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Abstract: Cabbage is a heat-stress-sensitive cool-season crop. When exposed to high temperatures,
cabbage plants can experience reduced growth, wilting, leaf yellowing, and premature bolting (the
formation of a flowering stem). The regulatory mechanism controlling heat stress is poorly understood
in cabbage. To investigate this mechanism, physiological changes and transcriptional profiling for
different heat treatment times were analyzed in this study. The results showed that superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POD) activities were enhanced under heat stress.
In particular, the increase in SOD and POD activities after 12 h of heat treatment was greater than
that after 4 h of heat treatment. With increasing heat treatment duration, the leaf CAT activity and
H,0O, content decreased after the initial increase. The electrolyte leakage and malondialdehyde
(MDA) content dropped significantly, while the proline content increased. Alongside that, 7007 and
5537 upregulated genes were identified in the experimental group treated with heat stress for the
4 h and 12 h treatments, respectively. We found that 10,479 DEGs were shared in the heat stress
treatment, of which 1241 were associated with the heat treatment time. By integrating the expression
patterns and functional annotations of genes related to heat stress, we identified 15 hub genes that
respond to heat stress in cabbage. Meanwhile, we had constructed a physiological to molecular
model of cabbage response to long-term heat stress. These findings provide new insights for the
comprehensive analysis of cabbage response to heat stress and genetic resources for breeding new
varieties of cabbage with heat tolerance via genetic engineering.

Keywords: cabbage; heat stress; physiological change; hub gene; transcriptional regulation mechanism

1. Introduction

Global warming has been studied for many years as a scientific issue of great interest
worldwide [1]. The United Nations Intergovernmental Panel on Climate Change (IPCC,
http:/ /www.ipcc.ch/), accessed on 1 March 2022, has released a new report stating that
the warming of the climate system is expected to continue until mid-century. In the next
20 years, global temperature increases will reach or exceed 1.5 °C compared to the period
of the industrial revolution. As global warming intensifies, our average temperatures will
continue to rise in the future, and most plants will suffer the effects of high temperatures.
Temperature is an important environmental factor affecting the growth, development, and
function of plants [2]. With global warming, the frequency of periodic high-temperature
weather is causing increasingly severe damage to crops [3,4]. The physiological damage
caused to plants by high-temperature (HT) environments is known as heat stress [5].
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Heat stress can hinder plant development, slow down growth rates, and even lead to
plant death. It can also impair photosynthesis, affecting plant carbon metabolism and
energy production [6]. The areas of damage exhibited by plants vary depending on the
growth period during the heat stress exposure: heat stress at the seedling stage mainly
affects plant height, the root system, and crown size [7]; and at flowering, it affects pollen
activity, stigma surface activity, pollen germination, and pollen tube growth; Additionally,
at fruiting, it not only leads to poor fruit set but also affects the overall productivity of
the plants [8,9]. Heat stress similarly affects the physiological responses of plants. The
biological membrane system is the center of heat damage [10]. The structure and function
of the cellular protoplasmic membrane are first to be affected, leading to an increase in
cell membrane permeability [11]. When plants are stressed by adversity, the balance
of free radicals and reactive oxygen species in the body is also disrupted, leading to
varying degrees of reactive oxygen species accumulation in the plant, which ultimately
causes oxidative damage to the plant cells, thus activating the plant’s antioxidant defense
system to adapt to or resist the damage caused by adversity [12]. In addition, heat stress
affects otherwise normal physiological processes such as malondialdehyde (MDA), the
accumulation of reactive oxygen species such as superoxide radicals (O?~), and hydroxyl
radicals (-OH), causing disturbances in an otherwise balanced system as well as oxidative
damage to lipids, nucleic acids, proteins, and cell membranes [13-15].

