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Abstract: Codonopsis tangshen Oliv (C. tangshen) is a valuable traditional Chinese medicinal herb with
tremendous health benefits. However, the growth and development of C. tangshen are seriously
affected by high temperatures. Therefore, understanding the molecular responses of C. tangshen to
high-temperature stress is imperative to improve its thermotolerance. Here, RNA-Seq analysis was
performed to investigate the genome-wide transcriptional changes in C. tangshen in response to short-
term heat stress. Heat stress significantly damages membrane stability and chlorophyll biosynthesis
in C. tangshen, as evidenced by pronounced malonaldehyde (MDA), electrolyte leakage (EL), and
reduced chlorophyll content. Transcriptome analysis showed that 2691 differentially expressed genes
(DEGs) were identified, including 1809 upregulated and 882 downregulated. Functional annota-
tions revealed that the DEGs were mainly related to heat shock proteins (HSPs), ROS-scavenging
enzymes, calcium-dependent protein kinases (CDPK), HSP-HSP network, hormone signaling trans-
duction pathway, and transcription factors such as bHLHs, bZIPs, MYBs, WRKYs, and NACs. These
heat-responsive candidate genes and TFs could significantly regulate heat stress tolerance in C. tang-
shen. Overall, this study could provide new insights for understanding the underlying molecular
mechanisms of thermotolerance in C. tangshen.
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1. Introduction

Codonopsis tangshen Oliv is a perennial herbaceous plant belonging to the family
Campanulaceae. C. tangshen is widely used in traditional Chinese medicine due to its
tremendous health benefits. Traditional medicine prepared from the dried roots of C. tang-
shen is commonly used to strengthen the spleen and lungs, nourish the blood, and maintain
body fluids [1]. The main medicinal constituents of C. tangshen include polysaccharides,
saponins, alkaloids, sesquiterpenes, glycosides, polyphenolic polyacetylenes, etc. [2,3].

Modern pharmacology and clinical studies also demonstrated that the main bioactive
components of C. tangshen have antioxidant, antibiosis, anti-inflammatory, antitumor, and
immune enhancement effects [4-9]. C. tangshen is mainly cultivated in Chonggqing, Hubei,
Sichuan, Hunan, Guizhou, and Shanxi provinces [10]. C. tangshen grows best in high-
altitude areas with mild and cool climates [11]. However, a temperature above 30 °C could
inhibit the growth and development of C. tangshen, thus reducing yield and quality [12],
indicating that extremely high temperature is a severe problem for the cultivation of
C. tangshen.

It is well documented that short-term or long-term heat stress exposure could signifi-
cantly decline growth, development, and yield in many plant species. For instance, a 1 °C
rise could reduce crop yields by 17% during the growing season [13]. Continuous heat

Life 2023, 13, 168. https://doi.org/10.3390/1ife13010168

https:/ /www.mdpi.com/journal/life


https://doi.org/10.3390/life13010168
https://doi.org/10.3390/life13010168
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/life
https://www.mdpi.com
https://orcid.org/0000-0003-0202-5159
https://orcid.org/0000-0002-0665-1547
https://doi.org/10.3390/life13010168
https://www.mdpi.com/journal/life
https://www.mdpi.com/article/10.3390/life13010168?type=check_update&version=2

Life 2023, 13, 168

2 of 20

stress could delay panicle emergence and reduce plant height, seed setting rate, seed size,
and harvest index in sorghum [14]. In wheat, heat stress reduces grain yield by affecting
various physiological, molecular, and biological processes [15].

Additionally, Ma et al. (2020) [16] demonstrated that exposure of Pinellia ternata to
heat stress reduced cell membrane stability, antioxidant capacity, and chlorophyll content,
thereby declining plant productivity. Heat stress inhibited the photosynthetic apparatus
of Solanum lycopersicum L. and decreased photosynthetic efficiency [17]. A recent study
also indicated that high temperature decreased trace elements, protein, soluble sugar, and
anti-oxidation ability in cauliflower (Brassica oleracea var. botrytis L.) [18].

The effect of heat stress is mainly related to the over-accumulation of heat stress-
induced reactive oxygen species (ROS), which further leads to oxidative stress. Accumulat-
ing evidence reveals that oxidative stress could damage membrane stability and integrity,
thus, leading to electrolyte leakage and membrane lipid peroxidation. Meanwhile, plants
also activate enzymatic antioxidant defense machinery, including glutathione S-transferase
(GST), pheophorbide a oxygenase (PAO), superoxide dismutase (SOD), catalase (CAT),
and peroxidase (POD) to scavenge the over-accumulated ROSs [19,20]. Plant hormone
signaling transduction could also play a remarkable role in heat stress response. Several
ABA metabolism and auxin-associated genes have been identified in A. thaliana and rice
exposed to heat stress, respectively [21,22].

In recent decades, outstanding progress has been made in understanding plants’
response to heat stress. To this end, the regulatory mechanisms involved in acquiring
thermotolerance and long-term adaptation to heat stress have been elucidated [23,24].
At the molecular level, the heat stress response is mainly associated with the activation
of HSF (heat shock transcription factor) and HSP (heat shock protein) networks that
further regulate heat shock proteins (HSPs), including HSP20s, HSP70s, HSP90s, and
HSP100s [25]. These heat-induced proteins provide various functions, including protecting
proteins from heat stress-induced degradation and assisting in maintaining their native
structures [26]. Additionally, hormone-metabolism mechanisms are crucial in response to
heat stress [27,28].

