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Abstract

Tomato, one of the most important vegetable crops around the world, is sensitive to heat stress. Identifying heat-tolerant
genes and breeding resilient varieties are vital for addressing the challenges of global warming and ensuring food security.
In this study, we compared seedlings of a cultivated tomato accession (Solanum lycopersicum, M82) with those of a wild
accession (S. pimpinellifolium, LA1589) at both physio-biochemical and transcriptomic levels under a 42°C heat treatment.
Various physio-biochemical indicators demonstrated that LA1589 exhibited superior heat tolerance compared to M82 at
the seedling stage. We conducted dynamic transcriptome analyses of these two genotypes under heat treatment, identify-
ing 10,681 differentially expressed genes (DEGs) in LA1589 and 10,462 DEGs in M82. Among these, 1,857 genes were
specifically up-regulated and 1,228 genes were specifically down-regulated in LA1589, while 1,916 genes were specifically
up-regulated and 1,021 genes were specifically down-regulated in M82. The enrichment analyses indicated that DEGs
were significantly clustered in biological processes and pathways associated with heat resistance. Notably, the specifically
down-regulated genes in LA1589 were significantly enriched only in the plasma membrane pathway, whereas in M82, these
genes were enriched in chloroplast-associated processes and other pathways. Weighted gene co-expression network analysis
identified heat-response modules, including TM 11, PM3 and PM23. Further analysis revealed the involvement of SIHsfA7,
heat shock proteins and chloroplast-related genes in the center of the heat-responsive regulatory network in tomato. Our
findings provide a solid foundation for further functional elucidation of candidate heat-tolerant genes and their underlying
molecular mechanisms in tomato.
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Introduction

With the increasing global temperatures and the preva-
lence of heat waves, heat stress (HS) has become a major
constraint on crop production. Global temperatures are
predicted to rise by 1.5-2°C by 2040 (IPCC, 2023). It has
been observed that for every 1°C increase in the global
average temperature, crop yields for major crops decrease
by an average of 3.1%—7.4% (Zhao et al. 2017).

Heat stress can cause significant damage to plants, dur-
ing both the vegetative and reproductive growth stages.
During the vegetative growth stage, HS can lead to delayed
plant development, leaf shedding, inhibited shoot and root
growth, and reduced productivity (Bita and Gerats 2013).
In the reproductive stage, HS can alter the morphology
of plant anthers, reduce pollen quantity and viability,
decrease fruit set rate, and result in yield losses (Kumar
et al. 2017; Bheemanahalli et al. 2019; Liu et al. 2019).
Numerous studies have demonstrated that HS during the
reproductive stage is more severe when compared to the
vegetative stage. In particular, during the flowering stage,
minor temperature fluctuations may not significantly
impact vegetative growth and photosynthesis activities,
but can substantially affect flower development and reduce
the fruit set rate (Hedhly 2011; Lohani et al. 2020).

Tomato is one of the most important vegetables in the
world, but it is highly sensitive to HS. Tomato fruits are
rich in essential nutrients and antioxidants, such as vita-
mins A and B, flavonoids, lycopene, and ascorbic acid
(Choudhary et al. 2013). The optimal temperature range
for tomato growth is 13°C-30°C. When the daytime tem-
perature exceeds 32°C, tomato plants experience HS, and
beyond 35°C, their growth and development are severely
compromised, leading to leaf wilting, pollen sterility,
reduced seed production, and decreased fruit set rate
(Pham et al. 2020; Rahmat et al. 2023; Mubarok et al.
2019). With the rise in global temperatures, instances of
tomato yield reduction due to extreme high temperatures
are increasing. Therefore, breeding heat-tolerant tomato
varieties has become an inevitable strategy to ensure the
stability of the tomato industry (Mubarok et al. 2019;
Aldubai et al. 2022).