Recent studies have shown that the main transcription factors responding to heat stress
include HSF, DREB, and MBF1, which have been confirmed in the transcript expression
profiles of a variety of heat stress-affected plants. For example, analysis of the transcriptome
of Lolium perenne in response to heat stress showed that HSF, AP2/EREBP, MYB, and
bHLH transcription factor family genes were significantly up- or downregulated [16].
Analysis of transcriptome data from Capsella bursa-pastoris under heat and drought stress
revealed that the main upregulated transcription factors were HSFs and DREBs (a subfamily
of the AP2 transcription factor family) [17]. Studies have shown that candidate genes
involved in plant hormone metabolism or signaling, including abscisic acid (ABA), growth
hormone (IAA), ethylene (ET), and gibberellin (GA), are all regulated by heat stress. Many
transcripts in response to salt and heat stress in Arabidopsis thaliana were found to be
associated with the phytohormone abscisic acid [18]. One study found that oleuropein
steroids (BRs) were also associated with heat stress, with BRIT-EMS-SUPPRESSOR 1
(bes1)-mediated defects in BR signaling exhibiting the most sensitive characteristics to heat
stress. This study also highlighted the complex interactions between BR and ABA during
heat acclimation [19]. Transcriptome analysis of Lolium temulentum under drought and
heat stress revealed that among the hormones, growth hormone-related DEGs were most
prevalent. DEGs associated with gibberellins, cytokinins, and ABA were also prevalent,
with fewer DEGs associated with jasmonates and oleuropein steroids [20].

The impact of heat stress on cabbage (including heading cabbage and kale) is primar-
ily manifested as restricted growth and development, leaf oxidation damage, hindered
nutrient absorption and utilization, inhibited flower bud formation, and suppressed photo-
synthesis [21-23]. These effects can ultimately lead to reduced cabbage yield and quality. In
recent years, there has been increasing attention paid to research investigating the molecular
mechanisms underlying the heat stress response in cabbage. The integration of morpho-
logical characteristics, physiological changes, and gene expression patterns reveals the
molecular regulation of heat stress response in cabbage involving the BoHSP70, BoSCL13,
and BoDPB3-1 genes [24]. Studies have also found that the BolSGT1 gene positively regu-
lates heat tolerance in cabbage. Furthermore, it plays a positive regulatory role in response
to cold stress, salt stress, and drought stress [25]. The BoHsp70 and SCL13 genes are highly
expressed in heat-tolerant cabbage, and these genes are also considered marker genes for
screening heat-tolerant cabbage breeding [26]. Revealing the functions and regulatory
mechanisms of heat tolerance genes in cabbage can help breed heat-tolerant varieties,
improve yield, and enhance quality stability. Additionally, this research contributes to our
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understanding of plant response mechanisms to environmental stresses such as climate
change, providing guidance for crop adaptation and sustainable agriculture.

The Brassicaceae family consists of over 372 genera and 4060 species, of which cabbage
is the bulkier and more agronomically important species. Originating from the Mediter-
ranean coast and the seashores of Northwestern Europe, cabbage has a rich variety and is
considered a potential ancestor of many European vegetables. In this study, physiological
and biochemical indicators of cabbage under high-temperature stress were measured in
order to expect a comparison of the effects of different high and low temperatures on
cabbage from a physiological perspective. In addition, this study focused on the molecular
mechanisms of cabbage under heat stress using high-throughput sequencing technology
in order to identify the pathways and genes that may be associated with heat stress more
accurately, forming the basis for breeding new varieties of cabbage that are tolerant to
high temperatures.

2. Materials and Methods
2.1. Plant Material and Treatment Methods

The leaves of seedlings were collected from the cabbage cultivar ‘Bomei 4’ for heat
treatments. The experimental materials were cultivated under consistent growth conditions
prior to treatment. The growth conditions were as follows: a temperature of 25 °C, a light
cycle of 8/16 h (light/dark), and a humidity of 70%. Cabbages cultivated until 3 weeks old
were used for high-temperature treatment experiments. The high-temperature treatment
conditions were set at 4 h at 35 °C (H4) and 12 h at 35 °C (H12), while the remaining
conditions remained unchanged. Plant materials that did not undergo any treatment were
used as the control group (CK) for the experiment. The experiment was divided into three
groups, with each group consisting of ten cabbage plants with consistent growth. Each
experimental group was replicated three times.

2.2. Determination of the Physiological and Biochemical Parameters of the Cabbage Leaves

The SOD assay employed the more stable and sensitive WST-8 method, which could
react with the superoxide anion (O?~) produced by catalyzing xanthine oxidase (XO) to
generate a water-soluble formazan dye [27]. POD and CAT activities were measured using
the guaiacol and UV spectrophotometric methods, respectively [28]. The detection of HyO,
content utilized the reaction of H,O, with titanium salt to generate a peroxide-titanium
complex purple precipitate, which can be dissolved in concentrated sulfuric acid and
then detected using a UV spectrophotometer at a maximum absorption peak at a 415 nm
wavelength. The contents of malondialdehyde (MDA) and free proline were determined
using the thiobarbiturate and colorimetric measurement methods, respectively [29,30].