Despite several studies on understanding the mechanisms of heat tolerance in a wide
range of plant species, how heat stress affects and reprograms the physiological processes
of C. tangshen, especially at the transcriptome level, remains largely unknown. RNA-seq is
a high-throughput sequencing technology that can also be used to study plants without
a reference genome [29,30]. In this study, RNA-seq was performed to investigate how
C. tangshen responded to short-term heat stress at the transcriptome level. In uncovering
the mechanisms of heat stress response in C. tangshen, key DEGs and metabolic pathways
significantly regulated by heat stress were identified. This study lays a foundation for
elucidating the underlying molecular mechanisms of heat stress response and provides a
basis for improving the thermotolerance of C. tangshen.

2. Materials and Methods
2.1. Plant Materials and Sample Collection

The fresh roots of C. tangshen were planted in plastic pots (50 cm length, 21 cm width,
and 15 cm depth) filled with appropriate nutrient soil. The pots were kept in an incubator
with light/dark of 14/10 h, a temperature of 22/18 °C, photosynthetic photon flux density
of 360 mmol m~2 s~!, and watered every two days with half-strength Hoagland solution.
After 40 days of growth, the pots were divided into two groups (3 pots for each group) and
placed into different growth incubators with the same condition except for temperature.
The control group was kept at 22/18 °C (day/night) (CK), while the heat stress group (HT)
was exposed to high-temperature treatment at 42 °C. After 0.5 h of treatment, young leaf
samples were collected with three replicates for each group and are used for transcriptome
sequencing. Short-term (0.5 h) heat stress had no significant effect on the morphological
and physiological traits of C. tangshen. Thus, heat stress was extended to 7 d, where the
plants were exposed to high-temperature treatment at 38/35 °C (day/night). Plants were
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photographed for phenotypic analysis and leaf samples were collected from control and
heat-treated plants for physiological and biochemical analysis. All the treatments were
repeated in three biological replications.

2.2. RNA Extraction and cDNA Library Preparation

Total RNA was extracted from the leaf samples using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). The quality and quantity of RNA samples were monitored using
the Nano Photometer spectrophotometer (IMPLEN, Westlake Village, CA, USA) to ensure
high-quality samples for transcriptome sequencing. About 1 pg RNA per sample was
used to construct the paired-end libraries using NEBNext® Ultra™ RNA Library Prep
Kit for Nlumina® (NEB, Ipswich, MA, USA) according to the manufacturer’s instructions.
First-strand cDNA was generated using random hexamer primer and M-MuLV Reverse
Transcriptase, followed by synthesizing second-strand cDNA using DNA Polymerase I
and RNase H. Then, fragmentation was performed using divalent cations under increased
temperature. After adenylation of 3" ends of DNA fragments, adaptor sequences with
hairpin loop structure were ligated to the fragments. Subsequently, the fragments about
240 bp in length were purified using the AMPure XP system (Beckman Coulter, Beverly,
USA). Then, PCR was carried out using Phusion High-Fidelity DNA polymerase, Universal
PCR primers, and Index Primer. Subsequently, PCR products were purified, and the quality
of the libraries was checked with the Agilent Bioanalyzer 2100 system. Six libraries were
prepared using the NEBNext®Ultra™ RNA Library Prep Kit for [llumina® (NEB, USA),
following the manufacturer’s recommendations. Sequencing was performed using an
Illumina Hiseq 2000 platform in Novogene Co., Ltd. (Beijing, China).

2.3. Measurement of Physiological Properties

Physiological properties, including chlorophyll content, electrolyte leakage (EL), and
malonaldehyde (MDA) content were measured and analyzed according to a previous
study [16]. For chlorophyll content analysis, 0.1 g leaves were collected and immersed in
95% ethanol. The samples were kept in the dark for 48 h and absorbance of the chlorophyll
extract was read at 665 and 649 nm using a spectrophotometer (UV2600, UNIC, Shanghai,
China). The chlorophyll content was calculated according to the formula described in a
previous study [16].

For EL analysis, 0.5 g fresh leaves were collected and washed with distilled water to
remove debris. Then, 15 mL distilled water was added to each tube and kept in a shaker
incubator at 200 rpm for 6 h at 28 °C. Subsequently, the initial conductivity (EL1) was
measured using a conductivity meter (JENCO-3173, Jenco Instruments, Inc., San Diego,
CA, USA). Then, samples were autoclaved at 121 °C for 30 min. Immediately, the tubes
were cooled to room temperature and the second conductivity (EL2) was measured. The
relative EL was calculated by using the formula:

Relative EL (%) = (EL1/EL2) x 100

For MDA content determination, 0.3 g frozen leaves were used to prepare the crude
enzyme extract. Leaves were ground into powder in liquid nitrogen using a pre-chilled
mortar and pestle (4 °C), homogenized with sodium phosphate buffer (PBS), pH 7.4, and
centrifuged at 12,000 rpm for 20 min at 4 °C. The supernatant was used to measure the
MDA content. A total of 1 mL extract was mixed with a 2 mL reaction solution containing
20% (v/v) trichloroacetic acid and 0.5% (v/v) thiobarbituric acid. The mixture was boiled
in a water bath for 30 min, cooled to room temperature, and centrifuged at 12,000 x g for
10 min at 20 °C. The absorbance was read at 532 and 600 nm with a spectrophotometer
(UV2600, UNIC, Shanghai, China). The MDA content was determined using the following
formula: MDA (nmol g ! FW) = [(A532 — A600) x V x 1000/¢] x W

Where A600 and A532 are the absorbances at 600 and 532 nm, respectively, ¢ is the
specific extinction coefficient (155 mM cm '), V is the volume of crushing medium and W
is the fresh weight of leaves (g).
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The physiological traits analysis was performed with three biological replicates,
and one-way ANOVA was used to analyze differences between the control and heat-
treated group.

2.4. Bioinformatics Analysis
2.4.1. Processing and Assembling of Illumina Reads

Paired-end reads were generated from the six libraries. Clean reads were obtained by
removing low-quality reads and reads containing adapters or poly-N. Subsequently, the
20, Q30, GC-content, and sequence duplication levels were analyzed. The downstream
analyses were carried out using high-quality clean data. Transcriptome assembly was
performed using the Trinity version 2.8.5 with all parameters set to default [31].