To develop heat-tolerant tomato varieties, it is crucial
to identify heat-tolerant germplasm and genes. Heat toler-
ance, being a quantitative trait, requires the consideration
of multiple factors in its assessment (Wen et al. 2019).
Various indicators have been used to identify heat-tolerant
materials, such as relative electrical conductivity (REC),
proline, and chlorophyll content (CC) (Rajametov et al.
2021; Zhou et al. 2015). Bhattarai et al. (2021) utilized
chlorophyll fluorescence, CC, plant height, stem diameter,
leaf temperature, and electrolyte leakage to screen several
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heat-tolerant lines, including Heat Master, New Girl, and
HM-1823. Similarly, LA1500 and LA2093 were selected
based on photosynthetic parameters, pollen viability, and
CC. Driedonks et al. (2018) identified Nagcarlang, Hot-
set, and Saladette as heat-tolerant materials by examining
reproductive-stage traits, such as pollen vigor and quantity.
However, due to the lack of consistency in the indicators
used by different studies, there may be a lack of robust
indicators to reliably confirm the heat resistance of iden-
tified materials. As a result, further verification is often
necessary for materials identified as heat-resistant. In our
comprehensive review of previous research, we have justi-
fied several key indicators for evaluating tomato heat toler-
ance, including malondialdehyde (MDA), REC, various
antioxidant enzymes, CC, and maximum quantum yield
(F,/F,) (Liu et al. 2023).

RNA-seq technology has proven to be a valuable tool
for identifying stress-resistant genes. In the context of heat
tolerance, researchers have utilized RNA-seq to study gene
expression and response networks in wheat under HS, pro-
viding insights into the physiological and molecular regula-
tory mechanisms of thermotolerance (Azameti et al. 2022).
Similarly, this technology has been employed to investigate
the dynamic transcriptional changes in maize leaves, pol-
len, and embryos under HS, leading to the identification of
potential candidate genes for heat-tolerant maize breeding
(Jagtap et al. 2023). Transcriptome analysis of heat-toler-
ant and heat-sensitive genotypes of cabbage under HS has
revealed potential heat-tolerant genes and shed light on
response mechanisms to HS (Ikram et al. 2022). In addition,
RNA-seq data have demonstrated that HsfA /a enhances heat
tolerance and cellular homeostasis in Arabidopsis pollen
under HS by boosting antioxidant capacity, protein repair,
and degradation (Xie et al. 2022). In tomato, transcriptome
analysis of plants subjected to HS and nitrogen fertilizer
treatments has indicated that nitrogen fertilization improves
the heat tolerance of young tomato fruits through enhanced
sugar metabolism under HS (Zheng et al. 2023). Mizoi et al.
(2023) identified variations in gene expression between
heat-tolerant and heat-sensitive tomato cultivars through
transcriptome analysis, and specific heat-responsive bio-
marker genes were selected as candidate markers to evaluate
heat tolerance in different tomato cultivars. Overall, RNA-
seq technology plays a crucial role in plant heat-tolerance
research, enabling the identification of candidate genes and
the elucidation of adaptive mechanisms under HS. However,
there is currently a lack of reports on dynamic transcrip-
tome studies of heat-tolerant and heat-sensitive genotypes
in tomato.

The aim of this study was to compare the differences in
heat tolerance at the seedling stage between two tomato
genotypes, LA1589 and M82. First, we assessed important
physiological and biochemical indicators associated with



Plant Growth Regulation (2025) 105:1105-1123

1107

heat tolerance. Then, based on these findings, we employed
RNA-seq technology to generate dynamic transcriptomic
data for both genotypes, identifying differentially expressed
genes (DEGs) under HS and comparing the differences
in regulatory pathways between them. Furthermore, by
utilizing weighted gene co-expression network analysis
(WGCNA), we obtained heat response modules and con-
structed corresponding co-expression networks of hub
genes, thereby examining the similarities and differences
in the heat response mechanisms of LA1589 and M82. Our
study has identified numerous critical heat-tolerant candi-
date genes for tomato, and offers insights into the molecular
mechanisms underlying tomato heat tolerance.

Materials and methods
Plant growth conditions and treatment

Tomato seedlings of M82 (Solanum lycopersicum) and
LA1589 (S. pimpinellifolium) were cultivated in a growth
chamber at 25°C, with a relative humidity of 60-65%, and a
photoperiod of 16 h light/8 h darkness. When the seedlings
reached 28 days old, they were exposed to HS treatment at
42°C. The third leaf, which possesses a high photosynthetic
capability, was harvested at 0, 3, 6, 12 and 24 h during heat
treatment for the measurement of stress-related parameters.
Similarly, the same positional leaves were collected at 0,
0.5, 1.5, 3, 6, 12, 24 h during exposure to 42°C, and at 24 h
after recovery at 25°C for transcriptome analysis. Fresh sam-
ples were immediately cut and used for the determination
of REC and F,/F,,. All other samples were promptly frozen
in liquid nitrogen after collection and stored at — 80°C for
RNA extraction.

