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Global warming has far-reaching effects on plant growth and development. As a warm-
season forage grass, Paspalum wettsteinii is highly adaptable to high temperatures. However, 
the response mechanism of P. wettsteinii under high-temperature stress is still unclear. 
Therefore, we investigated the physiological indicators, transcriptome and metabolome of 
P. wettsteinii under different heat stress treatments. Plant height, the activities of superoxide 
dismutase (SOD), peroxidase (POD), and catalase (CAT), and the contents of soluble sugar, 
proline, chlorophyll a, and chlorophyll b increased and then decreased, while the 
malondialdehyde (MDA) content decreased and then increased with increasing heat stress. 
Transcriptomic analysis revealed that genes related to energy and carbohydrate metabolism, 
heat shock proteins (HSPs), and transcription factors (TFs), secondary metabolite biosynthesis 
and the antioxidant system significantly changed to varying degrees. Metabolomic analysis 
showed that only free fatty acids were downregulated, while amino acids and their derivatives, 
organic acids, flavonoids, and sugars were both up- and downregulated under heat stress. 
These combined analyses revealed that growth was promoted at 25–40°C, while at 45°C, 
excess reactive oxygen species (ROS) damage reduced antioxidant and osmoregulatory 
effects and inactivated genes associated with the light and electron transport chains (ETCs), 
as well as damaged the PS II system and inhibited photosynthesis. A small number of genes 
and metabolites were upregulated to maintain the basic growth of P. wettsteinii. The 
physiological and biochemical changes in response to high-temperature stress were 
revealed, and the important metabolites and key genes involved in the response to high 
temperature were identified, providing an important reference for the physiological and 
molecular regulation of high-temperature stress in plants.
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INTRODUCTION

The growth and development of plants are susceptible to external environmental stresses such 
as biotic stresses as well as abiotic stresses caused by extreme temperatures, drought, and 
heavy metals (Kim et  al., 2021). Among the many adverse factors, heat stress is one of the 
most severe and least controllable factors affecting plant growth and reproduction (Herman 
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et  al., 2017). Climate change has increased the frequency of 
extreme heat across the globe (Easterling et al., 2000), exacerbating 
its damage and limiting plant growth, metabolism, quality, and 
yield (Zhao et  al., 2016). The adaptation of plants to high-
temperature stress and their tolerance mechanisms have become 
a research hotspot in many fields, such as the environment, 
ecology, and genetics, under the increasingly severe global heat 
threat (Chen et  al., 2022).

Plants, as sedentary organisms, have evolved complex and 
diverse systems to respond to high temperatures (Aranguren-
Gassis et al., 2019). For example, many plants mature relatively 
early under high-temperature conditions to avoid the effects 
of heat, and most plants exhibit similar changes under heat 
stress, such as reduced cell size, tighter arrangement, closure 
of stomata, reduced photosynthesis and more developed xylem 
conduits in roots and stems (Bañon et  al., 2004). At the same 
time, plants produce a range of antioxidant enzymes and 
antioxidants to scavenge ROS and protect cells from damage 
caused by peroxidative reactions; for example, the balance 
between superoxide dismutase (SOD), peroxidase (POD), or 
catalase (CAT) is essential for scavenging superoxide radicals 
and hydrogen peroxide (Almeselmani et  al., 2015), by 
accumulating some osmoregulatory substances (proline, betaine, 
soluble sugars, etc.) to mitigate osmotic stress injury (Sezgin 
and Kadioglu, 2021); for example, betaine maintains barley 
seed cell stability and increases the photosynthetic rate and 
leaf water potential under high-temperature stress; proline 
reduces chickpea cell damage and protects some important 
enzymes related to carbon and oxidative metabolism; and an 
increase in soluble sugars improves the heat tolerance of 
sugarcane (Wahid and Close, 2007; Meng et  al., 2012).

In addition, at the molecular level, plants integrate stress 
signals to activate the expression of a range of stress-responsive 
genes and other cellular activities through transcriptomic and 
metabolomic pathways, protecting plant cells by re-establishing 
intracellular homeostasis and repairing cellular components 
(Wan et  al., 2020). Wang et  al. (2020) found that differentially 
expressed transcription factors (TFs), including the bZIP, WRKY, 
DREB, and HSF gene families and HSPs, were differentially 
expressed in Arabidopsis leaves in response to high-temperature 
stress. Hu et  al. (2020) found that the differential expression 
analysis of tall fescue genes identified 19 key genes for heat 
tolerance, including PFK, ALDO, PGLS, gltA, ACSL, and others. 
In addition, Liao et  al. (2015) used microarray technology to 
functionally annotate differentially expressed genes (DEGs) in 
rice flag leaves under different high-temperature stresses and 
found that genes related to the glycolytic pathway, heat kinase, 
and ubiquitin proteasome were upregulated, while genes involved 
in carotenoid, dihydroflavonol, anthocyanin metabolism, 
photosynthetic light response, and TCA cycle were 
downregulated. In addition, the transcriptomes of cotton (Ma 
et  al., 2021), Ananas comosus (Zhao et  al., 2021), Pyropia 
haitanensis (Chang et al., 2021), and Brassica napus (Gao et al., 
2021) have also been analyzed in depth, and key pathways 
and their response genes have been identified.

Volatiles released by plants through secondary metabolism 
are also important for plant resistance to adverse conditions, 

and the accumulation of metabolites in plants under high-
temperature stress conditions changes significantly. Many 
metabolites, such as organic acids, amino acids, sugars, sugar 
alcohols, polyamines, and lipids, are involved in the plant stress 
response (Du et  al., 2011; Gao et  al., 2021). Chebrolu et  al. 
(2016) studied soybean seed development metabolites under 
heat stress and found that a variety of antioxidant metabolites, 
such as flavonoids and phenylpropanoids, were monitored in 
heat-tolerant soybeans. Escandón et  al. (2018) used 
complementary mass spectrometry (GC–MS and 
LC-Orbitrap-MS) to metabolomically sequence Pinus radiata 
treated at 40°C and found that cytokinins (CKs), fatty acid 
metabolism, and flavonoid and terpene biosynthesis were key 
pathways in the heat stress response and successfully identified 
heat-tolerant metabolites such as hexadecanoic acid and 
dihydromyricetin. In addition, key metabolic pathways and 
metabolites have been proposed for high-temperature stress 
in Cynodon dactylon (Du et  al., 2011), Zostera marina (Gao 
et  al., 2019), and Pinus radiata (Escandón et  al., 2018).

Paspalum wettsteinii is a warm-season grass herb of the 
genus Paspalum with strong tolerance to salinity, infertility, 
acid and drought, a well-developed root system, fast growth 
rate, strong tiller and regeneration and is a pioneer plant for 
ecological vegetation restoration. Second, P. wettsteinii is fast 
growing, has good palatability, is rich in nutrients, has high 
grass production, has a high C/N content, is good for organic 
matter accumulation, has a high humification coefficient, has 
a fertilizing effect on the soil, can promote the formation of 
good soil structure and is a high-quality forage grass and 
green manure that is promoted and used in southern China 
(Zhao et  al., 2019; Sun et  al., 2020). At present, studies of 
high-temperature stress on P. wettsteinii have mainly focused 
on morphological structure and physiological and biochemical 
responses (Sun et  al., 2020), but the molecular mechanisms 
are still unclear. Based on these facts, we  investigated the 
transcriptional regulation and metabolic changes under high-
temperature stress and elucidated the regulatory mechanism 
of the response of P. wettsteinii to high-temperature stress. In 
this experiment, we  used P. wettsteinii as a research target 
and conducted high-temperature treatment on potted seedlings. 
Through transcriptomic and metabolomic analyses, we revealed 
the presence of core heat resistance candidate genes and key 
metabolites in young leaves of P. wettsteinii under high-
temperature stress, which provides an important reference for 
the study of high-temperature stress in warm-season plants.