2.3. Total RNA Extraction and Transcriptome Sequencing

Total RNA from young cabbage leaves was extracted using the RN38-EASYspin Plus
Plant RNA Extraction Kit (Aidlab Biotechnologies, Beijing, China). The purity and concen-
tration of the total RNA were determined using the NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Cleveland, OH, USA), while the integrity of the total RNA was
assessed using the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
High-quality total RNA that passed quality control was used to construct cDNA libraries.
The library construction mainly involved magnetic bead enrichment of mRNA, random
fragmentation of mRNA, synthesis and purification of cDNA, end-repair/dA-tailing of
cDNA followed by adapter ligation, and polymerase chain reaction (PCR) enrichment [31].
The concentration of the library was measured using a Qubit 3.0 fluorometer (Thermo
Fisher Scientific, USA), and the concentration needed to be above 1 ng/uL. Subsequently,
the insert fragments of the library were analyzed using the Qsep400 high-throughput anal-
ysis system. Once the insert fragments met the expected criteria, the effective concentration
of the library was quantified using the quantitative real-time polymerase chain reaction
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(Q-PCR) method. The qualified libraries were sequenced using the Illumina NovaSeq6000
sequencing platform.

2.4. Gene Expression Analysis

We processed raw data from the Illumina NovaSeq6000 sequencing platform by
removing reads containing adapters, reads with an N ratio greater than 10%, and reads
where more than 50% of the bases had a quality value (Q) less than or equal to 10. As a
result, we obtained high-quality, clean reads. The clean reads were aligned to the cabbage
reference genome (Brassica_oleracea.Braol_]JZS_V2.0.genome) using HISAT?2 software [32],
a fast and accurate alignment method, to obtain the positional information of the reads on
the reference genome. The StringTie v1.3.1 tool was used for transcriptome reconstruction
to normalize sequencing depth and transcript length, resulting in the calculation of gene
expression values as FPKM (fragments per kilobase per million) normalization [33]. The
biological replicability of the samples was assessed using the Pearson correlation coefficient,
while the sample variability was evaluated using principal component analysis (PCA).

2.5. Differential Expression Gene Identification and Functional Annotation

Based on FPKM values, DEGs were screened using DESeq2 software [34], with the
screening criteria of false discovery rate (FDR) < 0.05 and absolute fold-change (FC) > 1.5.
Additionally, a hypothesis testing probability (p-value) correction was performed, and genes
with a corrected p-value < 0.05 were considered significant DEGs. The heatmap of the
gene expression levels was visualized using the pheatmap package in the R programming
language (https://cran.r-project.org/), accessed on 1 March 2022. The functions of DEGs
were annotated based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) databases [35,36].

2.6. gqRT-PCR Validation of DEGs

Total RNA from cabbage leaves was extracted using the RNAprep Pure Plant Kit
(TIANGEN, Beijing, China). The cDNA library was constructed using the FastKing RT kit
(with gDNA) (TIANGEN, Beijing, China). The extraction of total RNA and construction of
cDNA libraries were performed according to the instructions provided with the kit. Primer
sequences for gene-specific qRT-PCR were designed using Premier 5 software (Table S1).
We used a 25 pL reaction system of the SuperEeal PreMix Plus (SYBR Green) kit (TTANGEN,
Beijing, China) to detect the relative expression levels of candidate genes. The actin gene in
cabbage was used as an internal reference gene. The relative expression levels of candidate
genes in response to heat stress in cabbage were calculated using the 2-44¢t method [37].

3. Results
3.1. Studies on the Physiology of Cabbage under Heat Stress

Measuring plant physiological indicators under heat stress was significant because
it helped assess the effects of heat stress on plant growth and productivity. Here, we
measured the CAT, POD, and SOD activities, HyO,, free proline, and MDA content of
cabbage under heat stress (Figure 1). The SOD, POD, and CAT activities were enhanced
under heat stress. In particular, the increase in SOD and POD activities after 12 h of heat
treatment was greater than that after 4 h of heat treatment. With increasing heat treatment
duration, the leaf CAT activity and H,O, content decreased after an initial increase. The
content of free proline increased continuously with temperature treatment time, while the
content of malondialdehyde showed a decreasing trend. Cabbage activated its antioxidant
defense mechanisms to scavenge reactive oxygen species (ROS) generated due to heat stress
and prevent oxidative damage to cellular structures. Moreover, it accumulated compatible
solutes which acted as osmoprotectants and protected plant cells from damage caused by
high temperatures. These physiological responses enabled plants to tolerate short-term
heat stress conditions and avoid irreversible damage. However, prolonged exposure to
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high temperatures could cause permanent damage to plant tissues, leading to reduced
growth, productivity, and even death.
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Figure 1. Various physiological indicators of cabbage leaves under heat stress. (A), SOD activity;
(B), POD activity; (C), CAT activity; (D), HyO, content; (E), free proline content; (F), MDA content.
Significant differences (a—c) over the bars indicate variations at a significance level of p < 0.05,
determined through Tukey’s multiple comparison test.

