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in response to high-temperature stress
in Platostoma palustre based on WGCNA
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Abstract

Platostoma palustre (Blume) A. J. Paton is one of the important medicinal and edible plants in China, and it is widely
cultivated in tropical and subtropical regions of southern China. In these areas, high-temperature stress (HTS) is
often one of the unfavorable environmental factors affecting the growth and yield of P. palustre. Nevertheless, the
molecular mechanism underlying the response of P palustre to HTS remains unclear. In this study, we used two
varieties of P palustre, LSL and MDG, as experimental materials to identify key genes involved in the response of P
palustre to HTS by employing transcriptome sequencing technology, thereby revealing the molecular mechanism
underlying its adaptation to HTS. The results showed that HTS significantly influenced the plant height, above-
ground fresh weight, root fresh weight, root growth, chlorophyll a, chlorophyll b, chlorophyll a+b, and carotenoid
content of R palustre plants. MDG exhibited stronger high-temperature tolerance compared to LSL. Under HTS,
8352 DEGs were up-regulated and 9201 DEGs were down-regulated in HT_LSL_vs_CK_LSL, while 5433 DEGs were
up-regulated and 6325 DEGs were down-regulated in HT_MDG_vs_CK_MDG, suggesting a significant difference
in gene expression levels between LSL and MDG under HTS. KEGG enrichment analysis showed the pathways
possibly involved in HTS responses in P palustre, such as plant hormone signal transduction, brassinosteroid
biosynthesis, phenylpropanoid biosynthesis, pentose and glucuronate interconversions, diterpenoid biosynthesis,
flavonoid biosynthesis, etc. Further weighted gene co-expression network analysis (WGCNA) identified 14 modules
and 61 hub genes closely related to the response to HTS in P palustre. The hub genes included peroxidase 51-
like (TRINITY_DN34017_c0_gT), UDP-glucuronate 4-epimerase 1-like (GAET, TRINITY_DN815_c0_g3), NAC domain-
containing protein 1 (NAC, TRINITY_DN328_c0_g1), UGT73A13 (TRINITY_DN8437_c0_g2), universal stress protein

7 (USP7, TRINITY_DN6361_c0_g2), malonyl-coenzyme: anthocyanin 5-O-glucoside-6"-O-malonyltransferase-like
(5MaT1, TRINITY_DN3589_c0_gT), ent-kaurene synthase 5 (KSL5, TRINITY_DN5126_c0_g1), ABC transporter (TRINITY_
DN39495_c0_g1, TRINITY_DN10383_c0_gT), etc. This study investigated the molecular mechanism of heat tolerance
in P palustre at the gene expression level, providing a scientific basis for heat-tolerant breeding of P palustre.
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Introduction

Platostoma palustre (Blume) A. J. Paton, also known as
“Liangfencao” or “Xiancao” in Chinese, belongs to the
Platostoma genus within the Lamiaceae family [1, 2].
According to the Flora of China (http://www.iplant.cn/i
nfo/Platostoma%20palustre), it is distributed in regions
such as Taiwan, Zhejiang, Jiangxi, Guangdong, and
western Guangxi in China [3]. P palustre is an impor-
tant plant resource for both medicinal and edible use,
possessing functions of clearing summer heat, cooling
the blood, and detoxifying [4, 5]. It can be used to make
unique summer delicacies such as jelly, herbal tea, cola,
and other botanical beverages, as well as various health
foods [6, 7]. P. palustre contains multiple active ingredi-
ents, including polysaccharides, triterpenes, flavonoids,
phenols, and other compounds, which exhibit various
biological activities such as antioxidant, hypotensive,
hypolipidemic, and antibacterial effects [8]. Therefore, as
a plant resource with both medicinal and edible values, P
palustre has seen its deep-processed products (particu-
larly herbal tea) gain significant market popularity, and it
has consequently become a research focus [9, 10].

As global climate anomalies intensify, the frequency
and number of extreme weather events such as high tem-
peratures, droughts, and floods have gradually increased,
posing increasingly severe threats to agricultural produc-
tion. Currently, high temperatures and droughts are rec-
ognized as the two major abiotic stress factors, leading
to crop yield reductions and even total crop failures [11,
12]. High-temperature stress (HTS) is a common abi-
otic stress encountered during plant growth and devel-
opment, which disrupts plant metabolism by degrading
proteins, thereby causing growth and development retar-
dation [13]. HTS can cause necrosis and chlorophyll loss
on the edges and tips of plant leaves, premature senes-
cence and abscission of leaves, flowers, and fruits, inhi-
bition of root and bud growth, and so on [14]. Plants
exhibit different sensitivities to HTS at different pheno-
logical stages, and there are also differences among dif-
ferent species and different genotypes within the same
species.