MATERIALS AND METHODS

Plant Materials and Experimental Design
wettsteinii seeds were obtained from the Grassland Science 
Laboratory of the College of Animal Science of Guizhou 
University of China and planted in plastic pots (49 cm in 
length × 20 cm in width × 13 cm in height) at Guizhou University 
(26°27′N, 106°39′E), Huaxi district, Guiyang, Guizhou Province, 
China. Paspalum wettsteinii plants were grown in a mixed 
culture of humus, vermiculite and natural soil (1:1:1, v:v:v) 
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in a greenhouse at 25/20°C (day/night) under natural sunlight 
and a relative humidity of 70%. After growth to two leaves, 
one heart was transferred into controlled-environment growth 
chambers (BIC-400, Boxun Instrument, Shanghai, China) at 
75% humidity and 25°C/20°C (day and night) under a light:dark 
cycle of 12 h:12 h and an illumination of 30000 Lux at the 
canopy level to acclimate for 1 week before heat treatments 
were imposed. The soil was watered with 1/2 Hoagland solution 
once a week during the incubation process. All soils were 
fully irrigated with water once the day before the heat treatment, 
and the pots and seedlings were weighed separately after being 
left overnight to determine the soil water content. The soil 
water content during heat treatment was maintained daily by 
weighing and rehydrating the soil during heat treatment. All 
P. wettsteinii plants were divided into four groups. The control 
(CK, 25/20°C) kept the environment unchanged. LH, MH, 
and SH plants were subjected to heat treatment at 35/25°C, 
40/35°C, and 45/40°C (day and night) in controlled-environment 
growth chambers (except for temperature, the other conditions 
remained the same as the control). Heat treatment began at 
7:00 a.m. After 4 days, the upper leaves were harvested in 
seedlings (four control and treatment) with material homogeneity. 
The leaf samples were immediately frozen in liquid nitrogen 
and stored at −80°C. There were three biological replicates 
per treatment for physiological RNA-seq analysis and LC–MS 
analysis. 7G data were used for Illumina Genon analyzer deep 
sequencing of each sample.

Plant Height Determination
Plant height (the vertical height from the ground to the top 
of the plant) was measured with a ruler. In our study, plant 
height refers to the average daily growth height during the 
4 days of high-temperature stress.

Measurements of Physio-Biochemical 
Characteristics
The activities of antioxidant enzymes, including SOD (EC 
1.15.1.1), POD (EC 1.11.1.7), and CAT (EC 1.11.1.6), were 
determined using the superoxide dismutase, peroxidase, and 
catalase activities detection kit’s instructions (Beijing Solarbio 
Science & Technology Co., Ltd.). Fresh leaves (0.1 g) were 
extensively homogenized in 50 mM phosphate-buffered saline 
(PBS), which were ground into a slurry on ice and centrifuged 
at 8,000 × g at 4°C for 10 min. The supernatant was collected, 
aliquoted, and then stored in an ultralow-temperature refrigerator 
for activity analysis. SOD activity was determined by a mixture 
of 50 mM PBS, enzyme solution, and riboflavin solution. The 
absorbance was measured at 560 nm. The reaction system for 
the POD activity assay consisted of 100 mM PBS (pH = 6.0), 
20 mM guaiacol and 40 mM H2O2. During the assay, the reaction 
solution was taken and preheated in a water bath at 25°C for 
5 min, and then, the enzyme solution was added to initiate 
the reaction. The change in absorbance per unit time was 
measured at 470 nm. For the CAT activity assay, the reaction 
mixture (50 mM PBS containing 0.1 mM EDTA, pH = 7.8) was 
preheated in a water bath at 25°C for 5 min, and then, the 

enzyme solution was added. The reaction was initiated with 
19 mM H2O2, and the change in absorbance per unit time at 
240 nm was measured.

Osmotic adjustment substances including proline and soluble 
sugar. Proline was determined using the proline content detection 
kit’s instructions (Beijing Solarbio Science & Technology Co., 
Ltd.). Fresh leaves (0.1 g) were homogenized in 3% sulfosalicylic 
acid. The filtrate was reacted in response to 1 ml and acid 
ninhydrin. After extraction with toluene, the absorbance was 
measured at 520 nm. Proline contents were determined by 
comparing the absorbance value with the calibration plot for 
standard solutions. The soluble sugar content was determined 
using the soluble sugar content detection kit’s instructions 
(Beijing Solarbio Science & Technology Co., Ltd.). Fresh leaves 
(0.1 g) were homogenized in 1 ml distilled water. Boiling water 
bath for 10 min, cooled, 8,000 g, centrifuged at room temperature 
for 10 min, the supernatant was taken in a 10 ml test tube, 
fixed with distilled water, and the absorbance was measured 
at 620 nm using the above kit.

The chlorophyll (chlorophyll a and chlorophyll b) content 
was determined using the chlorophyll content detection kit’s 
instructions (Beijing Solarbio Science & Technology Co., Ltd.). 
Fresh leaves were extensively homogenized in 80% acetone 
and leached for 3 h in the dark. The homogenate was centrifuged 
in the dark at 1,500 × g for 5 min, and the OD of the supernatant 
was measured at 645 and 663 nm.

The malondialdehyde (MDA) content was determined using 
the malondialdehyde content detection kit’s instructions (Beijing 
Solarbio Science & Technology Co., Ltd.). Fresh leaves (0.1 g) 
were homogenized in trichloroacetic acid (TCA; 0.1%). Then, 
0.5% TBA was added to the supernatant. The mixture was 
heated, cooled, and then centrifuged at 10,000 × g for 5 min. 
The absorbance was read at 532 nm.

RNA Extraction, RNA-Seq, and 
Bioinformatics Analysis
Four leaf samples from each high-temperature treatment were 
used for RNA-seq. Total RNA was extracted from each sample 
using TRIzol reagent (Invitrogen, United  States). After RNA 
quality assessment, mRNA purification, and mRNA 
fragmentation, a cDNA library was constructed, and raw data 
were obtained by Illumina paired-end sequencing on an Illumina 
HiSeq  4000 platform. Clean reads were obtained by removing 
reads containing adapters and reads containing poly-N sequence 
reads of low quality from the raw data. Gene expression levels 
in each sample were estimated by RSEM (v1.2.15). The clean 
data were mapped back into the assembled transcriptome 
using RSEM. The read counts for each sequence were then 
obtained from the mapping results by Bowtie2 (with a mismatch 
of 0) and normalized to reads per kilobase of exon model 
per million mapped reads (RPKM). Differential expression 
analysis of the two conditions/groups was performed using 
the DESeq R package (1.10.1). The resulting p values were 
adjusted using Benjamini and Hochberg’s approach to control 
the false discovery rate (FDR). The value of p was adjusted 
using the Q-value, with value of Q < 0.005 and |log2 > 1| set 
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as the thresholds for significant differences in gene expression. 
Correlation analysis and principal component analysis (PCA) 
were used to test the reliability of the samples. DEGs were 
identified in the LH/CK, MH/CK, and SH/CK groups. For 
functional analysis, all the DEGs were subjected to Gene 
Ontology (GO) annotation1 and Kyoto Encyclopedia of Genes 
and Genomes (KEGG)2 pathway enrichment analyses. The GO 
and KEGG pathway enrichment results were considered 
significant when p-values adjusted via Bonferroni correction 
(Q-values) were ≤0.05, and WEGO software was used for 
statistical analysis of the GO functional categories and KEGG 
pathway enrichment results.