3.2. Transcriptome Sequencing Data Quality Control and Comparative Analysis

The Illumina NovaSeq6000 sequencing platform was used to sequence a large amount
of raw data. After a series of quality controls, a total of 56.68 Gb of clean data was obtained
from the nine transcriptomic libraries that were sequenced, and the filtered data (clean data)
were counted to obtain information on the quality of the sequencing data, with the average
number of clean reads being 21,047,089 and the GC content being relatively consistent, at
around 47%. According to the assessment of the base quality, it was shown that the Q20
for each sample exceeded 97% and the Q30 exceeded 94.79% (Table S2). Therefore, the
data results indicated that the transcriptome data was of high quality and could meet the
requirements for subsequent analysis. The alignment efficiency of the reads from each
sample to the cabbage reference genome ranged from 92.32% to 94.43%. Among them, an
average of 88.99% of the data aligned only to a unique position in the cabbage reference
genome, while 4.54% of the reads aligned to multiple locations in the cabbage reference
genome (Table S3). Furthermore, relating to the data compared to the coding regions, an
average of 82.08%, 3.65%, and 14.27% of the nine samples were compared to exons, introns,
and spacer regions, respectively (Table 54). In summary, the majority of valid data obtained
were for the gene transcripts of cabbage, and the data were predictive of gene expression
levels in the cabbage genome.

3.3. Analysis of Differential Gene Expression in Cabbage under Heat Stress

In order to detect DEGs between different high-temperature treatments more accu-
rately, we analyzed sample correlation analyses based on gene expression levels. We found
that the PC1 dimension accounted for 9% and the PC2 dimension accounted for 89%.



Horticulturae 2023, 9, 977

6 of 15

Further, the repeated samples were clustered based on the Euclidean distance method
(Figure 2A). The Pearson correlation coefficient analysis also obtained similar results as the
PCA analysis (Figure 2B). A total of 14,707 DEGs were identified in the experimental group
treated with heat stress for 4 h, including 7007 upregulated genes and 7700 downregulated
genes. Of the upregulated genes, 5537 and 6042 downregulated genes were identified in
the experimental group treated with heat stress for 12 h, respectively. Taking heat stress
treatment for 4 h as the control, 967 upregulated genes and 1621 downregulated genes
were identified in the experimental group treated with heat stress for 12 h (Figure 2C).
These results indicated that there was a close relationship between gene expression and
treatment time in cabbage under heat stress. We found that 10,479 genes were shared in the
heat stress treatment, and 1241 shared genes were associated with the heat treatment time
(Figure 2D). By studying these DEGs, researchers can better understand how plants cope
with heat stress at the molecular level and potentially develop new strategies to improve
plant tolerance to high temperatures.
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Figure 2. Analysis of differential gene expression. (A), principal component analysis plot; (B), heat
map of expression correlation between two samples; (C), histogram of differential gene statistics;
(D), Venn diagram of the differential gene set.

3.4. Annotation and Enrichment of Differential Gene Expression under Heat Stress

To gain further insights into gene function, DEGs were annotated based on multiple
gene function annotation and enrichment databases: 14,331, 11,749, and 10,395 DEGs were
annotated to the NR, GO, and KEGG databases in the CK vs. H12 group, respectively.
At the same time, we retrieved information indicating that 11,294, 9205, and 8179 DEGs
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were annotated to the NR, GO, and KEGG databases in the CK vs. H4 group, respectively
(Table S5).