P, palustre prefers shady and moist environments and is
relatively intolerant of prolonged droughts. It grows well
within a temperature range of 15-35 °C [15]. If the tem-
perature exceeds 20 °C, the growth rate is extremely fast.
Conversely, if the temperature is below 20 °C, the growth
rate significantly slows down; below 10 °C, growth basi-
cally ceases; and around 0 °C, the stems and leaves wilt,
but the roots remain viable in the soil. Therefore, ensur-
ing adequate rainfall and moderate temperature and
humid conditions is very beneficial for the growth of P
palustre [16]. At present, the main cultivation areas of
P. palustre are mostly in southern China and South-
east Asian countries. These regions experience high
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temperatures during summer, and plants are highly sus-
ceptible to heat stress during cultivation, which can lead
to decreased disease resistance, slowed growth, and even
reduced yields or crop failures. Therefore, screening for
heat-tolerant varieties of P. palustre is one of the impor-
tant research directions, and studying the mechanism of
heat tolerance in P. palustre becomes particularly crucial.
Currently, there have been no reports on the molecu-
lar mechanism of how P. palustre responds to high-tem-
perature stress. Therefore, this study used two varieties
of P palustre (LSL and MDG, originating from Guangxi
and Guangdong respectively, exhibit differential stress
resistance based on preliminary observations) as experi-
mental materials. Through high-temperature stress
experiments and employing transcriptome sequencing
technology, we analyzed the changes in gene expression
under high-temperature stress in P palustre. This study
aims to investigate the molecular mechanism of heat tol-
erance in P, palustre at the transcriptional level, providing
a scientific basis for heat-tolerant breeding of P. palustre.

Results

HTS affected the growth of P. palustre plants
High-temperature stress significantly influenced the
plant height, above-ground fresh weight, and root fresh
weight of P. palustre plants (Figs. 1 and 2). Compared to
the control (a diurnal temperature of 28 °C/26°C), LSL
exhibited reductions of 20.68% in plant height, 52.66%
in above-ground fresh weight, and 44.68% in root fresh
weight under high-temperature stress conditions (a
diurnal temperature of 38 °C/32°C). Similarly, MDG
showed decreases of 20.90% in plant height, 26.71% in
above-ground fresh weight, and 41.66% in root fresh
weight under high-temperature stress. Additionally,
high-temperature stress also affected the root growth of
P. palustre plants (Fig. 3). LSL demonstrated significant
reductions in root length, root surface area, and aver-
age root diameter, with decreases of 19.55%, 24.27%, and
15.17%, respectively compared to the control. In contrast,
only the average root diameter of MDG was significantly
decreased by 10.67% compared to the control.

HTS affected the photosynthetic pigment content of P.
palustre

High-temperature stress had no significant effect on the
chlorophyll a (Chla), chlorophyll b (Chlb), chlorophyll
a+b (Chla+b), and carotenoid (Car) content of MDG
compared to the control group. However, high-temper-
ature stress had a significant impact on the chlorophyll
a, chlorophyll a +b, and carotenoid content of LSL, with
reductions of 35.02%, 31.71%, and 33.26%, respectively,
compared to the control (Fig. 4).
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Fig. 1 Comparison of the morphology of P. palustre plants under high temperature and control conditions
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Fig. 2 High-temperature stress affected the growth of P. paluste plants. (A) Plant height. (B) Aboveground fresh weight. (C) Root fresh weight

Quality assessment and functional annotation of RNA-seq per treatment. The results indicated that a total of 89.41
data Gb of clean data was obtained, with each sample gener-
In this study, we performed transcriptome sequencing ating over 6.7 Gb of clean data. The Q20 base percent-
on 12 samples across four treatments (HT_LSL, HT_  age exceeded 98.02%, the Q30 base percentage exceeded
MDG, CK_LSL, and CK_MDG), with three replicates
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Fig. 3 High-temperature stress affected the root system of P palustre plants. (A) Root length. (B) Root surface area. (C) Root volume. (D) Average diameter
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Fig. 4 High-temperature stress affected the photosynthetic pigment content of P palustre. (A) Chla. (B) Chlb. (C) Chla+b. (D) Car

94.17%, and the GC content ranged from 45.05 to 45.77%
(Table 1).