Quantitative RT–PCR Analysis
Eighteen DEGs were selected to validate the RNA-seq results 
(Supplementary Table S1). cDNA was synthesized from the 
same RNA samples used for transcriptome sequencing. 
We  performed quantitative real-time PCR (qRT–PCR) on a 
CFX Connect™ Real-Time System (Applied Biosystems) using 
UltraSYBR mixture (CWBiotech). The thermocycle parameters 
were 10 min at 95°C, 40 cycles of 10 s at 95°C, 30 s at 60°C, 
and 32 s at 72°C, followed by 15 s at 95°C, 1 min at 60°C, 
15 s at 95°C, and 15 s at 60°C, in a 20 μl reaction mixture. 
The Arabidopsis thaliana-actin gene was selected as an internal 
standard for normalization.

Metabolite Identification and 
Quantification by LC–MS
Widely targeted metabolomic profiling was carried out by a 
commercial service company (Biomarker Technologies, Beijing, 
China). Briefly, 100 mg of leaves {24 samples [four treatments 
(CK, LH, MH, and SH)] × six biological replicates} was 
individually ground in liquid nitrogen, and the homogenates 
were resuspended in prechilled 80% methanol and 0.1% formic 
acid thorough vortexing. The samples were incubated on ice 
for 5 min and then centrifuged at 15,000 × g at 4°C for 20 min. 
A portion of the supernatant was diluted with LC–MS-grade 
water such that the final constitution was equal to 53% methanol. 
The samples were subsequently transferred to a new Eppendorf 
tube and then centrifuged again at 15,000 × g at 4°C for 20 min. 
Finally, the supernatant was injected into the HPLC–MS/MS 
system, and analysis was performed using a Vanquish UHPLC 
system (Thermo Fisher, Germany) equipped with an Orbitrap 
Q ExactiveTM HF-X mass spectrometer (Thermo Fisher, 
Germany). The HPLC and MS conditions were the same as 
those used by Yamada and Nishimura (2008). Compound 
Discoverer 3.1 (CD 3.1; Thermo Fisher) was used for peak 
alignment, peak picking and quantitation of each metabolite. 
The metabolites were subsequently annotated using the KEGG 
database.3 PCA and partial least squares discriminant analysis 
(PLS-DA) were performed with metaX (dynamic and 
comprehensive software for processing metabolomic data). 

1 http://www.geneontology.org/
2 http://www.genome.jp/kegg/
3 https://www.genome.jp/kegg/pathway.html

We applied univariate analysis (t-test) to calculate the statistical 
significance (p-value). Metabolites with a VIP > 1, a value of 
p < 0.05 and a fold-change (FC) ≥ 2 or ≤0.5 were considered 
to be  differentially accumulated.

Statistical Analysis
The data were collated using WPS office software and SPSS 
25.0 software for one-way ANOVA statistical analysis and the 
least significant difference (LSD) method for multiple 
comparisons, with significant differences defined at p < 0.05. 
All data are the means ± SEs of three replicates, and SigmaPlot 
14.0 was used for graphical plotting.

RESULTS

Physiological and Biochemical Changes
To measure the effect of heat stress on the P. wettsteinii growth 
rate, plant height was examined before and after 4 days of 
treatment to calculate the growth rate. We  found that the 
growth rate of plant height increased and then decreased with 
increasing heat stress, reaching a maximum in the MH treatment, 
but the difference between all four treatments was not significant 
(Figure  1A).

The MDA content tended to decrease and then increase 
with increasing heat stress. Compared to that in the CK group, 
the MDA content decreased with LH treatment, but the difference 
was not significant, while it increased with MH and SH 
treatments, but only the difference was significant with SH 
treatment (Figure  1B). The activities of CAT, SOD, and POD 
and the contents of soluble sugar, proline, chlorophyll a, and 
chlorophyll b tended to increase and then decrease with 
increasing heat stress, and all reached a maximum in the LH 
treatment. Compared to those in the CK group, the activities 
of CAT, SOD, and POD and the soluble sugar content increased 
with LH treatment and decreased with MH and SH treatments. 
CAT activity was significantly different in all three stress 
treatments, and SOD was significantly different in the MH 
and SH treatments (Figures  1C–F). Compared to those in the 
CK group, the SP and chlorophyll a contents increased with 
LH and MH treatment and decreased with SH treatment, and 
the chlorophyll a content was significantly different with LH 
treatment (Figures 1G,H). Compared to those in the CK group, 
the chlorophyll b content significantly increased in the LH 
and MH treatments (Figure  1I).

DEGs Identified in Paspalum wettsteinii
To identify genes responding to high-temperature stresses, 12 
cDNA libraries were generated with mRNA from four samples 
of CK, LH, MH, and SH treatments. The same materials used 
in the transcriptomic analysis were sequenced, yielding a total 
of 286 million high-quality clean reads from three replicates 
of 12 libraries. The sequencing data were deposited in NCBI 
(SRA accession: PRJNA801753), and the Q30 values of the 
samples reached 92%. Approximately 67% of the reads from 
each library were perfectly matched to the reference genome 
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(Supplementary Table S2). A total of 18 DEGs were randomly 
selected for qRT–PCR validation (Supplementary Table S1; 
Supplementary Figure S1). Their expression patterns were 
highly correlated with the fragments per kilobase per million 
reads (FPKM) values of the RNA-seq data, corroborating the 
reliability of the transcriptomic data.

A total of 3,653 DEGs (1,791 upregulated and 1,862 
downregulated) were identified in P. wettsteinii (Supplementary  
Figure S2). For LH/CK, 334 DEGs, including 140 genes that 
were obviously upregulated and 194 genes that were obviously 
downregulated, were detected (Supplementary Figure S2A). 
For MH/CK, 847 DEGs were differentially expressed (448 
upregulated and 399 downregulated; Supplementary Figure S2B). 
For SH/CK, 2472 DEGs were differentially expressed (1,203 
upregulated and 1,269 downregulated; Supplementary  
Figure S2C). Among these DEGs, only 168 common genes 
were differentially expressed among all three treatment groups 
(Supplementary Figure S2A; Supplementary Table S3). These 
common DEGs were considered valuable candidate genes for 
improving high-temperature tolerance.

