1 Protein extraction and digestion

Protein extraction and digestion were performed as previously
described by Mu et al. (2024). Brie vy, leaf tissue was ground in
liquid nitrogen and lysed in a solution containing 8 M urea, 1%
SDS, and a protease inhibitors. Samples were sonicated under
cryogenic conditions for 30 min and centrifuged at 16000 x g at
8°C for 30 min. Supernatants were collected to determine protein
concentration using a BCA kit (Thermo Scienti ¢). For each
sample, 100 pg of protein was reduced with 100 mmol-L™
triethylammonium bicarbonate buffer (TEAB) and 10 mmol-L™
Tris (2-carboxyethyl) phosphine (TCEP) at 37°C for 1 h, followed
by alkylation with 40 mmol-L iodoacetamide (IAM) in the dark at
room temperature for 40 min. The proteins were then precipitated
and digested overnight at 37°C with trypsin (trypsin: protein, 1.50,
w/w).
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2.7.2 Peptide quanti cation, 4D-DIA (four-
dimensional data-independent acquisition) mass
detection and protein identi cation

After protein digestion, peptides were desalted using HLB
cartridges, vacuum-dried, and reconstituted in 0.1%
tri uoroacetic acid (TFA). Peptides concentrations were
determined using ultraviolet spectrophotometry by Nano Drop
One (Thermo Scienti c). LC-MS/MS analysis was performed on a
timsTOF Pro2 mass spectrometer (Bruker, Germany) coupled with
a Vanquish Neo UHPLC system (Thermo Scienti c¢) at Majorbio
Bio-Pharm Technology Co. Ltd. (Shanghai, China). Brie vy,
peptides were loaded onto a reversed-phase C18 column
(lonopticks, 1.6 mm, 75 mmx250 mm) and separated using a 44-
minutes linear gradient from mobile phases A (water with 2% ACN
and 0.1% formic acid) to B (water with 80% ACN and 0.1% formic
acid). The mass spectrometry scanning range was 100-1700 m/z.
The data obtained from mass spectrometry were analyzed using
Compass HyStar software (Bruker, Germany).

2.8 Integration analysis of transcriptome
and proteome pro les

Integrated proteomic and transcriptomic analysis was
conducted using the Majorbio online platform (http://
www.majorbio.com/). KEGG enrichment analysis and protein-
protein interaction analysis were conducted. Network
visualization was carried out using Cytoscape 3.7.2.

3 Results

3.1 Effects of heat stress on morphological
and physiological indexes

Following 5 days of heat stress treatment, pakchoi seedlings
displayed evident phenotypic differences compared to the control
(CK). Leaves of heat-stressed plants (HS) exhibited mild outward
curling, twisting, and chlorosis (Figure 1A). Shoot and root fresh
weights were signi cantly reduced under heat stress compared to
CK (Figures 1B, C). Leaf chlorophyll content in HS-treated leaves
was markedly lower than that in CK plants (Figure 1D). Heat stress
also impaired photosynthetic ef ciency, with a signi cant reduction
in chlorophyll uorescence parameters, including Fv/Fm and Pl ags
(Figures 1E, F).

To further evaluate physiological stress responses, the activity of
POD and CAT were measured. Both enzyme activities were
signi cantly decreased in HS plants compared to CK (Figures 1G,
H). POD and CAT activities decreased by 37.09% and 25.27%,
respectively, in HS compared to CK.

3.2 Differentially expressed genes and
functional annotation

Each library generated 40.74 to 50.61 million raw reads.
Average clean reads of 44.84 and 42.03 million were obtained
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from HS and CK samples, respectively. All libraries showed high
sequencing quality, with Q30 values above 95%, and GC content
between 47.28% and 48.10% (Supplementary Table 2).

Principal component analysis (PCA) showed a good cluster
between biological replicates, as well as a clear separation between
HS and CK group (Figure 2A). A total of 34,860 genes were
obtained, among which 4,414 were identi ed as differentially
expressed (|log2FC| 1 and P-adjust<0.05). Of these, 2459 DEGs
were up-regulated and 1955 DEGs were down-regulated in the HS
group (Figure 2B; Supplementary Table 3).

GO enrichment analysis identi ed a total of 186 signi cantly
enriched GO terms (P-adjust <0.05), including 110 biological
processes, 58 molecular functions, and 18 cellular components
(Supplementary Table 4). Up-regulated genes were signi cantly
enriched in xylan metabolic process (G0:0010383), response to
temperature stimulus (GO:0009266), response to heat (GO:0009408),
ATP-dependent protein folding chaperone (G0:0140662), cellular
carbohydrate metabolic process (G0:0044262), cell wall
polysaccharide metabolic process (G0:0010383), rRNA metabolic
process (G0:0016072), and beta-glucosidase activity (GO:0008422)
(Figure 2C). Conversely, down-regulated genes were signi cantly
enriched in 96 GO terms, including organic acid transport
(G0O:0015849), positive regulation of DNA-binding transcription
factor activity (GO:0051091), protein phosphorylation (GO:0006468),
amino acid transport (GO:0006865), cytokinin metabolic process
(G0O:0009690), response to heat (GO:0009408), polysaccharide
binding (G0:0030247), and transcription regulator activity
(G0:0140110) (Figure 2D).

