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Abstract

High-temperature stress adversely affects the yield and quality of red clover (Trifolium
pratense). However, the molecular mechanisms underlying red clover’s heat tolerance
remain incompletely understood, which limits targeted genetic improvement. This study
employed a multi-omics approach to compare a heat-tolerant cultivar (“HL”) and a heat-
sensitive cultivar (“Tp615”). Under high-temperature stress, “HL” exhibited superior
physiological adaptation, showing 1.8 times higher chlorophyll retention compared to
“Tp615.” Transcriptome analysis identified 3104 core differentially expressed genes, in-
cluding 175 transcription factors, with qRT-PCR validation confirming expression patterns
consistent with the transcriptomic data. Broad-targeted metabolomics revealed 1242 differ-
entially accumulated metabolites. Multi-omics integration highlighted the crucial role of
the phenylpropanoid biosynthesis pathway in enhancing red clover’s heat tolerance. This
study deciphers the mechanisms underlying red clover’s heat resistance and offers valuable
genetic resources and a theoretical foundation for breeding stress-tolerant forage crops.
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1. Introduction
Plants are unable to escape the effects of environmental stresses due to their sessile

nature. Among these stresses, high-temperature (HT) stress is one of the most prevalent
abiotic factors impacting agriculture. It is well established that global warming has signifi-
cantly affected crop yields, thereby posing a serious threat to global food security. Average
global temperatures have been steadily rising and are projected to increase by 1.8 to 4.0 ◦C
by the end of the 21st century [1]. This temperature increase has been shown to reduce
agricultural productivity; for instance, daily temperatures exceeding 30 ◦C can cause corn
(Zea mays) and soybean (Glycine max) yields to decline by up to 6% under rain-fed condi-
tions [2]. Furthermore, a 1 ◦C rise in global temperature is associated with a 6% reduction
in the harvest index of crops [3]. Therefore, it is crucial to understand the mechanisms
underlying heat tolerance in plants and to develop germplasm capable of withstanding
elevated temperatures to address the challenges posed by global climate change.
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When plants are exposed to HT stress, their cells accumulate significant amounts of
reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) and superoxide anion
(O2

−), which induce oxidative stress [4]. This stress can inhibit photosynthesis, damage
cell membranes, accelerate aging, and ultimately lead to cell death [5]. Furthermore, high-
temperature stress disrupts the energy conversion process between the oxygen-evolving
complex of photosystem II (PSII) and the photosystem receptor site, resulting in irreversible
damage to PSII and a substantial reduction in its activity [6]. Plants have evolved complex
and diverse strategies to adapt to heat stress. At the molecular level, various heat shock
proteins and heat stress transcription factors respond positively when plants are exposed to
high temperatures, thereby enhancing their resistance to heat stress [7]. The accumulation
of heat shock proteins (Hsps) is a crucial component of the heat stress response, and these
proteins are believed to play a central role in acquired heat tolerance in plants and other
organisms [8]. Previous studies have demonstrated that heat shock factors HsfA1a, HsfA1b,
and HsfA2 play a crucial role in regulating the heat stress response in Arabidopsis [9–11].
Additionally, the overexpression of WRKY39 in Arabidopsis enhances the plant’s heat
tolerance [12]. Studies by Li et al. [13] demonstrated that the transcription factor NAC019
binds to the promoters of HSFA1b, HSFA6b, HSFA7a, and HSFC1, thereby positively
regulating thermotolerance in Arabidopsis.

Gaining a deeper understanding of the mechanisms by which plants acquire heat
tolerance is crucial, as it facilitates the development of heat-tolerant crops through marker-
assisted breeding [14]. Although significant progress has been made in recent years in
elucidating how plants sense and respond to hormones [15,16], it remains evident that
many regulatory pathways remain unexplored. The plant response to high-temperature
stress involves a multi-layered, dynamic network of changes encompassing gene expres-
sion, metabolic reprogramming, and physiological phenotypes [17,18]. To systematically
elucidate this complex mechanism, research approaches capable of simultaneously probing
multiple molecular levels are urgently required. Against this backdrop, integrated tran-
scriptomic and metabolomic analyses have emerged as powerful tools for elucidating the
core mechanisms of plant stress responses, owing to their capacity to correlate upstream
transcriptional regulation with downstream metabolic phenotypes [19]. For instance,
Zhou et al. [20] revealed that maintaining normal hormone synthesis and metabolism may
represent a crucial pathway for enhancing alfalfa’s tolerance to high temperatures. Khan
et al. [21] demonstrated that the interconnected pathways of starch–sucrose metabolism and
ABC transporters are pivotal for enhancing rhododendron growth under high-temperature
stress. Furthermore, the accumulation of sucrose and triacylglycerols, alongside reduced
membrane lipid unsaturation, was identified as a primary factor altered in wild-type
tomato fruit following exposure to transient heat stress [22].