Measurement of REC

The REC value of tomato leaves was determined according
to a published method (Cao et al. 2007). The leaves were
washed three times with deionized water and sliced. Approx-
imately 0.05 g of leaf samples were weighed before being
immediately transferred to a centrifuge tube containing 10
ml of deionized water. The leaf sample was then vacuumed
and permeated for 15 min, followed by an incubation of 2 h
at room temperature. Subsequently, the electrical conductiv-
ity (EC1) was measured using a DDB-303 portable conduc-
tivity meter (Leici Instrument Co. Ltd., Shanghai, China).
The leaves were then boiled for 30 min, allowed to cool
to room temperature, and the electrical conductivity value
(EC2) for the solution was measured. REC was calculated
as follows: REC (%) =ECI1/EC2 x 100%.

Determination of antioxidant enzyme activity
and MDA content

The crude enzyme solution for measuring antioxidant
enzyme activity was extracted following published protocols
(Hu et al. 2019). Leaf samples were ground in liquid nitro-
gen, and 0.1 g of the sample was added to a 2 ml Eppendorf
tube. Then, 2 ml of pre-cooled 50 mM phosphate-buffered
saline (PBS) solution (pH 7.8) was added. After vortexing,
the extracts were centrifuged at 12,000 rpm for 10 min at
4°C. The supernatant was used to determine the activity of
superoxide dismutase (SOD), peroxidase (POD), and cata-
lase (CAT).

SOD activity was measured using the nitrogen blue tetra-
zole (NBT) method (Beyer and Fridovich 1987). A mixture
was prepared based on the number of samples tested. For
each well of the microplate, 50 pL of crude enzyme extract
and 200 pL of mixture were added, with a blank control set
using an equal amount of 50 mM phosphate buffer (pH7.0).
The microplate was placed in an incubator for 20 min. Sub-
sequently, the absorbance at 560 nm was measured using a
microplate reader (Infinite 200 Pro, Tecan, Mannedorf, Swit-
zerland). The SOD activity was calculated using the formula:
SOD (U/mg FW) =[(Ack-Ag) *Vil/(Acg*0.5¥W*Vy).

POD activity was determined using the guaiacol oxida-
tion method (Chakraborty et al. 2015). Similarly, 10 pL of
crude enzyme extract and 100 pL of mixture buffer were
added into each well. After an incubation for 1 min, the
reaction was stopped by adding 50 pL of 1 mM H,SO,. The
absorbance value at 470 nm was then measured. The POD
activity was calculated using the formula: POD (U/(mg-min)
FW) =(Ag-Ac)*V1/(W*V*T). In the above formulas, V-
is the total volume of crude enzyme solution (mL); Vs is
the amount of enzyme solution added (50 pL); W is the
fresh weight of leaf sample (mg); Ak is absorbance value
of control; Ag is the absorbance value of sample; T is the
time of reaction.

CAT activity and MDA content were measured using
corresponding commercial kits (Jiancheng Bioengineering
Institute, Nanjing, China).

Measurements of CC and chlorophyll fluorescence

CC was determined following the method of (Wang et al.
2016). Leaves were ground in liquid nitrogen, and 0.1 g of
the sample powder was placed into a 2 mL Eppendorf tube.
Then 2 mL of 95% ethanol was added, and the extraction
process was carried out in darkness for 24 h until the sample
powder turned white. Subsequently, the extracts were cen-
trifuged at 3000 rpm for 5 min before measurement, with
95% ethanol used as a blank. The absorbance values of the
chlorophyll extract at 646 nm and 663 nm were recorded
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using the microplate reader. The chlorophyll contents were
calculated as follows:

Chl a(mg/L) = 12.21Ag; — 2.81Ag

Total chlorophyll(mg/L) = Chl a + Chl b

Chlorophyll fluorescence imaging was performed using
a Maxi-Imaging-PAM chlorophyll fluorescence analyzer
(Walz, Effeltrich, Germany), and the F,/F_ values were
recorded for both tomato genotypes (Murchie and Lawson
2013).

RNA extraction

RNA was extracted using TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) following the product manual. Tissue was
ground in liquid nitrogen, extracted with TRIzol, and then
centrifuged. The resulting supernatant was transferred to a
new tube and purified with chloroform. Isopropyl alcohol
was added to precipitate the RNA sample. After centrifuga-
tion, the RNA pellet was washed with ethanol, dried, and
finally dissolved in DEPC-treated water.