2.4.2. Gene Functional Annotation

Gene function was annotated by using the following databases: NR (NCBI non-redundant
protein sequences) (http:/ /www.ncbi.nlm.nih.gov, accessed on 11 March 2021), Pfam (Pro-
tein family) (http://pfam.sanger.ac.uk/, accessed on 11 March 2021), GO (Gene Ontol-
ogy) (http://geneontology.org/, accessed on 11 March 2021), KOG/COG (Clusters of Or-
thologous Groups of Proteins) (ftp:/ /ftp.ncbinih.gov/pub/COG/, accessed on 11 March
2021), Swiss-Prot (a manually annotated and reviewed protein sequence database) (http:
/ /www.ebi.ac.uk/uniprot/, accessed on 11 March 2021), and KEGG (Kyoto Encyclopedia of
Genes and Genomes) (http://www.genome.jp/kegg/, accessed on 11 March 2021).

2.4.3. Differential Gene Expression Analysis

For each sample, gene expression levels were evaluated by RSEM [32]. Briefly, clean
data were mapped back onto the assembled transcriptome, and then a read count for each
gene was obtained based on the mapping results. Then, differential expression analysis
of two groups was performed with DESeq2 version 3.11 [33] using a model based on the
negative binomial distribution. The p values were adjusted to control the false discovery
rate with the Benjamini and Hochberg methods. P-adj < 0.05 and |log2foldchange| > 1
were set as the cutoff value to determine significantly differentially expressed genes (DEGs).

2.4.4. GO and KEGG Pathway Enrichment Analysis

The clusterProfiler 4.0 (https:/ / github.com/GuangchuangYu/clusterProfiler, accessed
on 11 March 2021) was used for GO and KEGG pathways enrichment analysis of the differ-
entially expressed genes (DEGs) [34]. Adjusted p value < 0.05 (as predicted by clusterProfiler
software) was used as the threshold for the GO and KEGG pathway enrichment analysis.

2.4.5. Clustering of the DEGs

Hierarchical clustering was performed to observe the expression patterns of DEGs.
The RPKM counts for each unigene were clustered using Cluster 3.0 (http:/ /bonsai.hgc.
jp/~mdehoon/software/cluster/, accessed on 11 March 2021) [35], and JAVA Treeview 3.0
was used to visualize the results (https://jtreeview.sourceforge.net/, accessed on 11 March
2021) [36].

2.5. Validation of RNA-Seq Data by Real-Time Quantitative PCR

To validate the RNA-Seq results, real-time quantitative RT-PCR was performed for
selected target genes using the previous method [37]. Briefly, total RNA was extracted from
frozen leaves using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The quality of RNA extract was monitored on 1% agarose
gels, and also checked using the NanoPhotometer® spectrophotometer (IMPLEN, Westlake
Village, CA, USA). A total of 2 pg of RNA extract was used to prepare cDNA for each
sample using RevertAid First Strand cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA).
The PCR reaction was performed using a total of 20 uL consisting of 10 uL of SYBR mix,
0.5 uL of each primer, 2 uL of cDNA, and 7uL dd water. The ABI StepOne Plus Real-
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Time PCR system (Applied Biosystems, Foster City, CA, USA) was used for PCR reaction.
Melting curve analysis was used to check the specificity of the amplified PCR product after
each PCR reaction. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as
a housekeeping control. The primers used in this study are listed in Table S1. The 2~4A¢T
method was used to determine the relative expression of genes [38]. One-way ANOVA
was applied to analyze the statistical differences between different groups.

3. Results
3.1. Effect of Heat Stress on Physiological and Biochemical Traits

Short-term (0.5 h) heat stress treatment did not significantly affect the morphology
of C. tangshen. However, long-term heat stress exposure induced morphological and
physiological alterations in C. tangshen. After 7 d of heat stress, the leaves of C. tangshen
showed wilting and became withered (Figure 1A,B). Heat stress also significantly decreased
chlorophyll content by 20.71% relative to the control (Figure 1C). Heat stress dramatically
increased EL and MDA content by 54.67% and 95.74%, respectively, relative to the control
(Figure 1D,E).
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Figure 1. Phenotypic, physiological and biochemical analysis of C. tangshen in response to heat stress.
(A): Phenotypes of C. tangshen seedlings under normal conditions; (B): phenotypes of C. tangshen
seedlings after 7 d heat treatment; (C): chlorophyll content; (D): electrolyte leakage (EL); (E): malondi-
aldehyde (MDA) content. Four weeks old plants were kept under optimal moderate (22/18 °C) or
high (38/35 °C) temperature treatments. There were three repeats for this experiment. The asterisks
indicate significant differences based on one-way ANOVA with Fisher’s LSD test (**, p < 0.01).

3.2. llumina Sequencing and De Novo Assembly

Six cDNA libraries were constructed and sequenced from the leaves of C. tangshen.
After quality control, a total of 44,915,008, 47,205,020, 52,814,730, 50,974,272, 44,953,364,
and 49,951,766 clean reads were obtained from control (CK) and heat treatment (HT)
libraries, respectively. The average clean reads of CK and Ht were 48,311,586 and 48,626,467,
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respectively. In addition, the average GC contents were 44.79% for CKs and 45.30% for Hit.
The mean Q20 values were 97.99% and 98.11%, and the Q30 values were 93.79% and 94.12%
for CK and Ht, respectively, indicating the high quality of the transcriptome sequencing
results (Table 1). The raw sequencing data have been submitted to the Genome Sequence
Archive (GSA) database at the BIG Sub (CRA004261). In addition, de novo assembly was
carried out and identified 74,144 transcripts and 32,719 unigenes with an average length of
2346 bp and 2472 bp, respectively. All the unigenes are listed in Table S2.