Gene Ontology is widely used in gene functional annotation 
and enrichment analysis. The main role of GO was to classify 
the functions of the predicted P. wettsteinii genes. The identified 
GO terms were associated with three major categories: biological 
processes, cellular components, and molecular functions. In total, 
184 of the 334 DEGs in the LH/CK group, 527 of the 847 DEGs 
in the MH/CK group and 1,445 of the 2,472 DEGs in the SH/
CK group were assigned to at least one GO term during high-
temperature stress. In the LH/CK group, all significantly enriched 
DEGs were assigned to cellular components, biological processes, 
and molecular functions, and 11, 16, and 10 GO terms were 
identified in these groups, among which cell, cell part, catalytic 
activity, and binding were the four most enriched subcategories 
(Supplementary Table S4). In the MH/CK group, all significantly 
enriched DEGs were assigned to cellular components, biological 
processes, and molecular functions, and 14, 18, and 12 GO terms 
were identified, respectively, among which cell, cell part, catalytic 
activity, and metabolic process were the four most enriched 
subcategories (Supplementary Table S4). In the SH/CK group, 
all significantly enriched DEGs were assigned to cellular components, 

A B C

D E F

G H I

FIGURE 1 | Plant height and physio-biochemical characteristic changes in Paspalum wettsteinii under high-temperature stress. Values are means ± SEs (n = 3). The 
different lowercase letters for each treatment are significant at least significant difference (LSD) test at p < 0.05. Effects of drought stress on (A) plant height, (B) MDA 
content, (C) CAT activity, (D) SOD activity, (E) POD activity, (F) soluble sugar content, (G) proline content, (H) chlorophyll a content, and (I) chlorophyll b content.
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biological processes, and molecular functions, and 16, 18, and 
13 GO terms were identified, respectively, among which cell, cell 
part, catalytic activity, and metabolic process were the four most 
enriched subcategories (Supplementary Table S4). The same 
enriched GO terms were associated with different functional 
categories in these three treatment groups, suggesting that these 
GO terms were involved in the response and tolerance to high-
temperature stress and play a vital role in the P. wettsteinii response 
to different degrees of high-temperature stress.

Kyoto Encyclopedia of Genes and Genomes pathway 
enrichment analysis is an effective method for elucidating the 
biological functions of DEGs. Therefore, the DEGs enriched 
in KEGG pathways according to various biological functions 
were further analyzed. DEGs with a value of p ≤ 0.05  
were defined as significantly differentially expressed. In our 
study, among the KEGG enrichment pathways of the LH/CK, 
MH/CK, and SH/CK comparison groups, 8, 17, and 19 
significantly enriched pathways (p < 0.05), respectively, were 
identified (Supplementary Table S5). As shown in 
Supplementary Figures S3A-C, we screened the top 20 enriched 
KEGG pathways for the LD/CK, MD/CK, and SD/CK comparison 
groups. In the LH/CK comparison group, there were three 
significantly enriched pathways with a large number of DEGs: 
linoleic acid metabolism (ko00591, three genes), alpha-linolenic 
acid metabolism (ko00592, four genes), and flavonoid biosynthesis 
(ko00941, two genes; Supplementary Figure S3A). In the MH/
CK comparison group, phenylpropanoid biosynthesis (ko00940, 
eight genes), cysteine and methionine metabolism (ko00270, 
six genes), flavonoid biosynthesis (ko00941, five genes), 
phenylalanine metabolism (ko00360, five genes), and glycerolipid 
metabolism (ko00561, five genes) were the five main pathways 
(Supplementary Figure S3B). In the SH/CK comparison group, 
phenylpropanoid biosynthesis (ko00940, 21 genes), biosynthesis 
of amino acids (ko01230, 29 genes), starch and sucrose 
metabolism (ko00500, 18 genes), ribosome biogenesis in 
eukaryotes (ko03008, 15 genes), and phenylalanine metabolism 
(ko00360, 10 genes) were the five main pathways 
(Supplementary Figure S3C). The KEGG pathway enrichment 
results thus showed that genes in P. wettsteinii were significantly 
differentially expressed in the LH/CK, MH/CK, and SH/CK 
comparison groups, indicating that the three groups were 
activated by different molecular mechanisms under high-
temperature stress. In this experiment, it was speculated that 
these pathways might play an important role in the response 
of P. wettsteinii plants to high-temperature stress.

Analysis of DEGs Associated With Energy 
Metabolism
Regarding the “photosynthesis” group, PS II genes, including 
psbQ, psbR, and psbS, were studied, and psbQ was significantly 
upregulated in both the MH/CK and SH/CK comparison groups, 
psbR was significantly upregulated in the SH/CK comparison 
group and psbS was significantly downregulated in the SH/
CK comparison group. The expression levels of other genes 
involved in photosynthetic electron transport, such as PetF 
and PetH, were also significantly altered in the SH/CK comparison 

group; the three PetHs were significantly downregulated in 
the SH/CK comparison group, and the two PetFs were significantly 
upregulated in the SH/CK comparison group. Regarding the 
“photosynthesis-antenna proteins” group, six genes of the light-
harvesting chlorophyll protein complex, three LHCB1s, LHCB2, 
LHCB3, and LHCB6, were significantly downregulated in the 
SH/CK comparison group. A total of nine genes involved in 
carbon fixation were differentially expressed under the SH/CK 
comparison group; FBP, GAPA, tpiA, E1.1.1.82, ppc, FBP, and 
ppdK were significantly downregulated, whereas ALDO was 
significantly upregulated in SH/CK (Figure  2).

Heat Shock-Related Genes and 
Transcription Factors in Response to 
High-Temperature Stress
Heat shock proteins (HSPs) are known to contribute to heat 
resistance. A total of 17 HSP genes were induced under high 
temperatures. Among the five HSP20s, one (c281623.graph_c0) 
was significantly downregulated in LH/CK but upregulated in 
SH/CK, one (c277980.graph_c1) was significantly upregulated 
in SH/CK, one (c287543.graph_c0) was significantly upregulated 
in the three comparison groups and two (c249382.graph_c0 
and c285590.graph_c0) were downregulated in LH/CK or MH/
CK. Among the five HSPA1s, three (c253522.graph_c0, c302160.
graph_c0, and c288072.graph_c0) were significantly upregulated 
in SH/CK, one (c297378.graph_c0) was significantly 
downregulated in both MH/CK and SH/CK and one (c269055.
graph_c4) was significantly downregulated in LH/CK. Two 
HSP90As, two HSP90Bs and two HSP90A5s were significantly 
upregulated in SH/CK. HSP90A4 was significantly upregulated 
in the three comparison groups (Figure  3).

In total, 28 transcription factors were identified that belonged 
to the HSF, WRKY, and zinc finger protein genes. Among 
HSF, two HSFs were significantly upregulated in SH/CK. Among 
WRKYs, WRKY28, WRKY46, WRKY49 (c291097.graph_c0), 
WRKY51, WRKY53, WRKY54 (c279680.graph_c0), WRKY70, 
and WRKY71 were significantly downregulated in SH/CK, 
WRKY49 (c264178.graph_c0), WRKY50 (c266833.graph_c0), 
WRKY62, and WRKY76 were significantly downregulated in 
MH/CK and SH/CK and two WRKY50s and one WRKY54 
were significantly downregulated in the three comparison groups. 
Among 10 zinc finger protein genes, three C-x8-C-x5-C-x3-H 
type and one GATA type were significantly upregulated in 
SH/CK, one Dof domain (c298393.graph_c1) was significantly 
upregulated in MH/CK and SH/CK, one Dof domain (c300918.
graph_c0) was significantly upregulated in MH/CK, one C2H2 
type (c279012.graph_c0) was significantly upregulated in three 
comparison groups and one C2H2 type (c292350.graph_c0) 
was significantly upregulated in SH/CK, but one C2H2 type 
(c283665.graph_c0) was significantly downregulated in SH/CK 
(Figure  3).