This study obtained 94,903 unigenes and 172,374 tran-
scripts. The average length of unigenes was 939.68 bp,
with an N50 length of 1516 bp. Similarly, the aver-
age length of transcripts was 1134.54 bp, with an N50
length of 1779 bp (Table S1). The analysis of transcript
length distribution revealed that the majority of unige-
nes (42,207, 44%) had sequence lengths ranging from
200 to 500 bp (Figure S1). The clean reads from each

sample were aligned to the Trinity-assembled refer-
ence sequences to obtain mapping results, with map-
ping ratios ranging from 74.59 to 77.79% (Table S2). The
unigenes and transcripts obtained from transcriptome
assembly were compared with six major databases (NR,
Swiss-Prot, Pfam, EggNOG, GO, and KEGG) to com-
prehensively annotate their functional information. The
annotation status of each database was statistically ana-
lyzed (Figure S2, S3).
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Table 1 Transcriptome sequencing data statistics and quality evaluation
Sample Raw reads Raw bases(bp) Clean reads Clean bases(bp) Error rate(%) Q20(%) Q30(%) GC content(%)
CK_LSL_1 53127040 8022183040 52192382 7846710475 0.025 98.03 94.22 45.77
CK_LSL_2 45914340 6933065340 45142288 6789302949 0.0248 98.07 94.33 45.65
CK_LSL_3 52690258 7956228958 51852480 7801007078 0.0248 98.1 94.39 45,63
HT_LSL_1 53868648 8134165848 53010556 7969254079 0.0247 98.13 94.48 45.06
HT_LSL_2 45280536 6837360936 44554544 6701259823 0.0248 98.08 94.34 45.09
HT_LSL_3 49538616 7480331016 48754284 7331285861 0.025 98.02 94.17 45.05
CK_MDG_1 51348086 7753560986 50458650 7591236006 0.0246 98.16 94.59 4542
CK_MDG_2 53873356 8134876756 52973294 7948908820 0.0248 98.09 94.4 454
CK_MDG_3 52555178 7935831878 51794384 7791935001 0.0246 98.16 94.55 4536
HT_MDG_1 46740388 7057798588 46076440 6933464217 0.0246 98.17 94.54 4541
HT_MDG_2 51379712 7758336512 50689504 7627018197 0.0245 98.19 94.64 4543
HT_MDG_3 47704238 7203339938 46981074 7074095848 0.0249 98.04 94.24 45.44
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Fig. 5 Statistical analysis of RNA sequencing data. (A) Correlation analysis of samples. (B) PCA analysis. (C) DEG statistical analysis. (D) Venn analysis of

different comparison groups

Analysis of DEGs

The RSEM software package was utilized for quantita-
tive analysis of unigene/transcript expression levels,
yielding TPM (Transcripts Per Million) values and read
counts. The statistical analysis revealed that the Pearson
correlation coefficient confirmed biological consistency
(Fig. 5A). Furthermore, PCA analysis demonstrated

significant differences in gene cluster expression between
the control group (CK_LSL, CK_MDG) and the high-
temperature treatment group (HT_LSL, HT_MDG)
(Fig. 5B). Under high-temperature stress, 8352 DEGs
were up-regulated and 9201 DEGs were down-regu-
lated in HT_LSL_vs_CK_LSL, while 5433 DEGs were
up-regulated and 6325 DEGs were down-regulated in
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HT_MDG_vs_CK_MDG (Fig. 5C). There were 5100 up-
regulated and 5724 down-regulated DEGs in HT_LSL_
vs_HT_MDG (Fig. 5C). Notably, after high-temperature
stress, the number of up-regulated and down-regulated
DEGs in LSL was significantly higher than that in MDG,
suggesting a significant difference in gene expression lev-
els between the two varieties under high-temperature
stress. Additionally, a total of 2655 DEGs were identified
across three comparison groups, HT_LSL_vs_CK_LSL,
HT _MDG vs CK_MDG, and HT_MDG vs HT LSL.
These findings indicated that the expression of these
genes may be induced in response to high-temperature
stress irrespective of the genotype (Fig. 5D).