Table 1. Statistical analysis of the sequencing data.

Total Total Clean Clean Q20 Q30

Sample Reads Bases Reads Bases Rate (%) Rate (%) GC (%)
CK-1 45,863,972  6,879,595,800 44,915,008  6,680,680,398 97.85 93.46 44.94
CK-2 47,993,664  7,199,049,600 47,205,020  7,025,130,948 98.10 94.05 44.77
CK-3 53,683,124  8,052,468,600 52,814,730  7,734,007,771 98.03 93.87 44.67

average 49,180,253  7,377,038,000 48,311,586  7,146,606,372 97.99 93.79 44.79
Ht-1 51,810,464  7,771,569,600 50,974,272  7,534,318,727 98.02 93.85 45.00
Ht-2 45,663,096  6,849,464,400 44,953,364  6,625,104,742 98.10 94.07 45.65
Ht-3 50,863,920  7,629,588,000 49,951,766  7,400,820,966 98.22 94.44 45.24

average 49,445,827  7,416,874,000 48,626,467  7,186,748,145 98.11 94.12 45.30

3.3. Functional Annotations of C. tangshen Unigenes

The functional annotations of unigenes were performed by searching against several
databases, including KOG (Clusters of Orthologous Groups of Proteins), GO (Gene On-
tology), KO (KEGG Ortholog Database), NR (NCBI non-redundant protein sequences),
Swiss-Prot (a manually annotated and reviewed protein sequence database) (Table 2). A to-
tal of 19,546 (59.7%) unigenes had hits in the GO database and were classified into three GO
categories, including “biological process (BP),” “cellular component (CC),” and “molecular
function (MF) (Figure 2).

In the “BP” category, the highly enriched terms were “metabolic process,” “cellular
process,” and “single-organism process.” The “CC” category mainly comprised unigenes
related to “cell,” “cell part,” and “organelle.” Additionally, “the catalytic activity,” “trans-
porter activity,” and “binding” were significantly enriched in the “MF” category (Figure 2,
Table S3). Moreover, 19,217 (58.7%) unigenes were annotated using the KOG database
and classified into 25 different functional classes (Figure 3). The main categories include
“General function prediction only,” “Posttranslational modification, protein turnover, chap-
erones,” and “Signal transduction mechanisms,” each comprising 4424, 2156, and 2058
unigenes, respectively.

In addition, all the unigenes were searched against the KEGG database (Figure 3). A
total of 12,562 unigenes were assigned to five KEGG pathways, including “cellular pro-
cesses” (A), “environmental information processing” (B), “genetic information processing”
(©), “metabolism” (D), and “organismal systems” (E) (Figure 4). Category A comprised
only one subcategory, “Transport and catabolism” (543 unigenes). Category B consisted
of two subcategories: “Signal transduction” (447 unigenes) and “Membrane transport”
(52 unigenes). Two subcategories dominated Category C: “Translation” (951 unigenes) and
“Folding, sorting, and degradation” (948 unigenes). Category D was mainly represented
by two subcategories: “Global and overview maps” (3070 unigenes) and “Carbohydrate
metabolism” (1095 unigenes). The “environmental adaptation” was the only enriched
subcategory in category E.

i

Table 2. Statistics of gene annotation by databases.

Database KOG KEGG NR Swiss-Prot GO Total Overall
Unigenes Annotated

Gene Number 19,218 12,563 30,131 26,193 19,546 32,719 30,464

Annotation 0.5874 03840  0.9209 0.8005 0.5974 - 0.9311

Ratio
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Figure 2. GO classification of assembled unigenes. The unigenes were annotated into the three main
GO categories: biological process, cellular component, and molecular function.

KOG Function Classification

5000 -
4000 -

3000

Number

.
m®

: RNA processing and medification
: Chromatin structure and dynamics
: Energy production and convearsion
: Cell cycle control, call division, chromasome partitioning

2000

|| i |II ||_ || |._.I

: Amino acid transport and metabolism

: Mucleotide fransport and metabolism

C transport and [

: Coenzyme transport and metabolism

Lipid transport and metabolism

Translation, ribosomal structure and biogenesis

: Transcription
Replication. recombination and repalr

: Cell walllmembrane/envelope biogenesis

. Cell motiity

: Postransiational modification, protein Wwenover. chaperonas
Inorganic ion transport and metabalism

: Secondary i transport and
General lunction pradietion only

: Function unknown
Signal ransduction mechanisms
Infracellular trafficking, secretion, and vesicular transport

: Defense mechanisms

Extracellular structures

Nuclear structure

: Cytoskeleton

D
XemIEIMOO

ovozzZrn

sassaseenss
s<cH®OD

N

o

ABCDEFGHI JKLMNOPQRSTUVWYZ
KOG Classification

Figure 3. KOG annotation of assembled unigenes. The unigenes were annotated into twenty-five
main classifications, including RNA processing and modification, chromatin structure and dynamics,
energy production and conversion, amino acid transport, and metabolism, etc.
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Figure 4. KEGG classification of unigenes. The unigenes were annotated into five main classifi-
cations: cellular processes, environmental information processing, genetic information processing,

metabolism, and organismal systems.

3.4. Analysis of DEGs in Response to Heat Stress in C. tangshen

To obtain insights into the transcriptomic response of C. tangshen to heat stress, we
further analyzed the differentially expressed genes (DEGs) list that was identified using
the DESeq package using the CK (control samples) and HT (heat-treated samples). A total
of 2691 DEGs were identified, including 1809 upregulated and 882 downregulated. The
expression and annotation of DEGs are shown in Table S4 and Table S5, respectively.

Moreover, the DEGs from the three control and heat treatment replicates were clus-
tered using the hierarchical clustering method (Figure 5). The DEGs were classified into
two groups and showed contrasting expression profiles between CK and heat treatment.
Genes with similar expression levels were preferentially clustered together. There were no
significant differences in the expression of DEGs between replicates.