Red clover (Trifolium pratense) is a perennial legume widely cultivated for its resilience
to cold and moisture, nutritional benefits, and status as a preferred forage crop. However, its
susceptibility to elevated temperatures negatively impacts both the quality and utilization
of this plant. The mechanisms that confer heat tolerance in this species remain poorly
understood. To address this knowledge gap, we analyzed potted red clover plants under
varying temperature stress conditions by examining their physiological, transcriptional,
and metabolic responses. This study provides crucial insights into plant heat stress and is
particularly vital for breeding new heat-tolerant varieties, especially within the context of
climate change.
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2. Results
2.1. Differences in Physiological Responses of Two Red Clover Accessions to High-Temperature Stress

Phenotypic changes indicated that HT stress caused wilting and yellowing in red
clover leaves of both accessions; however, Tp615 suffered more severe damage than HL
(Figure 1A). The electrolyte leakage (EL) and malonaldehyde acid (MDA) levels of both
accessions increased significantly, but HL maintained lower EL and MDA values. Similarly,
the O2

− and H2O2 contents showed comparable trends (Figure 1B–E), indicating that
oxidative damage occurred under HT stress. Under normal conditions, no significant
differences were observed in chlorophyll content, as well as in the photochemical efficiency
(Fv/Fm) and the photosynthetic performance index (PIABS) between the two materials. HT
stress led to a significant decrease in chlorophyll content in both accessions, along with
reductions in PIABS and Fv/Fm values. This suggests that HT stress caused chlorophyll
degradation in red clover leaves and adversely affected their health status. Furthermore,
the chlorophyll content of HL was 1.8 times higher than that of Tp615 under HT stress,
and the PIABS value of HL was superior to that of Tp615 (Figure 1F–H). In conclusion, HL
exhibited less oxidative damage under HT stress, maintained higher chlorophyll content,
and was able to sustain higher photosynthetic activity.

Figure 1. Comparison of physiological indices between two different accessions, HL and Tp615,
under normal (CK) and high-temperature (HT) stress conditions. (A) Leaf phenotype; (B) electrolyte
osmolality (EL); (C) malondialdehyde (MDA) content; (D) hydrogen peroxide content; (E) superoxide
anion content; (F) chlorophyll content; (G) chlorophyll fluorescence parameters; and (H) health index
value (Pi). Bars represent the means of four biological replicates ± standard error (SE), and different
letters (a–c) indicate significant differences (p < 0.05) as determined by Duncan’s multiple range test.
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2.2. Transcriptome Quality Control and Differentially Expressed Genes (DEGs) Analysis

To gain a comprehensive understanding of the gene regulatory networks in two red
clover germplasms, RNA sequencing (RNA-Seq) was performed on red clover leaves
exposed to high temperatures for 0, 6, and 12 h, respectively. The base quality Q30 (the
proportion of bases with a sequencing error rate of ≤0.1%) for all RNA-Seq libraries ex-
ceeded 92% (Supplementary Table S1). Correlation coefficient heatmaps and principal
component analysis (PCA) confirmed that the three biological replicates for each treatment
clustered effectively, demonstrating clear separation between the two red clover accessions
(Figure 2A,B). Using the 0-h sample as a control, a total of 8778 DEGs were identified in HL
after 6 h (4170 upregulated and 4608 downregulated) and 9481 DEGs after 12 h (6471 up-
regulated and 3010 downregulated) of high-temperature treatment. In Tp615, 9265 DEGs
were detected after 6 h (5903 upregulated and 3362 downregulated) and 8896 DEGs after
12 h (5590 upregulated and 3306 downregulated) (Figure 2C).

Figure 2. Transcriptome analysis of HL and Tp615 red clover under high-temperature (HT) treatment
at various time points. (A) Principal Component Analysis (PCA). (B) Sample correlation heatmap.
(C) Number of DEGs identified between HL and Tp615 following HT treatment (CK: 0 h).

2.3. Differential Gene Enrichment Analysis

The Gene Ontology (GO) functional annotation analysis revealed that the DEGs were
predominantly associated with detoxification and nitrogen utilization responses under
varying durations of stress, with significant enrichment within the biological process (BP)
category. In the molecular function (MF) category, notable enrichments were observed
in catalytic activity, transporter activity, antioxidant activity, and ATP-dependent activity.
Furthermore, the cellular component (CC) category showed significant enrichment in
cellular anatomical entities and protein-containing complexes. The metabolic categories of
DEGs in the two red clover germplasms exhibited distinct differences when subjected to
high-temperature stress (Figure 3A–D; Supplemental Table S2), indicating variability in
both the number of DEGs and their associated biological functions.