Analysis of DEGs Associated With the 
Biosynthesis of Secondary Metabolites
In the phenylpropanoid and flavonoid biosynthesis pathway, 25 
enzyme genes, including E3.2.1.21, PAL, 4CL, CYP73A, CYP75B1, 
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CYP75B2, ANS, DFR, HCT, LAR, FLS, ANR, and E5.5.1.6, were 
differentially accumulated in the P. wettsteinii leaves under high-
temperature stress (Figure 4; Supplementary Table S6). Overall, 
at the genetic level, phenylpropanoid, and flavonoid metabolism 
in P. wettsteinii leaves were repressed under high-temperature 
stress since most of the structural genes involved in the pathways 
were significantly downregulated, whereas CYP75B1 and CYP75B2 
were significantly upregulated in LH/CK and MH/CK. Interestingly, 
among E3.2.1.21, three E3.2.1.21s were significantly downregulated, 
but one E3.2.1.21 was significantly upregulated in SH/CK. These 
results might suggest that phenylpropanoid and flavonoid 
metabolisms were triggered as defence mechanisms in response 
to high-temperature stress in P. wettsteinii.

Analysis of DEGs Associated With 
Carbohydrate Metabolism
In the glycolysis/gluconeogenesis and citrate cycle pathway, 17 
enzyme genes, including FBP, gpmI, E5.1.3.15, ENO, ALDO, 
GALM, E1.1.1.1, tpiA, pfkA, ALDH, PFP, SDHB, and ACO, 
were differentially accumulated in P. wettsteinii leaves under 
high-temperature stress (Figure  5; Supplementary Table S7). 
Overall, at the genetic level, the glycolysis/gluconeogenesis, and 
citrate cycle pathways in P. wettsteinii leaves were repressed 
under high-temperature stress since most of the structural 

genes involved in the pathways were significantly downregulated 
in SH/CK, whereas gpmI, ALDO, tpiA, pfkA, and ACO were 
significantly upregulated in SH/CK. These results might suggest 
that glycolysis/gluconeogenesis and the citrate cycle pathway 
were triggered as defence mechanisms in response to high-
temperature stress in P. wettsteinii.

Analysis of DEGs Associated With the 
Antioxidant System
In POD-catalyzed reactions, four E1.11.1.7s were all significantly 
downregulated in SH/CK, one E1.11.1.7 was significantly 
downregulated in MH/CK and SH/CK and three E1.11.1.7s 
were all significantly upregulated in MH/CK. In addition, in 
CAT-catalyzed reactions, two CATs were all significantly 
downregulated in SH/CK (Figure 5; Supplementary Table S8).

High-Temperature Damage Induced 
Secondary Metabolite Accumulation
Principal component analysis was used to analyze the dynamic 
changes in P. wettsteinii under temperature stress. As shown 
in Supplementary Figure S4, some plots representing samples 
of P. wettsteinii under the CK, LH, MH, and SH treatments 
clustered together. Other samples showed distinct separation, 

FIGURE 2 | Energy metabolism-related genes identified in the RNA-seq that showed expression changes during temperature treatments. The numbers in the 
rectangles indicate the log2(FC) of the comparisons.
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suggesting significant changes in metabolites in those  
samples.

To determine the metabolites that differentially accumulated 
in response to high-temperature stress, nonobjective metabolic 
spectral analysis was carried out via LC–MS. Metabolites with 
a variable importance in projection (VIP) value > 1 and a value 
of p < 0.05 were considered significantly differentially 
accumulated metabolites. In total, 246 differentially accumulated 
metabolites were identified according to a Venn diagram 
(Figures  6A,B). With increasing temperature, P. wettsteinii 
showed an increased number of metabolites. For LH/CK, 70 
metabolites significantly differed (nine upregulated and 61 
downregulated); for MH/CK, 90 metabolites significantly differed 
(34 upregulated and 56 downregulated); and for SH/CK, 199 
metabolites significantly differed (111 upregulated and 88 
downregulated). Among these differentially accumulated 
metabolites, 30 were common in all three comparison groups 
(LH/CK, MH/CK, and SH/CK).

These differential metabolites belonged to amino acids, amino 
acid derivatives, carbohydrates, anthocyanin, flavonoids, lipid 
fatty acids, lipid-glycerophospholipids, phytohormones, and 
organic acids (Supplementary Table S9).

A total of 39 differentially accumulated metabolites involved 
in amino acid and derivative metabolism were successfully 
identified under LH, MH, and SH stresses, and most amino 
acid and derivative contents were significantly increased  
in SH/CK, with the exception of L-glutamine O-hexside, 

L-citrulline, 2,3-dimethylsuccinic acid, alanylphenylalanine, and 
leucylphenylalanine. The L-glutamine O-hexside content was 
significantly increased in the MH/CK comparison, the contents 
of 2,3-dimethylsuccinic acid and alanylphenylalanine were 
significantly decreased in the SH/CK comparison and the 
leucylphenylalanine content was significantly decreased in the 
three comparison groups (Figure  6C).

For flavonoids, a total of 15 metabolites presented significant 
discrepancies in the LH/CK, MH/CK, and SH/CK comparisons. 
The levels of apigenin-C-rhamnoside, tricin, apigenin 
4-O-rhamnoside, and tricin O-phenylformic acid were 
significantly decreased in the SH/CK comparison, the levels 
of acacetin-7-O-galactoside and tilianin (acacetin-7-O-β-D-
glucoside) were significantly decreased in the three comparison 
groups, the ladanein level was significantly decreased in LH/
CK, the levels of eriodictyol-7-O-glucoside, apigenin 
O-malonylhexoside, tricin O-glucuronic acid, tetahydroxy-
flavone-7-O-β-D-glucuronide, scutellarin, diosmetin-7-O-
glucuronide, and apigenin-7-O-(6-O-malonyl glucoside) were 
significantly increased in SH/CK and the sonaringin level 
was significantly increased in the MH/CK comparison 
(Figure  6C).

For organic acids, a total of 21 metabolites were also changed 
in response to high-temperature stresses. Most organic acid 
contents were significantly decreased in the SH/CK comparison, 
with the exception of ethyl caffeate, phosphoenolpyruvic acid, 
fumaric acid, L-homoserine, 6-aminocaproic acid, and phthalic 

FIGURE 3 | Transcription factor (TF) and heat shock protein (HSP) genes identified in the RNA-seq that showed expression changes during temperature 
treatments. The numbers in the rectangles indicate the fold-changes (FCs) of the comparisons.
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acid. The ethyl caffeate content was significantly decreased in 
the LH/CK comparison, the phosphoenolpyruvic acid content 
was significantly increased in the LH/CK and MH/CK 
comparisons and fumaric acid, L-homoserine, 6-aminocaproic 
acid, and phthalic acid were significantly increased in the SH/
CK comparison (Figure  6C).