3.5. GO and KEGG Enrichment Analyses of DEGs

GO analysis was performed to investigate the functions of DEGs. As shown in
Figure 6, Table S6, DEGs were classified into three GO categories, MF, BP, and CC. The
highly enriched MF GO terms were unfolded protein binding, chaperone binding, DNA
binding transcription factor activity, ATPase activator activity, channel activity, and heat
shock protein binding. In the BP category, protein folding, protein refolding, regulation of
pH, sodium ion transport, lipid catabolic process, photosynthetic electron transport chain,
and “photosynthesis, light reaction” were significantly enriched. However, we did not find
significantly enriched GO terms in the CC category.

Furthermore, to investigate the metabolic pathways regulated in response to heat
stress in C. tangshen, DEGs were systematically subjected to the KEGG pathway enrichment
analysis (Figure S2, Table S7). We found 30 enriched metabolic pathways. Interestingly, the
upregulated DEGs were mainly enriched into plant-pathogen interaction (67 DEGs) and
protein processing in the endoplasmic reticulum (123 DEGs) (Figure S3, Table S8). While
downregulated DEGs were significantly enriched into starch and sucrose metabolism
(15 DEGs), phenylpropanoid biosynthesis (11 DEGs), fatty acid elongation (5 DEGs), and
plant—pathogen interaction (16 DEGs) (Figure S4, Table S9).
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Figure 6. The statistics results of enriched GO terms. The unigenes were annotated into the three GO
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3.6. DEGs Related to Short-Term Heat Stress in C. tangshen

To identify heat stress-responsive candidate genes, we focused on genes related to
HSF-dependent pathways, ROS scavenging enzymes, plant hormone signaling transduc-
tion, and transcription factors, including bHLH, bZIP, MYB, WRKY, and NAC. When
exposed to heat stress, the increased expression of HSPs usually form a complex with the
HSF [39]. We found 130 HSPs and 8 HSFs enriched by heat stress-induced upregulated
genes in the HSF-dependent pathway. ROS levels increased significantly in plants exposed
to high temperatures [40]. We identified six GSTs and one PAO significantly upregulated
genes involved in ROS scavenging. Furthermore, genes related to plant hormone signaling
transduction were significantly induced by heat treatment, including eleven ERFs, two
ABFs, and one PYL. Calcium-dependent protein kinases (CDPKs) genes are critical compo-
nents in the heat stress-mediated calcium signal transduction pathway [41]. Here, a total
of 15 CPKs and 5 calmodulin-like proteins (CMLs) were significantly upregulated by heat
stress in C. tangshen (Table 3).

Table 3. The upregulated CDPKSs genes in heat treatment compared with CK.

Gene ID Log2 Ratio p-Value q Value Gene Description

PB.23444.1 3.0345 0.00016 0.001745 Ca1Ciu?;;f}fii;‘éf;t:pgggig‘é‘g‘is‘é;gf;ﬁ%zg\sffzf subsp-
PB.16020.1 10.482 572 x 10718 204 x 10716 Caldum'depg;‘(dfgggz“éinzkg?% igsjg\rfi i’i"’” sis thaliana
PB.1840.1 1.1687 0.007945 0.049257 Calciur;s:rgigcée)‘(‘t:p;g;%“é;‘is‘élljgls;EO:rfg\S}“fz“ subsp.
PB.15694.1 7.6079 111x 1076 1.79 x 105 Cald“m'depce)g‘(dfg;gzr(éi“:kicr?;z ig:‘;\’/“i i‘;o”Sis thaliana
PB.13451.1 3.0578 9.96 x 10711 2.45 x 102 Cald“m'depg;‘(dfg;gzr(éi“:kic?;el })giig\r,“i i‘i"’” sis thaliana
PB.12258.1 1.0192 0.00019 0.002038 Calcium'depg;dfg;g;gi“:kic“;;‘; g%gizl ‘;‘\rfi i‘i‘)p sis thaliana
PB.13498.1 1.0004 703 x 10711 1.75 x 107° Caldum'dePS;‘(dfg;gzr(éi“:kicr?;‘; ?,gszj‘g\’/“i i‘io”Sis thaliana
PB.23444.1 3.0345 0.00016 0.001745 Ca1°iur?;soe’fii;g;t:pg;f;‘é‘g‘isecIl,gls;Eirgzg\S]”fi“ subsp-
PB.16020.1 10.482 57210718 2,04 x 1016 CalCi“m'depg?(d:eg;gz“éi“:ké“;;% igi?g\rlai i”io”SiS thaliana
PB.32683.1 2.4636 197 x 1076 3.06 x 105 Ca1Ci“m'%r)‘(di:n%g;oé%“fg&i‘éfle::A; ‘;%dip;is thaliana
PB.25136.1 1.7180 206 x 1078 412 x 1077 Pr"ba}t’}l;;;15g?(’zig%ggc}l’;‘:%ﬁiﬁﬁg Si Z\‘;‘fﬁid(’p sis
PB.31428.1 5.0403 381 x 10770 427 x 1068 Pmbakt’;;;;i;i‘éﬁ'i@%ﬁ%ﬁ‘f‘g&iﬁﬁg (352 ;\‘;‘fﬁidof’ sis
mossn s o bl biingprien ML 05 i
PB.15694.1 7.6079 111x 1076 1.79 x 10~° Caldum'depg?(dfgggzr(éin:ké“;;% igijg\rlai i‘i‘)pSiS thaliana
PB.13451.1 3.0578 9.96 x 10711 2.45 x 1079 Caldum'depg;‘(dfg‘;gzr(éi“:ké“;z ;gi?é\r/“i "‘i"’”is thaliana
PB.12258.1 1.0192 0.00019 0.002038 Caldum'depoe?(dfg;gzr%i“:ké“;zg’%gij g‘\’/”’f‘i"” sis thaliana
PB.14842.1 3.9140 178 x 107241 7,04 x 10-2% CalCium'depg?(dfgggzr(éinzké“;;% igijé@”i i‘iOpSiS thaliana
PB.13498.1 1.0004 703 x 10-11 1.75 % 10-9 Calcium-dependent protein kinase 8 OS = Arabidopsis thaliana