Red clover-specific and time-independent DEGs were further analyzed, revealing
5764 common DEGs identified in HL and 6411 common DEGs identified in Tp615 during
the HT treatment. Cross-comparison of these time-independent DEGs between the red
clover species indicated that 2660 and 3307 DEGs were specific to HL and Tp615, respec-
tively (Figure 3E; Supplemental Figure S1). KEGG enrichment analyses demonstrated
that these species-specific DEGs were predominantly associated with the biosynthesis of
secondary metabolites, as well as starch and sucrose metabolism (Figure 3E; Supplemental
Figure S2A,B; Supplemental Table S3). The remaining time-independent DEGs (3104) were
primarily identified as genes related to metabolic pathways, linoleic acid metabolism, and
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protein processing in the endoplasmic reticulum (Figure 3E; Supplemental Figure S2C;
Supplemental Table S3).

Figure 3. DEGs were analyzed for functional enrichment. (A–D) GO enrichment circular plots for HL
and Tp615 under high-temperature treatments at 6 and 12 h. The GO enrichment circular plots consist
of the following: (A): GO terms in the top 20 for enrichment, with the number of differential genes
represented outside the circle as a scaling factor. Different colors indicate different ontologies; (B): the
number of GO terms in the differential gene background and the Q value. A longer bar indicates a
greater number of differential genes in the background, while a smaller Q value corresponds to a
redder color; (C): the ratio of up- and down-regulated differential genes, where dark purple represents
the up-regulated gene ratio and light purple represents the down-regulated gene ratio; specific values
are displayed at the bottom; (D): the Rich Factor value for each GO term (calculated as the number
of differential genes in the GO term divided by the total number of genes in that GO term). The
background grid lines indicate the number of differential genes in the background, with each cell
representing 0.1. (E) Venn diagrams illustrating the DEGs across treatments, highlighting unique and
common pathways of DEG enrichment between red clover species and treatment durations.
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We further compared the species-independent effects of HT treatment duration on
gene expression (Figure 3E; Supplemental Figure S3; Supplemental Table S4) and identi-
fied 4655 common DEGs after 6 h and 5487 common DEGs after 12 h. Cross-comparison
between the 6-h and 12-h data revealed 1551 time-dependent DEGs unique to the 6-h
treatment. KEGG enrichment analysis indicated that these DEGs were primarily associated
with the biosynthesis of secondary metabolites and isoflavonoid biosynthesis (Figure 3E;
Supplemental Figure S4A; Supplemental Table S4). The 12-h-specific time-dependent
DEGs (2383) were predominantly linked to starch and sucrose metabolism (Figure 3E;
Supplemental Figure S4B; Supplemental Table S4). In both red clover accessions, HT treat-
ments induced genes related to the biosynthesis of secondary metabolites and starch and
sucrose metabolism in a time-dependent manner, whereas the induction of genes related to
protein processing in the endoplasmic reticulum occurred in a time-independent manner.

2.4. Transcription Factor Gene Expression Analysis

To further analyze the DEGs between HL and Tp615 red clover germplasm, a total
of 3014 DEGs were identified at both stages of HT stress (Figure 3B). These genes may
represent core components involved in the red clover’s response to HT stress. Addition-
ally, 175 transcripts encoding transcription factors were identified (Supplemental Table S4).
Among the differentially expressed TFs, the bHLH, ERF, MYB, Dof, NAC, WRKY, and
HSF families accounted for more than 50% of the total. Notably, eight bHLH genes
were upregulated after heat stress (Figure 4A). Furthermore, three HSFs (ncbi_123894233,
ncbi_123881398, ncbi_123907261) were significantly upregulated in both accessions fol-
lowing heat stress (Figure 4B). Most ERFs exhibited a tendency to be downregulated after
heat stress; however, ERF3 (ncbi_123918970) was upregulated, and ncbi_123923905 was
upregulated in the Tp615 material but downregulated in HL. Additionally, eight MYB,
two NAC, and three WRKY genes were upregulated in both accessions after heat stress. A
comprehensive list of these DEGs can be found in Supplemental Table S5. To validate the
RNA-Seq data, six DEGs were selected for real-time PCR analysis (Figure 4C). The results
from RT-qPCR and RNA-Seq demonstrated consistent expression patterns. Therefore, these
transcription factors may play a crucial role in the heat stress response of red clover.