Transcription factor (TF) analysis

In this study, we identified a total of 1,352 TFs in both
LSL and MDG. The MYB_superfamily accounted for
the highest percentage (202 TFs), followed by AP2/ERF
(157 TFs) and C2C2 (118 TFs) (Figure S4). In the HT_
LSL_vs_CK_LSL comparison group (Fig. 6A), the MYB_
superfamily had the highest percentage of differentially
expressed TFs (15.78%), followed by AP2/ERF (13.48%),
bHLH family (9.57%), HSF family (1.95%), etc. In the
HT_MDG_vs_CK_MDG comparison group (Fig. 6B), the
MYB_superfamily also had the highest percentage of dif-
ferentially expressed TFs (15.51%), followed by AP2/ERF
(14.68%), bHLH (10.48%), HSF family (2.94%), etc. In the
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HT_MDG_vs_HT_LSL comparison group (Fig. 6C), the
MYB_superfamily still had the highest percentage of dif-
ferentially expressed TFs (14.07%), followed by AP2/ERF
(12.31%), NAC (9.80%), HSF family (1.76%), etc. Gener-
ally, under high-temperature stress conditions, the types
and numbers of differentially expressed TFs varied mini-
mally among the different comparison groups.

GO enrichment analysis of DEGs

We performed GO enrichment analysis of DEGs in dif-
ferent comparison groups (Fig. 7). In the HT_LSL_vs_
CK_LSL comparison group, the DEGs were primarily
enriched in the GO terms such as plasma membrane,
extracellular region, monooxygenase activity, phenyl-
propanoid metabolic process, secondary metabolic pro-
cess, cell wall organization or biogenesis, etc. (Fig. 7A).
In the HT_MDG_vs_CK_MDG comparison group, the
DEGs were mainly enriched in the GO terms like plasma
membrane, extracellular region, monooxygenase activ-
ity, phenylpropanoid metabolic process, secondary
metabolic process, cell wall organization or biogenesis,
etc. (Fig. 7B). In the HT_MDG_vs_HT_LSL comparison
group, the DEGs were predominantly enriched in the
GO terms, for example, plasma membrane, extracellular
region, monooxygenase activity, response to biotic stimu-
lus, response to stimulus, response to external stimulus,
etc. (Fig. 7C).
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KEGG enrichment analysis of DEGs

We further performed KEGG enrichment analysis of
DEGs in different comparison groups (Fig. 8). In the
HT_LSL_vs_CK_LSL comparison group (Fig. 8A), DEGs
were significantly enriched in pathways such as phenyl-
propanoid biosynthesis, diterpenoid biosynthesis, pen-
tose and glucuronate interconversions, plant hormone
signal transduction, galactose metabolism, and so on. In
the HT_MDG_vs_CK_MDG comparison group (Fig. 8B),
DEGs were significantly enriched in pathways such as
phenylpropanoid biosynthesis, plant hormone signal
transduction, flavonoid biosynthesis, carbon fixation
in photosynthetic organisms, diterpenoid biosynthesis,
etc. In the HT_MDG_vs_HT_LSL comparison group
(Fig. 8C), DEGs were significantly enriched in pathways
such as phenylpropanoid biosynthesis, pentose and gluc-
uronate interconversions, plant hormone signal trans-
duction, alpha-Linolenic acid metabolism, valine, leucine
and isoleucine degradation, brassinosteroid biosynthe-
sis, etc. Among the three comparison groups, a total of
12 significantly enriched pathways were found, including
plant hormone signal transduction, brassinosteroid bio-
synthesis, phenylpropanoid biosynthesis, pentose and
glucuronate interconversions, diterpenoid biosynthesis,

flavonoid biosynthesis, etc. (Fig. 8D, Table S3). It was
inferred that these pathways might be involved in heat
temperature stress responses in P. palustre.

Weighted gene co-expression network analysis

Using WGCNA, various physiological and biochemical
indicators were analyzed, and a total of 14 modules were
identified. Among them, the turquoise module contained
the largest number of genes (Fig. 9A-C). Additionally, the
correlation between each module and each indicator was
analyzed (Fig. 9D). The module analysis results showed
that plant height, aboveground fresh weight, root fresh
weight, and chlorophyll b were most closely related to
the brown module, with correlation coefficients of -0.93
(P=0.00001), -0.881 (P=0.00015), -0.699 (P=0.0114), and
-0.762 (P=0.00397), respectively. By setting MM >0.8
and|GS|>0.8, module genes closely related to plant
height, aboveground fresh weight, and chlorophyll b were
screened, with 621, 802, and 320 related genes identified,
respectively. For root fresh weight, the parameters were
set as MM >0.8 and|GS|>0.7, resulting in the screening
of 357 genes. Further screening for the top 30 genes in
terms of connectivity within the co-expression network
was conducted to identify hub genes. The results showed
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that there were 19, 10, 5, and 4 hub genes related to plant
height, aboveground fresh weight, root fresh weight, and
chlorophyll b, respectively (Fig. 10A-D). Chlorophyll
a, total chlorophyll, and carotenoids were most closely
related to the greenyellow module, with correlation
coefficients of 0.818 (P=0.00115), 0.734 (P=0.00657),
and 0.79 (P=0.00223), respectively. By setting MM >0.8
and|GS|>0.7, the number of related genes for chloro-
phyll a, total chlorophyll, and carotenoids were screened
to be 78, 36, and 48, respectively. Further screening for
hub genes under the same conditions yielded 13, 6, and 7
hub genes, respectively (Fig. 10E-G). Root volume, aver-
age root diameter, and root length were most closely
related to the red, turquoise, and magenta modules,
with correlation coefficients of -0.65 (P=0.0221), 0.846
(P=0.0005), and 0.699 (P=0.0114), respectively. Further
screening for module genes was conducted, with param-
eters set as MM >0.8 and|GS|>0.7 for root volume and
root length, and MM >0.8 and|GS|>0.8 for average root
diameter. The final number of genes related to root vol-
ume, average root diameter, and root length was 65, 700,
and 75, respectively. Similarly, the top 30 genes in terms
of connectivity within the co-expression network were
screened as hub genes, resulting in 8, 5, and 14 hub genes