OX=3702GN=CPK8PE=15V=1
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In addition, heat-responsive transcription factors (TFs), including bHLH, bZIP, WRKY,
and NAC, were identified in C. tangshen. Out of the 10 bZIP genes, 8 were significantly
upregulated by heat treatment compared to the control (Table 4). Additionally, 14 DEGs en-
coding the NAC TFs were identified, of which 11 were significantly upregulated, while the
other 3 were remarkably downregulated after heat treatment (Table 5). We also identified
nine WRKY genes that were significantly upregulated by heat stress (Table 6). More-
over, three bHLH genes were identified and remarkably downregulated upon heat stress
(Table 7). The clustering of the representative DEGs related to the different gene categories
in heat treatment compared with CK is shown in Figure 7.

Table 4. The upregulated bZIP TFs in heat treatment compared with CK.

Gene ID Log2 Ratio p-Value q-Value Gene Description

PB.6276.1 3.4312 1.57 % 10-80 210 x 10-78 bZIP transcription foa\?t:% 1Z7I 1(3)187 ; Sflizré?;;s:zszthalzanu OX =3702
PB.21759 1 32678 275 % 10-87 394 x 10-8 bZIP transcriptiorgi?t:l]*slzzpols7 ;érj?iéﬁ;}s:iszthaliana OX = 3702
PB.19784.1 29457 447 x 10-15 1.40 % 10-13 bzIP ’cranscrlpt1onéia\?’c:l;3127n())157 ;Sf?zé(gszzszthalzunu OX =3702
PB.19784 1 29457 447 % 10-15 1.40 x 10-13 bZIP transcrlptlontia\(T:t:1312711287 ;glzzliué%)siszthalzana OX =3702
PB.19784 1 29457 447 % 10-15 1.40 x 10-13 bZIP transcrlptlorgia\?t:1]*312711)0157 ;Sz?zgﬁzszthalmna OX = 3702
PB.30413.1 29121 1.54 x 10-50 107 % 10-48 bzIP transcrlptlonéia\?t:ﬁ;;h())si ;éf?lé({fszzslthalzanu OX =3702
PB.20861.1 1.1184 648 x 108 122x10-6  Lrobable trg‘;?g%%“éﬁi}g’;gf I?ES :2‘4;’3’ f‘;” sis thaliana

Table 5. The upregulated NAC TFs in heat treatment compared with CK.

Gene ID Log2 Ratio p-Value q-Value Gene Description
PB.15241.1 8.3623 141 x 1079 315x 108  NAC domg‘('io;;g;nénNg Ergtzfz‘oggll?,%z?g\b;‘io’l’s is thaliana
PB.12957.1 8.1420 604 x 10°10  140x 108  NAC domg‘é";‘;g;“é“ﬁ P rﬁiﬁoﬂigij‘;‘rg@’i"?“ thaliana
PB.31443.1 47942 132 x 10791 201 x10-%  NAC dOmgi":cg%azlréﬁfrNOfCrBEZOPSEiA{g%dj’ZS” th“llfm”
PB.25504.1 43026 163 x 10-20 591 x 10-28  NAC domalg;"jfolglnéng fﬁfﬁz?)%::zoé“c”ﬁly copersicum
PB.27680.1 3.6323 295 %1073 349 x 107 Ng;;;gjig‘é’?fggg Eﬁtii?gﬁflﬁgi N szll’i”;‘m
PB.29002.1 3.3875 742 x 10-15% 185 x 10-158  NAC dOmgi":c‘;%azirg;gf;’fcrgéz%sgfl”gdj’;is thaliana
PB.29160.1 3.1996 966 x 1025 341 x 10722 NAC domgi;(‘f%‘;g?gﬁfg}f&gfﬁ;ﬁrg@df;is thaliana
PB.12308.1 2.6077 287 x 10782 391 x10-%  NAC domg?('iog‘;gizmc“ﬁ b r&i&%gii‘;rggi‘)gsg thaliana
PB.17150.1 1.7393 0.007178 0.045244 NAC dom?)l?('i‘);‘;g;ngl\gl b rﬁ&&%gi Z‘;‘g\b]’.‘i"’l’sf th‘lll‘“”“
PB.12444.1 1.4019 330 x 10°% 993 x 1013 NAC domgg‘(’i";‘;g;“énNg Eg%fg%é?éi?gg’i"’l’s’s thaliana
PB.23584 1 1.2042 5.0 x 10-13 148 x 10-11 NAC domain-containing protein 53 OS = Arabidopsis thaliana

OX=3702GN =NAC053PE=2SV =1
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Table 6. The upregulated WRKY TFs in heat treatment compared with CK.