Figure 4. Analysis of Differentially Expressed TFs. (A) Heatmap illustrating the expression of bHLH
family genes. (B) Heatmap depicting the expression of HSF family genes. (C) Heatmap representing
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the expression of ERF family genes. (D) The expression profile of the selected DEGs was determined
using RT-qPCR analysis, and the lines indicate the relative gene transcription levels obtained from
RNA-Seq. The left y-axis represents the RT-qPCR values, while the right y-axis represents the
RNA-Seq values. Data are presented as the SE ± mean of three biological replicates.

2.5. Metabolomics Measurement and Analysis
2.5.1. QC of Metabolomics Data

Heatmaps generated from normalized data (Figure 5A) reveal significant metabolic
differences between the two germplasm lines under high-temperature stress, primarily
characterized by marked alterations in metabolite levels. Metabolites from each sample
were analyzed using PCA and OPLS-DA. Results showed that samples from different
treatments formed distinct clusters, demonstrating good reproducibility and intra-group
aggregation. The R2 and Q2 values for all control groups across different stages ranged
between 0.7 and 1 (Figure 5B,C), indicating that the model possesses good predictive
capability and high data reliability (Supplemental Table S6).

Figure 5. Metabolomic analysis. (A) lustering heatmap analysis of the DEMs. (B) Principal component
analysis (PCA) of DEMs, with QC indicating quality control samples prepared by mixing equal
amounts of experimental samples. (C) OPLS-DA score map of metabolome data.

2.5.2. Statistical Analysis of DEMs

Analysis of metabolome sequencing data identified a total of 1242 metabolites
(Figure 6A, Table S7). During the HT stress treatment, 128 differentially expressed metabo-
lites (DEMs) were identified in the heat-tolerant accessions HL, with 72 significantly upreg-
ulated and 56 downregulated. In contrast, the heat-sensitive accessions TP615 exhibited
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150 DEMs (86 upregulated, 64 downregulated). Notably, 95 DEMs were common to both
accessions (Figure 6B). These shared metabolites—including amino acids, flavonoids, car-
bohydrates, organic acids, and their respective derivatives—may play crucial roles in the
response of red clover to HT stress.

Figure 6. Statistical analysis of DEMs. (A) Wayne diagram of differential metabolites. (B) Analysis of
common differential metabolites in two accessions.

2.5.3. KEGG Pathway Enrichment Analysis of DEMs

To better understand the metabolic pathways crucial for red clover’s response to HT
stress, we performed KEGG pathway enrichment analysis of DEMs in two red clover
accessions with differing heat tolerance. Results indicated significant enrichment in Gly-
oxylate and dicarboxylate metabolism and Biosynthesis of alkaloids derived from or-
nithine. Furthermore, the Glyoxylate and dicarboxylate metabolism pathway contained
19 metabolites, while the Biosynthesis of plant secondary metabolites pathway contained
67 metabolites significantly enriched in the HL germplasm (Figure 7A). Conversely, the
Aminoacyl-tRNA biosynthesis pathway contained 21 metabolites, and the Biosynthesis
of plant hormones pathway contained 32 metabolites significantly enriched in the TP615
germplasm (Figure 7B). Additionally, enrichment analysis of the 95 metabolites common
to both accessions (Figure 7C) showed significant enrichment of 52 metabolites in the
Biosynthesis of phenylpropanoids pathway and 19 metabolites in the Phenylpropanoid
biosynthesis pathway. These findings indicate that these metabolic pathways play a crucial
role in red clover’s resistance to HT stress.

2.6. Integrated Analysis of Transcriptomics and Metabolomics
2.6.1. Correlation Analysis Between DEGs and DEMs

Spearman’s correlation analysis was employed to investigate the relationship between
DEGs and DEMs under high-temperature stress. The results revealed that numerous
DEGs and DEMs exhibited strong positive correlations (Figure S5), indicating potential
regulatory relationships.

2.6.2. Enrichment Analysis of KEGG Pathways for DEGs and DEMs

Based on transcriptomic and metabolomic analyses, a KEGG pathway co-enrichment
analysis was performed for differentially expressed genes (DEGs) and differentially accu-
mulated metabolites (DEMs) (Figure 8A,B). Notably, biosynthesis of secondary metabolites,
metabolic pathways, phenylpropanoid biosynthesis, and galactose metabolism were sig-
nificantly co-enriched in both germplasm sets. Within the phenylpropanoid biosynthesis
pathway, significant correlations were observed for L-phenylalanine, hydroxycinnamate,
ferulic acid, p-coumaric acid, ferulate, p-hydroxycinnamic acid, and p-coumaryl alcohol.
Further analysis revealed that the 37 metabolites shared between HL and TP615 were pre-
dominantly enriched in pathways including phenylalanine metabolism, phenylpropanoid
biosynthesis, and plant hormone biosynthesis. These results indicate that these metabolites
play a crucial role in red clover responses to high-temperature (HT) stress (Figure 8C,D).
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Figure 7. KEGG pathway enrichment analysis of DEMs. (A) KEGG enrichment analysis of differential
metabolites in HL assessions. (B) KEGG enrichment analysis of differential metabolites in TP615
assessions. (C) KEGG enrichment analysis of common differential metabolites in the two accessions.