related to root volume, average root diameter, and root
length, respectively (Fig. 10H-J).

Overall, WGCNA identified 61 hub genes closely
related to different traits, which may be involved in
the response to high-temperature stress in P palustre,
including peroxidase 51-like (TRINITY_DN34017 cO_
gI), UDP-glucuronate 4-epimerase 1-like (GAE1, TRIN-
ITY DN815 c0_g3), NAC domain-containing protein 1
(NAC, TRINITY_DN328_c0_gl1), UGT73A13 (TRINITY_
DN8437_c0_g2), universal stress protein 7 (USP7, TRIN-
ITY DN6361_c0_g2), malonyl-coenzyme: anthocyanin
5-O-glucoside-6”-O-malonyltransferase-like ~ (5MaT1,
TRINITY _DN3589_c0_glI), ent-kaurene synthase 5
(KSL5, TRINITY DN5126_c0_gI), ABC transporter
(TRINITY_DN39495_c0_gl, TRINITY_DN10383_c0_gl),
etc. (Fig. 11, Table S4).

qPCR validation

In this study, based on the result of WGCNA, we
selected seven unigenes (TRINITY DN34017 c¢0_gli,
TRINITY DN815_c0_g3, TRINITY DN328_c0_gl,
TRINITY DN8437 c0_g2, TRINITY DN6361_c0_g2,
TRINITY _DN3589_c0_gl, and TRINITY DN5126_c0_
gl) for qPCR validation. The results showed that the
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expression changes of seven unigenes were in line with
those of the transcriptome data (Table S5).

Discussion

High-temperature stress affected the growth and
development of P. palustre plants

Heat stress refers to temperatures that have a thermal
injury effect on plants [17]. Temperatures are consid-
ered high when the daily maximum temperature exceeds
35 °C [18]. Continuous high temperatures, defined as
daily maximum temperatures of >35 °C lasting for three
or more consecutive days during the growth period, can
cause irreversible damage to plant growth and develop-
ment [19]. Short-term exposure to high-temperature
stress can cause plant leaves to lose their chlorophyll
and turn yellow, undergo dehydration and wilting, and
develop spots on the leaf surface. Prolonged high-tem-
perature stress can lead to the leaves drying up and falling
off, stems losing water and shrinking, root rot, and even
the entire plant drying up and dying [20, 21]. The con-
figuration and vitality of the root system directly affect
the growth and development of the aboveground parts

as well as yield formation [22]. Under high-temperature
stress, roots become shorter and thinner, with a signifi-
cant reduction in biomass [23]. In this study, high-tem-
perature stress significantly influenced the plant height,
above-ground fresh weight, root fresh weight, and root
growth of P. palustre plants (Figs. 2, 3 and 4). These find-
ings were generally consistent with the results mentioned
earlier. However, under high-temperature stress, the
decrease in growth indices and photosynthetic pigment
content of MDG plants was significantly lower than that
of LSL, especially as high temperature had no significant
effect on the photosynthetic pigment content of MDG.
This suggested that MDG may have better heat tolerance
than LSL.