For free fatty acids, a total of 13 metabolites presented 
significant discrepancies in the LH/CK, MH/CK, and SH/CK 
comparisons. The levels of most of these metabolites were 
decreased in the MH/CK and SH/CK comparisons, while 
α-linolenic acid was significantly decreased in the LH/CK 
comparison, and 13-HOTrE, 9-KODE, and 9,10,13-trihyroxy-
11-octadecadienoic acid were significantly decreased in the SH/
CK comparison (Figure  6C).

Four saccharides, panose and D-(+)-melezitose, were 
significantly increased in the SH/CK comparison, ribulose-5-
phosphate was significantly decreased in SH/CK and D-fructose 
6-phosphate was significantly decreased in the MH/CK and 
SH/CK comparisons (Figure  6C).

Three anthocyanins were significantly increased including 
malvidin 3-O-galactoside (primulin) significantly increased in 
the MH/CK and SH/CK comparisons, malvidin 3-O-glucoside 

(oenin) significantly increased in SH/CK and petunidin 
3-O-glucoside significantly increased in MH/CK (Figure  6C).

DISCUSSION

Under high-temperature stress, plants often initiate complex 
networks of regulatory mechanisms to alter gene expression 
levels and metabolite accumulation, facilitating the interaction 
of biochemical and molecular processes within the organism 
to adapt to the stressful environment (Wu et  al., 2009). By 
systematically investigating the physiological, transcriptional, 
and metabolic responses to high-temperature stress, we revealed 
different patterns of response to heat stress in P. wettsteinii, 
including HSPs and transcription factors, biosynthesis of 
secondary metabolites, antioxidant systems, energy metabolism, 
and carbohydrate metabolism.

Plants are involved in cellular defence against heat damage 
mainly through the regulation of gene expression and 
accumulation of HSPs under heat stress (de Los Reyes and 
Casas-Tintó, 2022). HSPs, including HSP90 and HSP100, are 
a class of stress proteins newly synthesized or increased in 

A

B

FIGURE 4 | The pathways of phenylpropanoid biosynthesis (A) and flavonoid biosynthesis (B) enriched by Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis. CYP75B1, flavonoid 3′-monooxygenase; CYP75B2, flavonoid 4′-monooxygenase; ANS, anthocyanidin synthase; DFR, bifunctional dihydroflavonol 
4reductase/flavanone 4-reductase; CYP73A, trans-cinnamate 4-monooxygenase; HCT, shikimate O-hydroxycinnamoyltransferase; LAR, leucoanthocyanidin 
reductase; FLS, flavonol synthase; ANR, anthocyanidin reductase; E5.5.1.6, chalcone isomerase; 4CL, 4-coumarate-CoA ligase; E3.2.1.21, beta-glucosidase; and 
PAL, phenylalanine ammonia-lyase. The numbers in the gray rectangles indicate the log2(fold-changes) of the comparisons. The genes in the picture are all 
significantly different in the comparisons.
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content by cells or organisms in response to environmental 
stress and have a key role in regulating protein quality, which 
in turn can be  rapidly activated or repressed under heat 
stress by being rapidly activated or repressed by TFs such 
as heat shock factor (HSFs), zinc finger, and WRKYs under 
heat stress (Farhangi-Abriz and Torabian, 2017; Wang et  al., 
2022). As the upstream regulatory proteins of HSPs and 
other molecular chaperones, HSFs play an important regulatory 
role in the perception and signaling of heat stress (von 
Koskull-Döring et  al., 2007). In this study, transcriptome 
analysis by RNA-seq detected 28 TF families, including HSFs, 
zinc finger, and WRKYs, in response to heat stress. Two of 
these HSFs were upregulated at 45°C. In Arabidopsis (Scharf 
et  al., 2018) and tomato (Xu et  al., 2013), 21 and 15 HSFs 
were found to play a central role in the heat stress response, 
respectively. Overexpression of HsfA1, a major member of 
Arabidopsis, soybean, rice, and tomato Hsfs, significantly 
enhanced their heat tolerance (Grover et  al., 2013). Thus, 

our study suggests that HSF plays an important role in 
P. wettsteinii in response to heat stress. Similarly, our study 
identified 17 HSPs, including HSP20, HSP90A, HSP90B, 
HSPA1s, HSPA4, and HSPA5, most of which were significantly 
upregulated at 45°C. This showed that more HSPs were 
synthesized in P. wettsteinii with the intensification of thermal 
excitation, which exhibited excellent heat resistance. This also 
verifies the importance of HSPs in the regulation of 
thermal excitation.

WRKYs are involved in the temperature stress response 
by different regulatory mechanisms, both directly binding and 
regulating the expression of target genes and they also play 
the role of negative regulators of adversity (Giacomelli et  al., 
2012; Yuan et  al., 2018; Shen et  al., 2019). In this study, one 
WRKY gene (WRKY72) was found to be  upregulated in 
P. wettsteinii, which may positively regulate heat stress in 
P. wettsteinii; all 15 WRKY genes were downregulated in 
P. wettsteinii, which may be  related to the negative regulatory 

A

B

C

FIGURE 5 | The carbohydrate metabolism and scavenging free radical pathway analysis under high-temperature stress. (A) Glycolysis/gluconeogenesis. (B) Citrate 
cycle. (C) Profiles of antioxidant enzyme-related genes responsible for scavenging free radicals. FBP, fructose-1,6-bisphosphatase I; gpmI, 
2,3-bisphosphoglycerate-independent phosphoglycerate mutase; E5.1.3.15, glucose-6-phosphate 1-epimerase; ENO, eno enolase; ALDO, fructose-bisphosphate 
aldolase, class I; GALM, aldose 1-epimerase; E1.1.1.1, adh alcohol dehydrogenase; tpiA, triosephosphate isomerase (TIM); pfkA, 6-phosphofructokinase 1; ALDH, 
aldehyde dehydrogenase (NAD+); PFP, diphosphate-dependent phosphofructokinase; SDHB, succinate dehydrogenase (ubiquinone) iron–sulfur subunit; and ACO, 
acnA, aconitate hydratase. E1.11.1.7, peroxidase; and CAT, catalase. The numbers in the gray rectangles indicate the log2(fold-changes) of the comparisons. The 
genes in the picture are all significantly different in the comparisons.
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mechanism specific to P. wettsteinii or may also interact with 
other transcription factors to indirectly regulate heat stress. 
In addition, zinc fingers play an important role in plant stress 
(Ohama et  al., 2017; Hu et al., 2019). In this study, four 
types of zinc finger proteins, C-x8-C-x5-C-x3-H type, GATA 
type, Dof domain, and C2H2 type, were identified, and only 
one C2H2 type gene was downregulated, while the expression 
levels of most of the genes encoding zinc finger proteins were 
upregulated. The results of real-time quantitative PCR 
experiments in tomato showed that the expression patterns 
of different C2H2 genes were inconsistent under heat stress, 
with some upregulated and some downregulated (Easterling 
et  al., 2000). These results suggest that heat stress may induce 
different levels of differential expression of zinc finger in 
response to heat stress.