Gene ID Log2 Ratio p-Value q-Value Gene Description
PB.28576.1 2.1307 414 % 105 0000509 ~ Lrobable ngf(Y:t;;gzcggfr“/\f;i‘aﬁlés:z‘g{;b:ldg’“s’S thaliana
PB.9306.1 2.7500 758 x 1015 235 x 10-13  [robable Wg((Y:t;;gzcggfrxﬁiﬁi%%s:l‘g\‘;bz’dlop sis thaliana
PB.26632.1 1.2038 850 x 10-12 224 x 10-10  Probable ng((Y:t;;gzcggfrx;%{ﬁopgs:l‘g‘}bidf” sis thaliana
PB.17400.1 1.8484 152 x 10~ 465 x 10-13  robable ngf(Y:t;;gzcggfr“;ﬁi‘%g?’és:l‘gb;dfps’.S th“h‘“”“
PB.27665.1 1.1763 0.000231 0.002425 ~ robable ngit;;gzcggfrx;%’; 4‘(1)01,%5:1“;7\?1’:"110*’ sis thaliana
PB.31800.1 1.4388 0.000696 0006323  robable ngf(Y:t;%;cggfrx;i‘;{rgpgs:z‘g\?bff” sis thaliana
PB.9501.1 1.2791 297 % 10-5 0.000375 F-box/LRR-repeat ;érl(\)lte:r; g S’SP; zir;zbszzlo;iszls thaliana OX = 3702
PB.30350.1 21258 162 x 1051 136 x 10—4  Probable Wgg((Y:t;;gzcggfrxﬁi%ﬁ%s:l‘g\‘;b:’dlop sis thaliana
PB.28576.1 2.1307 414 x 1075 0000509  [robable ngf(Y:t;‘;g?ggfﬁ;i‘ﬁ?gf:{gbf;” sis thaliana
Table 7. The downregulated bHLH TFs in Heat treatment compared with CK.

Gene ID Log2 Ratio p-Value q-Value Gene Description
PB.28723.1 13956 271 % 10~7 475 x 10-6 Transcription factgl\k;I;H%II-EIB}f) 1_%% ; éfiﬁéo\r/ﬁis 1thaliana OX =3702
PB.8767.1 —1.6598 301 x 10-17 1.04 x 10-15 Transcription factoGl‘;}I;H];II-fI? 1-?7?1 ; ]z;lrjblids(:;;sis 1thaliuml OX =3702
PB.30938.1 _1.4028 141 % 10-11 3.69 % 10-10 Transcription factor bHLH147 OS = Arabidopsis thaliana

OX=3702GN =BHLH147PE=1SV =1
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Figure 7. Clustering of the differentially expressed genes related to the representative gene category
in heat treatment compared with CK. Red color denoted genes with high expression levels, while
blue color indicated genes with low expression levels. The relative expression levels of DEGs were
calculated using the log2 ratio.
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3.7. Validation of the DEGs by gRT-PCR

The RNA-Seq results were validated by analyzing the expression of ten unigenes
related to TFs or stress responses using qRT-PCR. The transcriptional level of three stress-
responsive unigenes (HSP, HSF, and GST) was significantly increased in the Ht group
compared to the CK group (Figure 8). Six TFs genes were also checked. Five TFs were
markedly upregulated by heat stress (ERF, ABF, bZIP, MYB, and NAC), and only one
(PHLH) was downregulated by heat stress. Additionally, the expression of a light-harvesting
chlorophyll a/b binding protein (LHC) gene was inhibited by heat stress. In summary, the
expression profiles of these unigenes from the gRT-PCR were consistent with that from the
RNA-Seq, indicating that the RN A-Seq data were reliable and accurate.

20 1 HSP 1.2 4 LHC
1 4 . 3 y
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Figure 8. The qRT-PCR analysis of 10 DEGs in the leaves of heat-treated (Ht) and control (CK) plants.

4. Discussion
4.1. Heat Stress Regulates Physiological and Biochemical Traits in C. tangshen

Heat stress is a severe abiotic factor limiting plants” growth and development. In
this study, we demonstrated the heat stress-induced biochemical and transcriptomic re-
sponses of C. tangshen. Transcriptomic analysis was carried out after short-term heat stress
(0.5 h) treatment. Extended heat stress for 7 d caused a noticeable phenotypic change in
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C. tangshen, including leaf wilting. Electrolyte leakage and lipid peroxidation have been
used to study heat stress-induced membrane damage in plants [42,43]. Physiological and
biochemical analysis showed that C. tangshen was severely affected by 7 d heat stress
treatment, evidenced by pronounced levels of electrolyte leakage and lipid peroxidation.
Additionally, chlorophyll content was significantly reduced by heat stress. Our results
agreed with the findings reported in P. ternate [16]. Together, these results indicate that
heat stress is a significant limiting factor for the growth and development of C. tangshen.
Thus, identifying key heat-responsive genes and understanding the underlying molecular
mechanisms could be crucial to improve the thermotolerance of C. tangshen.

4.2. Transcriptomic Response of C. tangshen to Heat Stress

Plants reprogram transcriptomic profiles and develop molecular mechanisms to cope
with heat stress [44—46]. In this study, we conducted RNA-seq to understand the molec-
ular mechanisms of heat stress response in C. tangshen at the transcriptome level. Here,
2691 DEGs were identified, including 1809 upregulated and 882 downregulated. Further
analysis demonstrated that most of the DEGs induced by heat stress were related to the
HSF-HSP pathway, ROS scavenging enzymes, plant hormone signaling transduction, and
TFs, including bZIP, MYB, NAC, WRKY, and bHLH, which have been reported in previous
studies [25,27,47,48]. This study is the first report to investigate the transcriptomic profiles
of C. tangshen in response to heat stress. Moreover, we identified candidate heat-responsive
genes and transcription factors that could play a crucial role in improving the thermotoler-
ance of C. tangshen. Overall, our results provide essential information for the functional
characterization of heat-responsive genes in C. tangshen.

4.3. ROS-Scavenging Activity and HSF-HSP Network Involved in HSR

Heat stress induces excessive production of reactive oxygen species (ROS) in plant
cells, leading to oxidative stress, which further causes DNA damage, protein denaturation,
and impairment of cell membranes [49]. ROS-scavenging enzymes, such as GSTs and
APXs, play a crucial role in heat stress tolerance in plants [50]. In this study, six GST
and two APX genes were significantly induced in response to heat stress, indicating that
these genes could be involved in scavenging ROS and protecting C. tangshen from heat
stress-induced damages.