Transcriptome analysis

A total of 48 leaf samples were collected from eight time
points of LA1589 and M82, namely L1-L8 and M1-M8
(with three biological replicates), and sent to Novogene Co.,
Ltd. (Beijing, China) for library construction. Transcriptome
sequencing was then performed on Illumina’s HiSeq4000
platform (San Diego, CA, USA) using the PE150 sequencing
strategy. Raw reads were filtered using Fastp software (Chen
et al. 2018), and the resulting clean reads were aligned to the
tomato reference genome SL.2.50 (http://solgenomics.net/)
using Hisat2 software (Kim et al. 2019). All uniquely aligned
reads were extracted and converted into compressed, sorted
BAM files using SAMtools (Li et al. 2009). Gene quantifica-
tion was performed using featureCounts (Liao et al. 2014)
to obtain a gene expression quantification matrix (counts
matrix). The FPKM (Fragments Per Kilobase of transcript
per Million mapped reads) method was used in this study
to estimate mRNA expression levels, aiming to eliminate
differences in gene expression levels caused by gene length
and sequencing depth. Genes with an average FPKM > 1 in
biological replicates were considered expressed. For qual-
ity control of the samples, the FPKM values of all genes
were transformed to 1og2(FPKM + 1), and then Pearson
correlation coefficients (PCCs) were calculated using the
built-in function"cor"in R to assess the biological reproduc-
ibility among pairwise samples. A heatmap of the PCC was
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generated using the R package"corrplot”. In addition, prin-
cipal component analysis (PCA) was performed using the R
package "prcomp" to cluster different samples. Hierarchical
clustering of all genes based on log2(FPKM + 1) values was
conducted using the R functions "dist" (method ="Euclid-
ean") and"hclust"(method ="average").

Identification of differentially expressed genes
(DEGsS)

Differential gene expression analysis was performed based
on the obtained counts matrix using DESeq2 (Wang et al.
2010). Genes with a llog2(Fold Change)l > 1 and a false
discovery rate (FDR) <0.05 were considered DEGs (Love
et al. 2014). These DEGs were classified into several groups
based on their expression patterns, including specifically up-
regulated/down-regulated (only at one time point), variably
up-regulated/down-regulated (at 2—6 time points), com-
monly up-regulated/down-regulated (at all 7 time points),
and complex patterns (genes that were up-regulated at one
time point but down-regulated at another).

Weighted gene co-expression network analysis
(WGCNA)

WGCNA was conducted using the corresponding R package
(Langfelder and Horvath 2008). Genes with FPKM >5 in
at least one sample and a high coefficient of variation (CV
>0.5) were included. The “pickSoftThreshold” function was
utilized to choose the power value, and the network was
constructed in a one-step manner using the “blockwiseMod-
ules” function. The built-in “TOMsimilarity”algorithm
was employed to calculate the Topological Overlap Matrix
(TOM), and hierarchical clustering was performed using
the dynamicTreeCut package (v1.63-1) to divide genes into
modules. PCA analysis was conducted on all genes within
each module, and the first PCA value represented the Mod-
ule Eigengene (ME), indicating the overall level of gene
expression within the module. The Eigengene-based connec-
tivity (KME) was calculated using the “signedKME” func-
tion to measure the correlation between genes and modules,
with genes having KME > 0.9 identified as hub genes in
the network. The results of WGCNA were visualized using
Cytoscape software (Doncheva et al. 2019).

Gene ontology (GO) and KEGG analysis

All the DEGs were mapped to the terms in the GO database
(http://geneontology.org/) and the number of genes for each
term was calculated. Hypergeometric testing with a filter-
ing criterion of q-value <0.05 was then applied to identify
significantly enriched GO terms in the analyzed genes com-
pared to the background of the entire genome. KOBAS3.0
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was used for annotation and enrichment analysis of DEGs
for the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways, with a p-value < 0.05 as the criterion (Bu et al.
2021).