In order to analyze the DEGs in cabbage leaves under different heat stresses, the
detected differential genes were subjected to GO annotation to investigate their macroscopic
distribution in terms of function. In CK vs. H4 and CK vs. H12, 37.77% and 67.41%
of DEGs were annotated in the biological process term, 38.70% and 20.53% of DEGs
were annotated in the cellular component term, and 23.54% and 12.06% of DEGs were
annotated in the molecular function term, respectively. More genes were annotated in
the biological process after 12 d of heat stress (Figure S1). To understand the GO entries
that were significantly enriched compared to the whole genomic context, the differential
gene sets for each subgroup were analyzed separately for biological processes, molecular
functions, and cellular components through a hypergeometric test using the Cluster Profiler.
The differential genes of CK vs. H4 and CK vs. H12 regarding the biological process
were significantly enriched in ten types of translation: photosynthesis, response to water
deprivation, photo protection, response to salt stress, one-carbon metabolic process, cell
redox homeostasis, photosynthesis, light harvesting, carotenoid biosynthetic process, and
auto phagosome organization. Among them, the differential genes in CK vs. H12 were more
significantly enriched in photosynthesis, i.e., light harvesting. Moreover, the differential
genes in CK vs. H12 were also enriched in protein folding, protein—-chromophore linkage,
photosystem II assembly, and regulation of the jasmonic acid-mediated signaling pathway,
which were not involved in CK vs. H4 (Figure S2). For the differential genes in the
cellular component, the differential genes in CK vs. H12 were enriched in photosystem I,
chloroplast thylakoid membrane, and extrinsic components of the membrane types, which
were more significant than in CK vs. H4 (Figure S3). In terms of molecular function, these
genes were mainly enriched in structural constituents of ribosomes, metal ion binding, and
NAD binding, among which the differential genes of CK vs. H12 were also significantly
enriched in chlorophyll binding (Figure S4). In cabbage, all DEGs in the three comparison
groups, CK vs. H4, CK vs. H12, and H4 vs. H12, were annotated to 134, 135, and
117 KEGG pathways, respectively. More DEGs in both CK vs. H4 and CK vs. H12 were
clearly located within the plant—pathogen interaction, ribosome, plant hormone signal
transduction, carbon metabolism, and the biosynthesis of amino acid pathways (Figure 3).
More differential genes in H4 vs. H12 than in the other two groups were also distributed
within the photosynthesis pathway.

3.5. Analysis of Significantly Associated Genes in Pathways

A total of 34 DEGs were obtained in the metabolic pathways of plant-pathogen interac-
tions after screening each group for logoFC < —1 or >1 and at least one data point with FPKM
not less than 20 (Table S6). A total of seven upregulated and twenty-five downregulated genes
were available in CK vs. H4. A total of seven upregulated and twenty-seven downregulated
genes were obtained in CK vs. H12. A total of six upregulated and sixteen downregulated
genes were obtained in H4 vs. H12 (Table S6). We identified 14 shared upregulated genes
in these three comparison groups, including two bHLH transcription factor genes, the
calcium-dependent protein kinase gene (CPK), the pathogenesis-related gene transcrip-
tional activator PTI6 gene (PTI6), the disease resistance protein RPS2 gene (RPS2), and the
cathepsin F gene (CTSF). The UPA20 (BolC06g005890.2]) gene was the most abundantly
expressed for the co-upregulated genes following heat stress (Figure 4B). The mitogen-
activated protein kinase 1 gene (MAP2K1, MEK1) was only upregulated in CK vs. H4
and CK vs. H12 and held at normal levels in H4 vs. H12, suggesting that the MAP2K1,
MEKT1 gene may be a heat-sensing gene; however, it was not significantly expressed in the
presence of sustained high temperatures (Table 57).
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Figure 3. KEGG enrichment of DEGs. (A). KEGG enrichment of DEGs in CK vs. H4. (B). KEGG
enrichment of DEGs in CK vs. H12.