Transcriptional expression response of P. palustre to high-
temperature stress

High temperatures in summer are a major constraint
affecting the vegetative growth of P palustre, but there
have been no reports on how it responds to high-temper-
ature stress at the transcriptional level. Using transcrip-
tome sequencing technology can enable the exploration
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of gene expression changes in plants under abiotic stress,
the analysis of stress regulatory networks, and the iden-
tification of key genes [18]. In this study, RNA-seq
high-throughput sequencing technology was utilized to
obtain a total of 89.41 Gb data, and 94,903 unigenes and
172,374 transcripts were assembled (Table S1). Under
high temperature stress, we observed 8,352 DEGs up-
regulated and 9,201 DEGs down-regulated in HT_LSL_
vs_CK_LSL, compared to 5,433 DEGs up-regulated and
6,325 DEGs down-regulated in HT_MDG_vs_CK_MDG
(Fig. 5). Moreover, in HT_LSL_vs_HT_MDG, we found
5,100 DEGs up-regulated and 5,724 DEGs down-regu-
lated (Fig. 5). These DEGs provided important informa-
tion for further exploring the key genes involved in the
response of P. palustre to heat stress. It was noteworthy
that the number of up-regulated and down-regulated
DEGs in MDG was significantly lower than that in LSL
after high-temperature stress, indicating that there were
significant differences in gene expression levels between
MDG and LSL.

Hub genes involved in the response of P. palustre to high-
temperature stress

In this study, WGCNA further identified 61 hub genes
closely related to the response of high-temperature
stress in P. palustre, including peroxidase 51-like (TRIN-
ITY DN34017 c0_gI), NAC domain-containing protein
1 (NAC, TRINITY DN328 c0_gI), UGT73A13 (TRIN-
ITY DN8437 c0_g2), UDP-glucuronate 4-epimerase
1-like (GAE1, TRINITY _DN815_c0_g3), universal stress
protein 7 (USP7, TRINITY DN6361_c0_g2), malonyl-
coenzyme: anthocyanin 5-O-glucoside-6”-O-malon-
yltransferase-like (5MaT1l, TRINITY_DN3589 c0_gI),
ent-kaurene synthase 5 (KSL5, TRINITY_DNS5126_cO_
gI), ABC transporter (TRINITY_DN39495_c0_gl, TRIN-
ITY DN10383_c0_gl), etc. (Fig. 11). Plant peroxidases
can be classified into three categories based on their
substrates: glutathione peroxidase (GPX), ascorbate per-
oxidase (APX), and guaiacol peroxidase (PPOD) [24].
Among them, GPX and APX can scavenge reactive oxy-
gen species such as H,0,, -OH, and -O,- generated dur-
ing plant growth and development [25-26], playing an
important role in resisting stress conditions. NACs play
critical roles in enhancing plant heat tolerance by regulat-
ing protein localization, forming protein complexes, and
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controlling the expression of heat stress-responsive genes
[27]. Xi et al. [28] demonstrated that over-expression of
ZmNACO074 in transgenic Arabidopsis can up-regulate
the expression levels of antioxidant-related genes (GPXs
and APXs) under heat stress treatments. In this study,
peroxidase 51-like (TRINITY_DN34017_c0_gI) and NAC
(TRINITY_DN328 c0_gI) were found to be hub genes
and up-regulation, thus we inferred that NAC may reg-
ulate the expression levels of peroxidase 51-like to cope
with the heat stress.

Diterpenes, also known as diterpenoids, are the most
complex and abundant plant metabolites. Over 7,000
compounds are classified as labdane-type diterpenes,
and they usually perform significant functions in primary
metabolism as basic plant growth hormones like gibber-
ellin (GAs) and in secondary metabolism such as phyto-
alexins. As the evolutionary precursors of labdane-type
diterpenes, GAs are widely found in higher plants, and
are required for many aspects of plant growth and devel-
opment, including seed germination, leaf expansion, stem
elongation, and flower development [29]. The homologs
of ent-kaurene synthase (KS) in rice are responsible for

the biosynthesis of GAs and various phytoalexins, and
OsKSLI and OsKSL2 may play an important role in con-
trolling plant height. Additionally, OsKSL5 was prefer-
entially expressed in the root and significantly inducible
expression after two days of GA treatment [30]. In the
present study, the diterpenoid biosynthesis pathway was
dramatically enriched (Fig. 8D) and may be involved in
heat temperature stress responses in P. palustre. More-
over, ent-kaurene synthase 5 (KSLS, TRINITY _DN5126_
c0_gl), as a hub gene, was significantly up-regulated
under high-temperature stress in both MDG and LSL
(Fig. 11), meanwhile, the plant height of P. palustre signif-
icantly decreased after high-temperature stress (Fig. 2A).
Therefore, we speculated that high-temperature stress
induced up-regulation of KSL5 expression in the diter-
penoid biosynthesis pathway, which suppressed plant
height (response to high-temperature stress) by regulat-
ing gibberellin content.