KEGG enrichment analysis showed that up-regulated genes
were primarily enriched in metabolism-related pathways,
including cysteine and methionine metabolism (map00270),
starch and sucrose metabolism (map00500), alanine, aspartate
and glutamate metabolism (map00250), glycolysis/
gluconeogenesis (map00010), and protein processing in
endoplasmic reticulum (map04141) (Figure 2E). Down-
regulated genes were mainly enriched in pathways related to
plant hormone signal transduction (map04075), MAPK
signaling (map04016), glycerolipid metabolism (map00561),
tryptophan metabolism (map00380), and peroxisome
(map04146) (Figure 2F).

3.3 Differentially abundant proteins and
functional analysis

The numbers of identi ed precursors, peptides and proteins in
each sample were presented in Supplementary Table 5. The
majority of identi ed proteins exhibited low sequence coverage,
with 38.42%, 25.49%, and 27.26% of proteins in the range of 0-10%,
10-20%, and 20-40%, respectively (Supplementary Figure 1A).
Furthermore, most proteins were covered with only one peptide
(Supplementary Figure 1B). The molecular masses of the identi ed
proteins were predominantly distributed in 20-60 KDa
(Supplementary Figure 1C). PCA revealed clear separation
between HS and CK, while three biological replicates within each
group clustered closely, indicating high reliability of the experiment
results (Figure 3A).
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FIGURE 1

Phenotypic and physiological changes of HS and CK. (A) plant shoot and root changes. (B) Shoot fresh weight. (C) Root fresh weight. (D) Chlorophyll
content in leaves after heat stress. (E) Maximum quantum ef ciency of photosystem II, Fv/Fm. (F) Performance index on absorption basis, PIABS.
(G) Peroxidase (POD) activity. (H) Catalse (CAT) activity. ** and * indicates a signi cant difference at P<0.01 and P<0.05 using two-tailed Students t-test.

Based on established cut-off criteria (|log2FC| >1.5 (up-
regulated) or < 0.667 (down-regulated) and P < 0.05), a total of
506 differentially abundant proteins (DAPs) were identi ed, of
which 251 proteins (50%) showed a higher abundance and 255
proteins (50%) showed a lower abundance in the HS group
compared to CK group (Figure 3B; Supplementary Table 6).

To understand the biological functions of the DAPs, we
conducted subcellular localization prediction and EggNOG
(Evolutionary Genealogy of Genes: Non-supervised Orthologous
Groups) functional classi cation. The subcellular localization
prediction showed that most up-regulated proteins were located
in cytoplasmic (90 DAPs, 35.86%), and chloroplast (73 DAPs,
29.08%) (Figure 3C). The down-regulated proteins were mainly
located in the cytoplasmic (55 DAPs, 23.14%), chloroplast (44
DAPs, 17.25%), extracellular (44 DAPs, 17.25%), and
endoplasmic reticulum (31 DAPs, 12.16%), accounting for 69%
(Figure 3D). DAPs were mainly related to ‘posttranslational
modi cation, protein turnover, chaperones’ (Figures 3E, F).
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GO enrichment analysis showed that up-regulated proteins
were enriched in response to heat, response to abiotic stimulus,
protein refolding and folding, spermidine and polyamine metabolic
process in the biological process category, heat shock protein
binding, protein heterodimerization activity, protein folding
chaperone in the molecular function category, and nucleosome,
protein-DNA complex and central vacuole in the cellular
component category (Figure 4A; Supplementary Table 7). Down-
regulated proteins were mainly enriched in proteolysis, cellwall
macromolecule metabolic process, hydrogen peroxide catabolic
process and carbohydrate metabolic process in the biological
process category, catalytic activity, peptidase-related activity,
hydrolase activity, heme binding, and tetrapyrrole binding in the
molecular function category, extracellular region, apoplast, external
encapsulating structure in the cellular component category
(Figure 4B; Supplementary Table 8).

KEGG pathway analysis showed that up-regulated proteins
were signi cantly enriched in protein processing in endoplasmic
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FIGURE 2
Overview of the differentially expressed genes (DEGs) in response to heat stress. (A, B) PCA and volcano plots showing differentially expressed genes.
(C) Up-regulated DEGs in GO enrichment analysis. (D) Down-regulated DEGs in GO enrichment analysis. (E) Up-regulated DEGs in KEGG
enrichment analysis. (F) Down-regulated DEGs in KEGG enrichment analysis.

reticulum and ribosome pathways (Figure 4C). Down-regulated 3.4 Joint ana|y5is of DEGs and DAPs
proteins were primarily enriched in metabolism-related pathways,

including glucosinolate biosynthesis, phenylpropanoid The RNA-seq and proteomic data were integrated to reveal the
biosynthesis, avonoid biosynthesis (Figure 4D). coordinated regulation of gene expression and protein abundance
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