Here, we identified a total of 107 DEGs involved in plant hormone signaling path-
ways, with the majority of genes being shared during the response to heat stress treatment.
Among them, 72 upregulated and 27 downregulated genes were responsive to 4 d of heat
stress treatment, while 71 upregulated and 29 downregulated genes were responsive to 12 d
of heat stress treatment. Of these, seven genes were common across all three groups: the
DELLA protein gene (DELLA), the protein phosphatase 2C gene (PP2C, BolC01g051360.2];
PP2C-L, BolC01g051280.2]), the ABA responsive element binding factor gene (ABF), gib-
berellin receptor GID1 gene (GID1), the two-component response regulator ARR-B family
gene (ARR-B), and the protein brassinosteroid insensitive 1 gene (BRI1), which were sig-
nificantly upregulated (Figure 4C). The DELLA and ABF genes were expressed in greater
numbers than other genes following heat stress (Figure 4B). The DELLA and GID1 proteins
are both phytoalexin delivery signaling molecules, and ABF and PP2C were associated
with phytoalexin signaling. The BRI1 enzyme is a leucine-rich repeat-like serine/threonine
kinase located on the cell surface and is the receptor for phytoalexin end lipids. The genes
gibberellin receptor (GID1, BolC06g035530.2]), two-component response regulator ARR-A
family (ARR-A), and SAUR family protein (SAUR) were only upregulated in CK vs. H4,
while the genes abscisic acid receptor PYR/PYL family (PYL) and protein brassinosteroid
insensitive 1 (BRI1) were only upregulated in CK vs. H12 (Table S7).
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Figure 4. Differential gene expression. (A), the number of DEGs in the plant-pathogen interaction
pathway; (B), the number of DEGs in the plant hormone signal transduction pathway; (C), a heat
map of shared DEGs in the plant-pathogen interaction pathway and the plant hormone signal
transduction pathway.

3.6. Verification of Relative Expression Levels of Key Genes under Heat Stress

By integrating the expression patterns and functional annotations of genes related to
heat stress, we identified 15 hub genes that respond to heat stress in cabbage. The expression
of 15 genes was significantly upregulated in response to heat stress. Meanwhile, the
expression trend continuously increased with the duration of heat stress (Figures 5 and S5).
We found significant differences among the multiple differences in the expression levels
of these genes during the response to heat stress treatment. Overall, the differentially
expressed multiples of genes involved in plant hormone signal transduction pathways,
such as ABF, PP2C, and BRI1 genes, were relatively small. The differential expression
multiple of the ATPF1A gene was the most prominent, in which the differential expression
multiples of 4 h and 12 h of heat treatment were nearly 600 and 1800 times, respectively.
Among these genes, three groups of paralogous genes showed similar expression trends
and differential expression multiples. This meant that these paralogous genes participated
in the same biological process and performed similar functions. We found that cabbage
response to heat stress was regulated by multiple genes, among which these 15 genes
played a critical role in helping cabbage survive high temperatures.
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Figure 5. Expression patterns of hub genes under artificial high-temperature treatment.
(A-G), Relative gene expression levels. CK represents the control group (without any treatment); H4
represents heat treatment at 35 °C for 4 h; H12 represents heat treatment at 35 °C for 12 h. Significant
differences (a—c) over the bars indicate variations at a significance level of p < 0.05, determined
through Tukey’s multiple comparison test.

3.7. Physiological and Molecular Models of Cabbage Response to Long-Term Heat Stress

In order to carry out cabbage breeding more accurately and efficiently, we were
particularly interested in the core factors involved in cabbage response to long-term heat
stress, both at the physiological and molecular levels. Therefore, we integrated the patterns
of physiological indicators, enrichment pathways of DEGs, and gene expression to establish
physiological and molecular response models for cabbage under long-term heat stress.
Changes in the activities of POD and SOD enzymes, as well as the content of free proline,
were important physiological indicators of cabbage response to long-term heat stress. Plant
hormone signaling transduction pathways and the plant—pathogen interaction pathway
were significantly enriched with DEGs in response to long-term heat stress. Moreover, at
least 15 genes have been identified as being upregulated in response to long-term heat
stress in these two pathways (Figure 6). Based on this model, gradually expanding research
content might serve as a starting point for comprehensively unraveling the mechanisms of
cabbage response to long-term heat stress.
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Figure 6. A physiological to molecular model of cabbage response to long-term heat stress.