Figure 8. Enrichment analysis of KEGG pathways for DEGs and DEMs. (A) Co-enrichment analysis
of DEGs and DEMs KEGG pathways in HL accessions. (B) Co-enrichment analysis of DEGs and
DEMs KEGG pathways in TP615 accessions. (C) Metabolite Venn diagram analysis. (D) KEGG
enrichment analysis of 37 core differential metabolites.
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2.6.3. Analysis of Phenylpropanoid Biosynthesis Metabolic Pathways Under
High-Temperature Stress

By integrating transcriptomic and metabolomic data, we analyzed key phenylpropanoid
biosynthesis pathways to investigate red clover’s response to HT stress. Both red clover acces-
sions exhibited changes in metabolites associated with phenylpropanoid biosynthesis under
HT stress, including significant increases in L-phenylalanine, Ferulic acid, and p-coumaryl
alcohol content. The increase was more pronounced in the HL accession, specifically with
L-phenylalanine levels rising nearly fivefold and ferulic acid levels increasing eightfold fol-
lowing HT stress. Conversely, p-coumaric acid and p-hydroxycinnamic acid levels exhibited a
marked downward trend. Furthermore, genes associated with both synthesis and degradation
within the phenylpropanoid biosynthesis pathway were upregulated in the HL accession
after HT stress (Figure 9A). These genes included 4-coumarate-CoA ligase (4CL), caffeic
acid 3-O-methyltransferase (COMT), ferulate-5-hydroxylase (CYP84A), and cinnamyl-alcohol
dehydrogenase (CAD). Upregulation of 4CL promoted the accumulation of cinnamoyl-CoA,
sinapoyl-CoA, and 5-hydroxyferuloyl-CoA. In the TP615 accession, following HT stress, the
expression levels of phenylalanine ammonia-lyase (PAL) and coniferyl-alcohol glucosyltrans-
ferase (UGT72E) were significantly upregulated, thereby promoting the accumulation of
cinnamic acid and 4-hydroxycinnamyl alcohol 4-D-glucoside metabolites. In addition, sev-
eral peroxidase-related genes exhibited elevated expression in both red clover accessions,
promoting the synthesis of guaiacyl lignin and p-hydroxyphenyl lignin.

 

Figure 9. Comprehensive analysis of metabolomics and transcriptomics of red clover under high-
temperature (HT) stress. (A) Phenylpropanoid biosynthesis metabolic pathway. (B) Correlation
network diagram between structural genes and metabolites in phenylpropanoid biosynthesis.
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A structural gene–metabolite association network for phenylpropanoid biosynthesis
was constructed (Figure 9B). Twenty-seven key genes exhibited 29 significant association
nodes (p < 0.05) with nine metabolites. Among the phenylpropanoid compounds, NNK
(Com_271_pos), ferulic acid (Com_664_neg), and ferulate (Com_922_neg) were significantly
associated with 10, 7, and 9 structural genes, respectively. Core structural genes included
ncbi_123921203, ncbi_123919763, and ncbi_123907091. Together, these genes and their
interactions form the molecular regulatory network for phenylpropanoid biosynthesis in
red clover, providing key candidate genes for elucidating the mechanism of its response
to HT stress.

3. Discussion
Under high-temperature stress, both red clover leaf types exhibited significantly

elevated levels of electrolyte leakage (EL), H2O2, O2
−, and MDA (Figure 1B–E). Notably,

Tp615 showed markedly higher H2O2 and MDA levels compared to the other genotype,
indicating more severe oxidative damage to its cell membranes. Consistent with previous
studies in rice, maize, and wheat, high-temperature stress typically elevates MDA and H2O2

levels, thereby exacerbating membrane lipid peroxidation and cellular damage [23–26].
The high-temperature treatment also significantly reduced chlorophyll content and PIABS,
with Tp615 exhibiting a greater decline. This decline in photosynthetic pigments is closely
linked to excessive ROS accumulation exceeding antioxidant enzyme scavenging capacity,
ultimately disrupting photosynthetic structures and photosystem function [27]. Collectively,
these findings indicate that Tp615 exhibits greater oxidative stress and photosynthetic
damage under high-temperature stress, while the other variety demonstrates relatively
higher tolerance. This provides a foundation for subsequent analysis of heat tolerance
mechanisms in different germplasm.