More studies have shown that high-temperature stress disrupts 
the balance between ROS production and scavenging, induces 
its excessive accumulation and decreases the stability of the 
plasma membrane (Jendricko et  al., 2009; Cui et  al., 2013). 
The changes in membrane lipid components (fatty acids) also 
reflect the response of plants to environmental stresses (Hill 
et  al., 2013; Xia et  al., 2020). In this study, we  found that 
with the enhancement of high-temperature stress, the MDA 
content first decreased and then increased, and at 35°C, the 
MDA content was lower than that of CK. It was tentatively 
speculated that this might be  due to the scavenging of excess 
reactive oxygen radicals produced in P. wettsteinii at 35°C and 
the balance of reactive oxygen metabolism, which was an 
adaptive response of P. wettsteinii manifested at this temperature. 
In contrast, the MDA content was higher than that of CK 

A

C

B

FIGURE 6 | Global view of the distinct and common metabolite target Paspalum wettsteinii in response to high-temperature stress. Venn diagram shows 
metabolites up- (A) and downregulated (B) by complementary mass spectrometry (GC–MS) analyses in the P. wettsteinii leaves. Differentially accumulated 
metabolites showed expression changes during temperature treatments” with “Heatmap (C) shows in expression changes of differentially accumulated metabolites 
under different temperature treatments. The numbers in the rectangles indicate the log2(fold-change) of the comparisons.
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under 40 and 45°C high-temperature stress, which is consistent 
with our metabolomic analysis finding that the content of 13 
free fatty acid metabolites was significantly reduced under 
high-temperature stress and that the number of fatty acids 
increased with the intensification of high-temperature stress. 
This indicates that high temperature exacerbates membrane 
lipid peroxidation and damages the cell membrane. To protect 
cells from the deleterious effects of excessive ROS, plants have 
evolved a complex array of enzymatic and non-enzymatic 
antioxidant defence mechanisms (Muhlemann et  al., 2018). 
SOD, POD, and CAT are important antioxidant enzymes in 
plants, and their activities are enhanced to scavenge accumulated 
O2− and thus prevent cell membrane damage (Rugienius et  al., 
2016). In this study, we  found that CAT, SOD, and POD 
activities increased and then decreased with increasing high-
temperature stress, and all of them were significantly lower 
than CK at 45°C, while POD was higher than CK at 40°C. This 
is consistent with our finding that the expression of two 
CAT-related genes and five POD-related genes decreased at 
45°C and three POD-related genes (E1.11.1.7) increased at 
40°C by RNA-seq sequencing. This indicates that the heat 
tolerance of P. wettsteinii was exceeded at 40°C, the balance 
of ROS metabolism in the body was disrupted and the reactive 
oxygen species caused damage to the protective enzymes, 
resulting in the reduction of protective enzyme activity and 
reactive oxygen species injury.

Plants produce a large number of secondary metabolites 
under high-temperature stress, most of which are antioxidants, 
among which flavonoids and anthocyanins are members of 
the plant’s own formation of non-enzymatic antioxidant defence 
system and play an important role in the process of resisting 
adversity (Sperdouli and Moustakas, 2012; Janka et  al., 2015; 
Hao, 2017). In our study, 13 genes involved in the flavonoid 
biosynthesis pathway encoding catalase genes in flavonoid 
biosynthesis were found to be  differentially expressed, of 
which two genes encoding 3′-monooxygenases (CYP75B1 and 
CYP75B2) were upregulated at 35 and 40°C. The remaining 
11 genes were all downregulated under high-temperature 
stress, and the 11 genes included one gene for the synthesis 
and reduction of bifunctional dihydroflavonol 4-reductase/
flavanone 4-reductase (DFR), a gene for anthocyanidin synthase 
(ANS), and two genes for anthocyanidin reductase (ANR). 
Inconsistent with the findings of Song et  al. (2014), peony 
subjected to high-temperature stress showed an increase in 
the expression of secondary metabolites such as flavonoids, 
isoflavonoids, and anthocyanidins DEGs. This may be  due 
to the decrease in the rate of flavonoid and anthocyanin 
synthesis in P. wettsteinii with increasing temperature and 
the consequent decrease in the ability of P. wettsteinii to 
scavenge reactive oxygen species and regulate osmotic potential. 
In the metabolome, 15 flavonoid metabolites were identified, 
including ladanein, apigenin-C-rhamnoside, tricin, apigenin 
4-O-rhamnoside, tricin O-phenylformic acid, acacetin-7-O-
galactoside, and tilianin (acacetin-7-O-β-D-glucoside). The 
accumulation of seven species decreased under high-temperature 
stress, similar to the results of RNA-seq sequencing, indicating 
that the antioxidant effect was reduced and the degree of 

broad membrane lipid peroxidation was severe in broad-leaved 
barnyardgrass under high-temperature stress. Three anthocyanin 
metabolites, malvidin 3-O-galactoside (primulin), malvidin 
3-O-glucoside (oenin), and petunidin 3-O-glucoside, were 
found to be  upregulated at 40 and 45°C in the metabolome, 
contrary to the results of RNA-seq sequencing. Shen et  al. 
(2019) found that decreased expression levels of genes involved 
in the anthocyanin pathway may not lead to reduced 
anthocyanin accumulation, and further analysis is needed to 
determine the exact cause.

Photosynthesis is one of the most temperature-sensitive 
physiological processes in plants. High-temperature stress affects 
the light capture system, electron transport, NADPH and ATP 
synthesis, the photosynthetic carbon cycle, and the utilization 
of assimilates (Liu et  al., 2011; Wujeska-Klause et  al., 2015). 
PS II is the most susceptible part of the photosynthetic organ 
to high temperatures (Alboresi et  al., 2008). Under high-
temperature stress, several protein subunits in the light and 
electron transport chain (ETC; e.g., Psb27 and Psb28, etc.) 
and auxin (e.g., CP43) mediate PS II repair (Ifuku et al., 2005). 
Oxygen evolution complex (OEC) proteins are membrane-
exogenous intraluminal subunits of PS II and are involved in 
the normal function of photosynthetic water oxidation (Arakaki 
et  al., 1997). Expression of the gene encoding photosystem II 
oxygen evolution enhancer protein 3 (PsbQ) was upregulated 
under treatment at 40 and 45°C, indicating enhanced 
photosynthetic water oxidation at this temperature. 
Ferricoxigenin-NADP+ reductase is primarily responsible for 
catalyzing the final step of the photosynthetic linear electron 
transfer reaction, catalyzing the transfer of electrons from the 
reduced state of ferricoxigenin to NADP+ to generate the 
reducing power ADPH used primarily for Calvin cycle CO2 
fixation (Oquist and Huner, 2003; Lu et  al., 2018). Under 
45°C treatment, although the expression of the gene encoding 
ferredoxin (petF) was upregulated, the expression of the 
ferredoxin--NADP+ reductase gene (petH), which is responsible 
for catalyzing the transfer of ferric oxide-reducing proteins to 
NADP+ to generate reductive ADPH, was downregulated. This 
result indicates that genes associated with the light and ETC 
are inactivated under high-temperature stress, the PS II system 
is compromised and photosynthesis is inhibited.