4. Discussion

High temperatures can inhibit plant growth and development [38]. The present study
shows that the growth and development of cabbage are somewhat restricted under heat
stress [39]. Plants under stress have increased cell membrane permeability, thus exhibiting
extracellular leakage of intracellular electrolytes and an increase in the conductivity of
tissue osmolytes [11]. Plants subjected to adversity stress can disrupt the equilibrium state
of the white by-group reactive oxygen species in their own bodies, leading to varying
degrees of reactive oxygen species accumulation in plants and ultimately causing oxidative
damage to plant cells [12]. SOD, POD, and CAT play important roles in scavenging reactive
oxygen species from plants. SOD converts O?~ to HyO,, and CAT and POD convert H,O,
to HyO [40]. Some studies have shown that SOD activity shows a rapid increase at the
beginning of heat stress. However, as the stress temperature increased, the plants suffered
more damage and SOD activity decreased, which was related to the heat tolerance of
the plant species [41]. In this study, when cabbage was subjected to heat stress at 35 °C,
the overall activities of SOD, POD, and CAT enzymes showed an increasing trend. This
indicated that the activities of these enzymes played an important role in regulating the
physiological responses of plants to heat stress. The changes in free proline and MDA
content during the response of plants to heat stress are also important indicators of plant
tolerance [42,43]. In our study, the changes in free proline and MDA content during the
response of cabbage to heat stress were consistent with the patterns observed in most
plants. We found that exposure to a temperature of 35 °C subjected cabbage to high heat
stress, but a 12 h treatment did not result in wilting or death of the plants. Additionally,
physiological substances within the organism participate in regulating the response of
cabbage to heat stress.

The method of identifying DEGs through transcriptome analysis has been widely
used in studying the response of plants to high temperature stress [44]. In the process
of responding to heat stress, 1720 and 6178 DEGs were identified in Clematis lanuginosa
and Clematis crassifolia, respectively [45]. In the Brassica genus, the number of DEGs in
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response to heat stress is correlated with various factors, including cultivar, temperature,
treatment duration, and tissue type [46—49]. In our study, 11,579 and 14,707 DEGs were
identified in response to heat stress treatment for 4 and 12 h, respectively. Based on the
changes in the number of DEGs, we speculated that the ‘Bomei 4’ cabbage variety was more
sensitive to high temperature stress. Additionally, as the duration of heat stress treatment
increased, the number of DEGs became more prominent. In addition, studies have found
that gene expression in Brassica plants in response to heat stress is closely associated with
epigenetic modifications such as methylation and acetylation [47,50,51]. This indicates that
the response of cabbage to heat stress involves a complex molecular regulatory network.
Investigating whether the expression patterns of cabbage genes and their response to the
duration of heat stress are regulated by epigenetic inheritance would be a valuable research
topic in the future.

Functional annotation and enrichment of DEGs are commonly used approaches to
study the molecular mechanisms underlying important traits in plants. Heat stress is
currently a hot topic of research in the Brassica genus, as it affects reproduction, floral
progression, organogenesis, postharvest seedlings, and vegetative growth [47]. The func-
tional enrichment of DEGs in response to heat stress has also gained considerable attention.
In multiple studies focusing on the heat-stress-induced important traits in cabbage, we
have observed that the functional enrichment of DEGs consistently highlights pathways
related to the plant hormone signaling pathway, plant-pathogen interactions pathway,
MAPK signaling pathway, phenylpropanoid biosynthesis, and biosynthesis of amino acids
pathway [46,47]. Typically, heat stress in plants is primarily determined by extremely high
temperatures and the duration of sustained high temperatures, which are the main external
factors causing damage [47]. In this study, DEGs in cabbage, whether in response to 4 h
or 12 h of heat stress, were significantly enriched in multiple biological processes, includ-
ing the plant hormone signaling pathways and the plant-pathogen interactions pathway.
At the same time, we found that seven DEGs belonging to the plant hormone signaling
pathway and 14 DEGs belonging to the plant-pathogen interactions pathway exhibited a
sustained increase in expression levels in response to heat stress.

The identification and functional characterization of key genes involved in plant
response to high heat stress are crucial for heat tolerance breeding in plants. In recent
years, multiple species of the Brassica genus have undergone whole-genome sequencing.
Rapid progress has been made in the identification and analysis of gene families related to
heat stress response in the Brassica genus, including the HSP, APX, MKK, and MAPK gene
families [52-55]. Utilizing the transcriptome and other technological approaches has also
enabled the identification of key genes involved in plant responses to heat stress, including
the CPK, ABF, and PYL genes, among others [47,56,57]. In our study, we identified 15 genes
that showed differential upregulation in response to heat stress, including the GID, UPA20,
CTSF, and ATPF1A genes, which have not been previously reported in studies on heat
stress response in the Brassica genus. We also observed that the expression levels of these
15 genes continued to increase with prolonged exposure to heat stress. This finding provides
valuable genetic resources for breeding heat-tolerant cabbage varieties.
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Figure S5: Expression patterns of the hub genes under artificial high-temperature treatment. CK
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Table S2: Sequencing data statistics; Table S3: Sequence alignment of the sample sequencing data with
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