Transcription factors play a pivotal role in plant growth, development, and stress
responses. In plant heat responses, transcription factors typically function synergistically
within regulatory networks rather than regulating individual target genes in isolation [28].
In this study, distinct transcription factor families exhibited markedly differential expres-
sion patterns under heat stress, suggesting that they may perform distinct roles in the
regulation of heat tolerance in red clover. Basic helix–loop–helix (bHLH) family transcrip-
tion factors constitute one of the largest transcription factor gene families in plants [29].
bHLH transcription factors not only participate in environmental signal perception but
also play a crucial integrative role in coordinating growth and stress responses, as reported
in species such as apple, rice, and cucumber [30–32]. In this study, eight members of the
bHLH family were significantly induced following high-temperature treatment. These
findings suggest that red clover may rapidly modulate transcriptional networks to coun-
teract physiological disturbances caused by elevated temperatures through the induction
of specific bHLH factors. In contrast to the bHLH family, most ERF transcription factors
exhibited a downregulation trend after heat stress, with only ERF3 being significantly up-
regulated. ERFs typically serve as key nodes in ethylene and ROS signaling pathways; thus,
their suppression may help reduce unnecessary defense responses under high-temperature
conditions, thereby conserving energy [33]. The specific upregulation of ERF3 suggests
that it may play a crucial role in maintaining basal stress signaling or cellular homeostasis.
Previous studies have shown that ERF74/77 and ERF108/125 enhance rice heat tolerance
by synergistically regulating the expression of common target genes and specific heat-
responsive genes [34]. This differential regulation indicates that ERF3 in red clover may
precisely modulate downstream target genes in a stress-specific manner under heat stress.
Furthermore, MYB family transcription factors play crucial roles in plant responses to high
temperatures [35,36]. Zhao et al. [37] demonstrated that overexpression of TaMYB80 in
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transgenic Arabidopsis enhances plant tolerance to combined heat and drought stress. In
this study, eight MYB genes were significantly upregulated under HT stress, suggesting
that these MYB factors may promote sustained heat tolerance in red clover by regulating
genes involved in antioxidant defense, secondary metabolism, or osmotic adjustment. Heat
shock factors (HSFs) serve as central regulators in plant responses to thermal stress. Upon
exposure to high temperatures, HSFs bind to cis-regulatory elements known as Heat Shock
Elements (HSEs) in the promoters of downstream genes, thereby activating the expression
of heat-stress-related genes such as heat shock proteins (HSPs) [38]. In Arabidopsis, HSFA1
activates a broad range of target genes, including multiple HSPs, thereby positively regu-
lating heat tolerance. Additionally, HSFA2 can be induced by HSFA1 and plays a specific
role in heat stress memory [39]. In this study, three HSF genes were significantly induced
following HT treatment, and qPCR results further validated their expression changes,
supporting their crucial roles in activating heat shock proteins and maintaining protein
homeostasis (Figure 4).

The phenylpropanoid biosynthetic pathway serves as a common precursor for mul-
tiple key secondary metabolites, including flavonoids and lignin. Its role in responses to
abiotic stress exhibits remarkable functional diversity and regulatory complexity [40]. Pre-
vious studies indicate that flavonoids, as potent natural antioxidants, can directly scavenge
excess reactive oxygen species (ROS) accumulated under HT stress, thereby mitigating
membrane lipid peroxidation and cellular oxidative damage [41,42]. However, activation
of the phenylpropanoid pathway extends beyond antioxidant defense and may involve
metabolic flux redistribution among different branches. As a crucial downstream branch
of this pathway, lignin biosynthesis plays a unique structural protective role under HT
stress [43]. Elevated temperatures often lead to cell wall relaxation and reduced structural
stability. Enhanced phenylpropanoid pathway activity may promote lignin deposition,
thereby increasing cell wall mechanical strength, maintaining cell shape stability, and limit-
ing electrolyte leakage [44]. Phenylalanine ammonia-lyase (PAL), a key and rate-limiting
enzyme in phenylalanine metabolism, responds to high-temperature stress by promoting
the synthesis of total phenolic compounds and flavonoids [45,46]. Furthermore, studies
have shown that PAL and other genes associated with lignin biosynthesis are significantly
upregulated under HT stress in wheat, suggesting that activation of these pathways may
contribute to improved heat tolerance [47]. In this study, the significant upregulation of
genes related to lignin monomer synthesis (e.g., CAD and CCR) in heat-tolerant materials
suggests that phenylpropanoid metabolism may preferentially shift toward the lignin
branch rather than solely increasing soluble phenolic compounds. This result supports a
defense strategy in heat-tolerant materials that counteracts heat-induced cell wall damage,
thereby enhancing heat tolerance at the tissue level. Furthermore, mounting evidence indi-
cates that certain intermediate metabolites in the phenylpropanoid pathway (e.g., cinnamic
acid derivatives) function not only as metabolic precursors but also as signaling molecules
involved in systemic acquired resistance (SAR) and the amplification and integration of
stress response signals [48,49]. Therefore, activation of the phenylpropanoid pathway
in heat-tolerant materials may exert dual roles in metabolic defense and signal regula-
tion. By enhancing antioxidant capacity, reinforcing cellular structure, and coordinating
stress response networks, this pathway collectively promotes overall plant adaptability
to HT stress.