Light capture proteins (LHCs) are essential for light capture 
and photoprotection. The Lhcal-6 and Lhcbl-8 LHC subfamilies 
are associated with PS I  and PS II photosynthetic protection, 
respectively (Carrillo and Ceccarelli, 2003). In this study, six 
LHCB genes (LHCB1, LHCB2, LHCB3, and LHCB6) were 
downregulated in response to high-temperature stress at 45°C, 
consistent with an increase and then a decrease in chlorophyll 
a and chlorophyll b content with increasing levels of high-
temperature stress. This result may be  due to the occurrence 
of photoinhibition under stress conditions, further reducing 
chlorophyll content and the amount of photosynthetic system 
antenna proteins, while nonphotochemical quenching was able 
to reduce the deleterious effects caused by reactive oxygen 
species (Jennings, 2015). High-temperature stress affects 
photosynthesis not only through photosystems and LHC protein 
complexes but also through carbon fixation that inhibits the 
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activity of various biological enzymes (Bibi et  al., 2008; Gao 
et  al., 2017). Fructose-1,6-bisphosphatase is a rate-limiting 
enzyme in the glucose xenobiotic pathway, the level of which 
directly affects assimilate accumulation and thus plant 
photosynthetic efficiency (Zhou et  al., 2010). At 45°C, the 
expression of the gene encoding fructose-1,6-bisphosphatase 
(FBP) is downregulated, indicating a reduction in plant 
photosynthetic efficiency. Phosphoenolpyruvate carboxylase, 
pyruvate phosphate dikinase and malate dehydrogenase are all 
key enzymes in the photosynthetic pathway of C4 plants (Downs 
and Heckathorn, 1998). The results of this study showed that 
the gene expression of ppc, ppdK, and E1.1.1.82 did not change 
at 35 and 40°C and was downregulated at 45°C. This result 
indicated that photosynthetic carbon fixation was not affected 
at 35 and 40°C, and photosynthetic physiological activity was 
normal. The differential expression of genes related to 
photosynthetic processes under different temperature treatments 
is an adaptation strategy for the tolerance of P. wettsteinii to 
high temperature.

Respiration includes glycolysis/gluconeogenesis, the TCA 
cycle and the mitochondrial ETC. These pathways can provide 
the energy equivalent and carbon skeleton for metabolite 
biosynthesis under high-temperature conditions (Bolton, 2009; 
Araújo et  al., 2012; Yang et  al., 2015). In this study, 17 key 
genes for glycolysis/gluconeogenesis and the TCA cycle were 
detected by differential expression. Among these genes, the 
expression of gpmI, ALDO, tpiA, and PFP, genes related to 
the glycolysis/gluconeogenesis pathway, was upregulated, and 
the succinate dehydrogenase gene SDHB, related to the TCA 
cycle, was downregulated. This indicates that under high-
temperature stress, the energy production of P. wettsteinii is 
more variable, with increased glucose consumption as well as 
reduced carbohydrates, and a shift from photosynthetic 
phosphorylation to oxidative phosphorylation is the main 
method of providing ATP (Huang et  al., 2019). At the same 
time, some genes related to glycolysis/gluconeogenesis, FBP, 
E5.1.3.15, ENO, GALM, E1.1.1.1, ALDH, and PFP expression 
were downregulated, and the aconitate hydratase gene ACO, 
which is related to the TCA cycle, was upregulated under 
high-temperature stress, indicating that high-temperature stress 
inhibited these two pathways while enhancing electron transfer 
and that P. wettsteinii plants were able to produce energy 
through ATP supply was maintained by constantly altering 
the transcript levels of key enzyme genes in the glycolysis/
gluconeogenesis pathway.

Soluble carbohydrates and amino acids are primary 
metabolites synthesized from intermediate metabolites of 
glycolysis/gluconeogenesis and the TCA cycle and play an 
important role in heat stress (Wang et  al., 2020). Soluble 
sugars maintain photosynthetic capacity by maintaining cell 
membrane stability and keeping a plant viable on their own, 
protecting the photosynthetic system from damage (Michaletti 
et  al., 2018). Amino acids and their derivatives play an 
important role in maintaining osmoregulation and the structural 
integrity of proteins within the cell (Good and Zaplachinski, 
2010). Our metabolomic analysis identified 39 amino acids 
and their derivatives and four sugars. Among the amino 

acids, 35 (proline, leucine, etc.) significantly increased at high 
temperatures, and four (L-citrulline, 2,3-dimethylsuccinic acid, 
alanylphenylalanine, and leucylphenylalanine) significantly 
decreased under high-temperature stress; among the sugars, 
the contents of panose and D-(+)-melezitose significantly 
increased, and those of ribulose-5-phosphate and D-fructose 
6-phosphate significantly decreased. This suggests that in 
glycolysis/gluconeogenesis and the TCA cycle, high 
temperatures can increase sucrose and pyruvate levels, while 
also decreasing the levels of certain phosphate sugars and 
organic acids to maintain osmotic balance (Yamakawa and 
Hakata, 2010; Hu et  al., 2014). Organic acids were found to 
be involved in glycolysis and the TCA cycle, and we identified 
18 organic acids by metabolomic analysis, most of which 
were significantly reduced at 40 and 45°C. In contrast, 
Yamakawa and Hakata (2010) found that high-temperature 
stress reduced the content of organic acids involved in 
glycolysis/gluconeogenesis and the tricarboxylic acid cycle in 
rice seeds, contrary to our results, which may be  because 
P. wettsteinii is a warm-season plant and P. wettsteinii adapts 
to high-temperature stress by increasing the organic 
acid content.

Our study provides detailed information on the physio-
biochemical, transcription and metabolism of P. wettsteinii 
in response to high-temperature stress (Figure  7). Based on 
these multilevel results, we  conclude that, on the one hand, 
P. wettsteinii slowed down the plant height growth, which 
showed a decrease in antioxidant enzyme activity and 
non-enzymatic antioxidant substances accumulation, which 
weakened the ability of antioxidants to scavenge ROS in 
P. wettsteinii. On the other hand, P. wettsteinii responded to 
high-temperature stress by suppressing some genes related to 
the light capture complex and electron transport system in 
photosynthesis, enhancing the glycolytic pathway in respiration, 
inhibiting the TCA cycle, and inducing transcription factors 
to regulate HSPs.

CONCLUSION

To investigate the physiological and biochemical characteristics, 
key candidate genes and metabolites of P. wettsteinii under 
high-temperature stress were identified. Plant height, CAT, SOD, 
and POD activities, and SS, PS, chlorophyll a, and chlorophyll 
b contents tended to increase and then decrease, while the 
MDA content tended to decrease and then increase with 
increasing heat stress. In addition, a multilevel analysis of gene/
metabolite expression changes in P. wettsteinii was carried out. 
Genes involved in important energy metabolism, carbohydrate 
metabolism, heat shock protein, and transcription factors, 
biosynthesis of secondary metabolites and antioxidant system 
were significantly up- and downregulated to varying degrees. 
Free fatty acids, amino acids, and their derivatives, organic 
acids, flavonoids, and sugars were found to accumulate to 
varying degrees under heat stress. The integration of 
transcriptomic and metabolomic data will provide theoretical 
support for further studies on the complex mechanisms 
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underlying the response to high-temperature stress in P. wettsteinii 
and other plants.
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