Anthocyanins are a class of plant flavonoids and many
of which are modified by malonyl group (s) [31]. Malonyl-
CoA: anthocyanin 5-O-glucoside-6”-O-malonyltransfer-
ase of Salvia splendens flowers (Ss5MaT1) is a member
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of the anthocyanin malonyltransferase family that cata-
lyzes the regiospecific transfer of the malonyl group from
malonyl-CoA to the 6”-hydroxyl group of the 5-glycosyl
moiety of anthocyanins [32]. In a study on rice, research-
ers identified and characterized a quantitative trait locus,
GSA1, encoding a UDP-glucosyltransferase (UGT83A1),
which exhibits glucosyltransferase activity towards fla-
vonoids and monolignols [33]. GSAL1 is required for the
redirection of metabolic flux from lignin biosynthesis
to flavonoid biosynthesis under abiotic stress and the
accumulation of flavonoid glycosides, which protect rice
against abiotic stress. GSA1 overexpression results in
larger grains and enhanced abiotic stress tolerance [33].
In our investigation, the flavonoid biosynthesis path-
way was significantly enriched (Fig. 8D) and may be
involved in heat stress responses in P. palustre. Addition-
ally, UGT73A13 (TRINITY_DN8437_c0_g2) possessed a
complete open reading frame (ORF) and exhibited signif-
icantly elevated expression levels (fold change >7) in both
MDG and LSL following heat stress exposure, and the
expression of malonyl-coenzyme: anthocyanin 5-O-glu-
coside-6"-O-malonyltransferase-like (5MaT1l, TRINITY_
DN3589_c0_gI) was also increased (Fig. 11). So, it was
indicated that high temperature induced up-regulation of
SMaT1 and UGT73A13 expression, responding to high-
temperature stress by regulating flavonoid content.
Universal stress protein (USP) is significantly over-
expressed under unfavorable environmental stresses,
such as heat/cold shock, oxidative stress, heavy metal
toxicity, etc [34]. Plants over-expressing AtUSP show
strong resistance to heat shock and oxidative stress,
compared with wild-type and Azusp knock-out plants,
confirming the crucial role of AtUSP in stress tolerance
[35]. In this study, heat stress induced a significantly
increased expression of USP7 (TRINITY_DN6361_c0_g2)
in both MDG and LSL, indicating it might be involved
in response to heat stress in P palustre. In Arabidop-
sis thaliana, six AtGAEs have been identified. The gael
gae6 double mutant exhibits reduced pectin content in
the cell walls, increased leaf brittleness, and decreased
resistance to specific strains of Botrytis cinerea [36]. This
seems to suggest a positive correlation between GAE,
pectin content, and plant resistance. Meanwhile, a study
has shown that high-temperature stress can decrease the
pectin content in plants [37]. In P. palustre, pectin, or is a
polysaccharide, is an important quality evaluation indica-
tor [38], and GAE is a key enzyme in the biosynthesis of
polysaccharides in P. palustre. In this study, high temper-
ature induced significant down-regulation of GAE gene
expression in LSL, but slightly up-regulated expression
in MDG. The data presented earlier in this study sug-
gested that MDG may be more heat-resistant than LSL,
which meant that MDG may have higher pectin content.
However, we also found that GAE was down-regulated
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in CK_MDG_vs_CK_LSL. Therefore, the relationship
among GAE gene expression, pectin content, and heat
tolerance in P palustre may be an interesting topic that
requires further experimental verification.

In this study, we employed two distinct P palustre
varieties (LSL and MDG) to investigate the mechanisms
underlying their response to high-temperature stress
through comprehensive analysis at both physiologi-
cal and transcriptomic levels. The research identified
key genes intricately associated with heat response in P
palustre, thereby laying the foundation for future ther-
motolerance breeding of this species.

Materials and methods

Plant materials

Two varieties of P palustre (LSL and MDG, originating
from Guangxi and Guangdong, respectively) were used
as experimental materials and planted at the scientific
research base of the Guangxi Botanical Garden of Medic-
inal Plants. In October 2023, P palustre cuttings with
approximately uniform length and stem diameter were
taken for hydroponic cultivation (One-quarter strength
Hoagland’s solution, https://www.coolaber.com). All cut
tings were initially per-cultured on a balcony until root-
ing and then placed in an incubator for high-temperature
treatment under the conditions of a diurnal temperature
of 38 °C/32°C. The control group was maintained at a
diurnal temperature of 28 °C/26°C, with a light-dark cycle
of 14 h/10 h and a light intensity of 15,000 lx.