4. Materials and Methods
4.1. Plant Material and Treatments

This study was conducted at Sichuan Agricultural University during 2024. The plant
materials included one commercial variety, ‘Red Dragon’ (abbreviated as HL), and one

https://doi.org/10.3390/ijms27041704

https://doi.org/10.3390/ijms27041704


Int. J. Mol. Sci. 2026, 27, 1704 13 of 18

wild accession, Tp615, which was collected from Sichuan Province, China. Seeds were ger-
minated in Petri dishes containing two layers of filter paper and 25 mL of distilled water for
8 days. After germination, seedlings were transplanted into pots (13.3 cm in diameter and
5.6 cm in height) filled with a mixed-nutrient soil (nutrient soil/vermiculite/perlite = 8:1:1).
Each pot contained 15 seedlings, and all pots were placed in a plant growth chamber
(Jiangnan Instrument Factory, Ningbo, China; GHP-500) for 40 days. At this time, the plants
had reached the late vegetative stage, characterized by the presence of 20–30 fully expanded
trifoliate leaves and the absence of visible flower buds. To simulate high-temperature stress,
the day and night temperatures in the plant growth chamber were adjusted to 38/35 ◦C for
18 days for the treatment group. Under normal conditions, the day/night temperature was
maintained at 25/18 ◦C, with a 12-h photoperiod, 750 µmol m−2 s−1 of photosynthetically
active radiation (PAR), and 65% relative humidity. During this period, leaf tissue samples
were harvested from both the control group (normal conditions) and the treatment group
(following 18 days of high-temperature stress). For each treatment, the second and third
fully expanded trifoliate leaves were randomly selected from the apex of the main stems of
all 15 individual seedlings per pot. Each treatment comprised four biological replicates,
with samples within each replicate pooled to ensure representativeness. The collected
tissues were immediately flash-frozen in liquid nitrogen and subsequently stored at −80 ◦C
for further physiological parameter measurements.

4.2. Measurement of Physiological Parameters

To determine the EL value, we immersed 0.1 g of fresh leaves (collected at the late
vegetative growth stage) in 20 mL of distilled water and shook the mixture at 25 ◦C for
24 h. The initial conductivity (Ci) of the extracts was measured using a conductivity
meter (DDS-307; Lei-Ci, Shanghai, China). Subsequently, the extracts were sterilized at
121 ◦C for 20 min, and the maximum conductivity (Cmax) was measured after the extracts
were cooled to room temperature. The values of EL were calculated using the formula
EL = (Ci/Cmax) × 100%. To determine the MDA content, fresh leaf tissue (0.1 g) was
ground in 2 mL of 50 mM cold phosphate-buffered saline (pH 7.8). The mixture was then
centrifuged at 12,000 rpm for 30 min at 4 ◦C. Next, 1 mL of the reaction solution (composed
of 0.5% thiobarbituric acid and 20% trichloroacetic acid) was mixed with 0.5 mL of the
supernatant. This mixture was heated at 95 ◦C for 15 min, then rapidly cooled in ice
water and centrifuged at 8000 rpm for 10 min. The absorbance of the supernatant was
measured at 532 nm and 600 nm [50]. O2

− and H2O2 were detected using the methods
described by Elstner et al. [51] and Velikova et al. [52], respectively. For the determination
of chlorophyll content, leaves were immersed in 15 mL of dimethyl sulfoxide and allowed
to stand in the dark for 48 h until they became transparent. The absorbance of the extracts
was then measured at 645 and 663 nm using a spectrophotometer (Spectronic Instruments,
Rochester, NY, USA) [53]. To assess the Fv/Fm and the PIABS of PS II, a chlorophyll
fluorometer (Pocket PEA, Hansatech, Norfolk, UK) was utilized. PIABS serves as a crucial
indicator of the total number of PS II-activated photochemical reaction centers, reflecting
transient photosynthetic performance and plant health under environmental stress. Fv/Fm
and PIABS values were recorded after placing monolayer leaves in the instrumented leaf
chamber for 20 min of dark adaptation.