The HSF-HSP network is activated to protect plant cells against heat stress-induced
damages [51]. In Arabidopsis, HSPs, including Hsp 100, Hsp90, Hsp70, and Hsp60, were
significantly induced to provide mechanisms against heat stress [52]. In this study, heat
stress induced the expression of HSF and HSP genes in C. tangshen. For instance, 8 HSFs
and 130 HSPs genes, including HSP20, HSP70, and HSP90 were, significantly upregulated
by heat stress. Previous studies showed that HSP proteins could be crucial in improving
heat tolerance in plants. Overexpression of HSP70 from Brassica campestris improved
heat tolerance in tobacco [53]. Additionally, overexpression of a peony HSP70 enhanced
heat tolerance in transgenic Arabidopsis [54]. In addition, GmHsp90A2 from soybean was
identified as a positive player of heat tolerance [51]. Thus, HSP70 and HSP90 could be key
genes to improve the thermotolerance of C. tangshen. Meanwhile, further study is required
to investigate how HSPs and HSFs function in C. tangshen under heat stress.

4.4. DEGs Related to Plant Hormone Signal Transduction

The phytohormones, including ABA, ethylene, and brassinosteroids, play crucial
roles in plants” growth development and heat stress response [53-59]. Ethylene-responsive
transcription factors (ERFs) are a transcriptional subfamily downstream of the ethylene
signaling pathway [60,61]. ERFs are involved in floral organ development, fruit ripening,
abiotic stresses, hormonal signal transduction, and pathogenesis [61,62]. Most ERFs were
significantly upregulated in plants treated with heat stress [63]. In this study, most ERF
genes were induced in response to heat stress (Figure 9), suggesting that ERFs might
function in protecting C. tangshen from heat stress damage. ABFs constitute a significant
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transcription factor in the ABA signaling pathway that activates ABA /stress-responsive
genes in response to abiotic stress [64]. The binding of ABA to PYL proteins inhibits protein
phosphatase type 2Cs (PP2Cs) activity, thereby activating SNF1-related kinases (SnRK2s) to
phosphorylate and activate ABFs [65]. A study on the heat-tolerant rice cultivar “Anna-
purna” showed that PP2Cs and ABFs were upregulated at 37 °C temperature stress [22]. In
agreement, all the PP2Cs and most ABFs were upregulated by heat stress in C. tangshen,
indicating the critical role of the ABA signaling pathway in C. tangshen thermotolerance.
These results suggest that different hormone signaling pathways are involved in the ther-
motolerance of C. tangshen. Several functional studies indicate that ABF genes could play
a remarkable role in improving plants’ stress tolerance. For instance, overexpression of
OsABF1 positively regulated drought tolerance in rice [66]. Additionally, overexpression
of IbABF4 from sweet potatoes could improve heat tolerance in Arabidopsis [67]. Thus, the
ABEF genes identified in this study could play a crucial role in improving the heat tolerance
of C. tangshen.

4.5. DEGs Related to Transcription Factors

Transcriptional factors, including MYBs, NACs, WRKY, bHLH, and bZIP, play a pivotal
role in heat stress response [68-72]. In this study, 17 MYBs, 14 NACs, 9 WRKY, 3 bHLH, and
10 bZIP were significantly regulated in response to heat stress in C. tangshen. Overexpression
of crucial stress-responsive TFs could remarkably improve stress tolerance in plants. For
instance, MYB305, isolated from Lilium longiflorum, with transactivation ability in yeast
and plant cells, was reported to play a positive role in thermotolerance [73]. In Arabidopsis,
AtWRKY25, AtWRKY26, and AtWRKY33 were involved in resistance against pathogenic
bacteria and abiotic stresses, including heat stress [74]. Likewise, NAC19 and bZIP28
identified from Arabidopsis positively regulated thermotolerance [69,72]. Overexpression
of AtMYB68 enhanced drought and heat tolerance in Arabidopsis and Brassica napus [75].
Additionally, overexpression of OsbZIP46 could positively regulate drought tolerance in
rice [76]. In a recent study, a maize NAC TF, ZmNACO074, improved heat tolerance in
Arabidopsis [77]. Thus, we speculated that the TFs identified in this study could play a
significant role in improving the thermotolerance of C. tangshen.

Additionally, a large number of calcium-dependent protein kinases (CDPKs) were
upregulated in response to heat stress in C. tangshen. CDPK proteins play crucial roles in
plants” abiotic stress response by regulating downstream target proteins [78]. For instance,
overexpression of CDPK6 enhanced salt and drought tolerance in transgenic Arabidopsis [79].
In rice, OsCDPK?7 positively regulates cold, drought, and salinity stresses [80]. Additionally,
ZmCDPK?7 was involved in improving heat tolerance in maize [81]. These results indicate
that CDPK proteins are a central player in multiple stress responses. Thus, the upregulation
of CDPKSs could be one of the mechanisms of thermotolerance in C. fangshen. In addition,
candidate CDPKs identified in this study can be used for functional analysis in response to
heat stress.
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Figure 9. Differentially expressed genes (DEGs) related to plant hormone signal transduction in Ht vs.
CK. The green frame indicated the downregulated gene, and red frame denoted the upregulated gene.
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5. Conclusions

This study demonstrated how C. tangshen responded to short-term heat stress at the
transcriptome level. Heat stress is a significant factor limiting the growth and develop-
ment of C. tangshen. Heat stress reprogrammed the transcriptomic profiles of C. tangshen
and regulated various genes related to the HSP-HSF network, ROS-scavenging activity,
hormone signaling transduction, and TFs. Overall, these findings could provide essential
transcriptional information for improving the thermotolerance of C. tangshen. Further
functional studies are needed to understand the detailed molecular mechanisms of these
candidate genes in response to heat stress in C. tangshen.
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