Agronomic trait measurement

One week after the high-temperature treatment, 10
plants of P palustre with basically consistent growth were
collected to measure their agronomic traits, including
plant height, aboveground fresh weight, and root fresh
weight.

Root scanning

The roots of at least 8 plants of P. palustre were taken
for root scanning using a plant image analyzer system
(Microtek, MRS-9600TFU2L, China).

Photosynthetic pigment measurement

The determination of chlorophyll a, chlorophyll b, and
carotenoid content referred to the literature by Huang et
al. [2].

RNA extraction, library preparation, and sequencing

The fourth to fifth stems from the top of the P palustre
plant were collected for transcriptome sequencing. Total
RNA was extracted from the tissue using an MJZol total
RNA extraction kit (Shanghai Majorbio Bio-pharm Bio-
technology Co., Ltd). Then RNA quality was determined
by 5300 Bioanalyser (Agilent) and quantified using the
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ND-2000 (NanoDrop echnologies). Only high-qual-
ity RNA sample was used to construct the sequencing
library.

mRNA purification, reverse transcription, library con-
struction, and sequencing were conducted at Shanghai
Majorbio Bio-pharm Biotechnology Co., Ltd. (Shang-
hai, China) according to the manufacturer’s instructions
(Ilumina, San Diego, CA). The RNA-seq transcriptome
library was prepared following Illumina® Stranded mRNA
Prep, Ligation (San Diego, CA) using 1 pg of mRNA.
The sequencing library was performed on the NovaSeq
X Plus platform (PE150) using the NovaSeq Reagent Kit
(Ilumina, San Diego, CA, USA).

Quality control and de Novo assembly

The raw paired-end reads were trimmed and underwent
quality control using fastp [39] with default settings. (1)
Remove adapter sequences from reads and discard insert-
free reads caused by adapter self-ligation or other factors;
(2) Trim low-quality bases (quality score <20) from the 3’
end of sequences. Discard the entire read if any remain-
ing base has a quality score < 10; otherwise retain it; (3)
Filter out reads containing>10% ambiguous bases (N);
(4) Discard sequences shorter than 20 bp after adapter
removal and quality trimming. Subsequently, the cleaned
data from the samples were utilized for de novo assem-
bly with Trinity [40]. To increase the assembly quality,
all the assembled sequences were filtered using CD-HIT
[41] and TransRate [42] and assessed with BUSCO [43].
The assembled transcripts were queried against the NR,
COG, and KEGG [44] databases using Diamond to iden-
tify proteins with the highest sequence similarity. A cut-
off E-value of less than 1.0 x 10~ was applied to retrieve
functional annotations. The BLAST2GO [45] program
was employed to obtain GO annotations for unique
assembled transcripts, describing biological processes,
molecular functions, and cellular components.

Differential expression analysis and functional enrichment
To identify differentially expressed genes (DEGs)
between two distinct samples/groups, we calculated the
expression level of each transcript using the transcripts
per million reads (TPM) method. Gene abundances
were quantified using RSEM [46]. Differential expres-
sion analysis was conducted using DESeq2 [47]. DEGs
with|log2FC| > 1 & P-adjust<0.05 were considered
to be significantly different expressed genes. Further-
more, functional enrichment analysis, including GO and
KEGG, was performed to identify DEGs significantly
enriched in GO terms and metabolic pathways at a Bon-
ferroni-corrected P-value <0.05, compared to the whole-
transcriptome background. GO functional enrichment
analysis was carried out using Goatools, while KEGG
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pathway analysis was conducted using Python’s scipy
software (https://scipy.org/).

WGCNA

To identify potential high-temperature-responsive mod-
ules, the weighted gene coexpression network analy-
sis (WGCNA) package in R was used to construct the
coexpression network. After filtering out genes that
were expressed at low level, a total of 28,157 genes were
selected and imported into WGCNA. The WGCNA net-
work construction and module detection were conducted
using an unsigned type of topological overlap matrix
(TOM) with a soft-thresholding power B of 4 (R*>0.8),
a minimal module size of 30, a merge cut height of 0.25,
and a minKMEtoStay 0f 0.3. To identify biologically sig-
nificant modules, module eigengenes were used to cal-
culate correlation coefficients with physiological and
biochemical traits by Pearson correlation.

qPCR validation

To ascertain the accuracy of our transcriptome data,
we chose seven DEGs potentially associated with high-
temperature stress response in P palustre for qPCR
validation. The primers used for qPCR are listed in Sup-
plementary Table S6. We followed the reaction system
and amplification protocol outlined in Tang et al. [48] for
our qPCR experiments.
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