4.3. Transcriptome Analysis

Leaf tissues were collected at 0 h, 6 h, and 12 h of high-temperature treatment, wrapped
in aluminum foil, and immediately frozen in liquid nitrogen. Each treatment included
three biological replicates. Total RNA was extracted, followed by library construction and
Illumina sequencing at Genedenovo Biotechnology Co., Ltd. (Guangzhou, China). Raw
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sequencing reads were processed using fastp for quality control, aligned to the reference
genome with HISAT2 [54], assembled into transcripts by String Tie [55], and quantified for
gene expression using RSEM [56]. Utilizing the expression data, we performed principal
component analysis in R (http://www.r-project.org/ (accessed on 31 May 2024)) and
calculated Pearson correlation coefficients to generate heat maps. Differentially expressed
genes were analyzed using DESeq2 software (version 1.40.2) with the standard criteria of
|log2(fold change)| > 1 and adjusted for significance with a p-value < 0.05 [57,58]. Gene
Ontology (GO) enrichment analysis was conducted by mapping the differentially expressed
genes to the GO database (http://www.geneontology.org/ (accessed on 31 May 2024)).
This involved associating the differential genes with each term in the GO database and
calculating the number of differentially expressed genes associated with each term, thereby
obtaining statistics on the number of differential genes linked to specific GO functions.
Pathway significance enrichment analysis was performed using a hypergeometric test
to determine the number of differentially expressed genes within the entire background
compared to the pathways that were significantly enriched. The pathways were identified
as significantly enriched in differentially expressed genes by applying a hypergeometric test
to the KEGG Pathway, with a corrected p-value < 0.05 set as the threshold for significance.

4.4. Extensive Targeted Metabolomics Analysis and Data Analysis

Leaf samples were collected under normal conditions and after 18 days of high-
temperature stress, promptly frozen in liquid nitrogen and stored for subsequent metabolite
extraction. Metabolomic profiling was conducted in collaboration with Gene Denovo
Biotechnology Co., Ltd. (Guangzhou, China) using mass spectrometry platforms. The
acquired metabolomic data underwent quality control using QC samples [59], with PCA
analysis performed using the R package gmodels (v2.18.1) [60]. All metabolites were
subjected to z-score standardization using the R package pheatmap (v2.18.1) [61] prior
to cluster analysis. OPLS-DA analysis was conducted using the R package ropls [62].
Differential metabolites between comparison groups were identified by combining the VIP
values from multivariate OPLS-DA analysis with the p-values from univariate t-tests [63].
The differential threshold was set as: VIP ≥ 1 in the OPLS-DA model and t-test p < 0.05.

4.5. RT-qPCR Analysis

First-strand cDNA was synthesized using the RevertAid First Strand cDNA Synthesis
Kit (All-in-One First-Strand Synthesis MasterMix with dsDNase, iScience, Shanghai, China).
Quantitative reverse transcription PCR (RT-qPCR) was performed following the manufac-
turer’s protocol with Taq SYBR® Green qPCR Premix (Universal; iScience, Shanghai, China)
to validate transcript abundance of the candidate genes. Primer sequences are provided in
Supplemental Table S8.

4.6. Statistical Analysis

One-way ANOVA followed by Tukey’s Honestly Significant Difference (HSD) test for
multiple comparisons was used to analyze the data using SPSS v.25 (IBM, Armonk, NY,
USA). Data were examined for normality and homogeneity of variance prior to analysis.
Correlation graphs were generated using GraphPad Prism 9. Unless otherwise noted, all
experiments were carried out with four biological replicates, and the data are reported as
mean ± standard deviation (SD). Statistical significance was defined as p < 0.05.

5. Conclusions
This study elucidates the distinct physiological and multi-omic mechanisms under-

lying heat stress adaptation in red clover. Our results demonstrate that the heat-tolerant
cultivar ‘HL’ maintains significantly higher membrane stability and approximately 1.8-fold

https://doi.org/10.3390/ijms27041704

http://www.r-project.org/
http://www.geneontology.org/
https://doi.org/10.3390/ijms27041704


Int. J. Mol. Sci. 2026, 27, 1704 15 of 18

greater chlorophyll retention compared with the sensitive cultivar ‘Tp615’. Integrated
transcriptomic and metabolomic analyses reveal robust systemic reprogramming, identify-
ing 3104 core differentially expressed genes (DEGs) and 1242 differentially accumulated
metabolites (DAMs). Notably, the phenylpropanoid biosynthetic pathway emerged as a
central regulatory hub, where the coordinated enrichment of key transcripts and metabo-
lites plays a role in mitigating thermal proteotoxicity. These findings highlight specific
metabolic checkpoints and candidate genetic loci, providing a solid theoretical foundation
and valuable genetic resources for the genomic-assisted breeding of thermotolerant red
clover cultivars.
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