Reverse transcription quantitative PCR (RT-qPCR)

To validate the reliability of the RNA-seq data, four
genes, inculding SIHSP20.1 (Solyc11g020040), SIHSP70
(Solyc09g065660), SIHSFA7 (Solyc02g083850), and CPK28
(Solyc06g076540), from the common DEGs between the
two genotypes, were selected for RT-qPCR validation. Prim-
ers were designed using Primer5 and the primer design tool
on the NCBI website (https://www.ncbi.nlm.nih.gov/tools/
primer-blast) (Supplemental Table S13). The cDNA was
synthesized using HiScriptIl 1st Strand cDNA Synthesis
Kit with genomic DNA wiper (Vazyme, Nanjing, China)
according to the supplier’s instruction. The 10 pL qPCR
reaction contains 5 pL. of SYBR premix Ex Taq (TransGen
Biotech Co., Ltd., Beijing, China), 4 pL of cDNA, and 0.5
pL each forward and reverse primer. The amplification was
performed on QuantStudio 7 (Thermo Fisher Scientific). The
gPCR program is set as follows: pre-denaturation at 95°C
for 1 min, followed by 40 cycles of 95°C for 10 s, 55°C for
15 s, and 72°C for 20 s. For each sample, three biological
replicates and three technical replicates were performed. The
expression levels of the DEGs were calculated using the
2724 method (Schmittgen and Livak 2008). Actin (Sup-
plemental Table S13) was used as the reference gene (Liu
et al. 2020a).

Results

Effects of heat stress on phenotype and antioxidant
enzyme activity

To evaluate the thermotolerance of LA1589 and M82, four-
week-old seedlings were exposed to a 42°C HS. After 24
h, M82 exhibited more pronounced wilting than LA1589.
Following 24 h of recovery at 25°C, LA1589 largely recov-
ered, while M82 still displayed symptoms of leaf wilting
(Fig. 1A).

We measured the activity of several antioxidant enzymes
and found that CAT activity in LA1589 was consistently
higher than in M82, both before and after heat treatment,
with activity levels 1.2 to 1.4 times higher than those in
M82 (Fig. 1B). In addition, there was no significant dif-
ference in SOD activity between the two genotypes before
heat treatment. Upon 6 h of HS, both genotypes showed
a substantial decrease in SOD activity, but LA1589 main-
tained significantly higher SOD activity than M82, at 1.68
times the level observed in M82 (Fig. 1C). After 24 h of

HS, SOD activity in LA1589 remained relatively high, 1.48
times higher than in M82. The POD activity of LA1589
under heat treatment was significantly higher than that of
MS?2 only at 12 h of HS, while at other time points, it was
only slightly higher than in M82 (Fig. 1D).

Changes in MDA content and REC in the two
genotypes under heat stress

Under HS, toxic substances such as MDA and ROS are typi-
cally produced, leading to cell membrane damage and elec-
trolyte leakage (Yu et al. 2019). Therefore, we analyzed the
changes in MDA content and REC levels in LA1589 and
MS2 during HS. Initially, no significant differences in MDA
content and REC were observed between the two tomato
genotypes prior to heat treatment.

During the early stages of HS, both genotypes exhibited
an increasing trend in REC. However, as the stress persisted,
the REC in M8?2 first decreased and then increased, while
it continued to decrease in LA1589. Following 24 h of HS,
the REC in M82 increased by 85.77%, whereas in LA1589,
it only showed a more modest increase (by 20.18%). At this
time point, the REC in M82 was 1.61 times higher than in
LA1589 (Fig. 1E).

While the MDA content of both genotypes continued to
rise after HS, it increased by 23.46% in M82 after 6 h of
HS, whereas it remained unchanged in LA1589. After 24
h of HS, the MDA content of LA1589 and M82 increased
by 36.74% and 98.62%, respectively, however, the dispar-
ity between the two genotypes was found to be statistically
insignificant (Fig. 1F).

Effects of heat stress on photosynthesis

We measured CC and F /F,,, which are two critical indi-
cators of photosynthetic capacity. Before HS, there was
no difference in CC between LA1589 and M82. After 6 h
HS, CC increased by 28.14% in LA1589, whereas in M82,
the increase was only 9.89%. Following 12 h HS, CC in
LA1589 increased by 18.93%, while in M82, it returned to
the pre-HS level (Fig. 1G). Chlorophyll fluorescence imag-
ing showed that after 6 h of HS, chlorophyll fluorescence
decreased in both genotypes, but the decrease was less pro-
nounced in LA1589 than in M82. After 24 h of HS, F /F,,
decreased by 5.5% and 7.3% in LA1589 and M82, respec-
tively (Fig. S1).

Dynamic changes in transcriptome of LA1589
and M82 under HS

To investigate the heat response mechanism of tomato
plants and identify heat-tolerant genes, we conducted
transcriptome sequencing on the 48 leaf samples (with

@ Springer


https://www.ncbi.nlm.nih.gov/tools/primer-blast
https://www.ncbi.nlm.nih.gov/tools/primer-blast

1110

Plant Growth Regulation (2025) 105:1105-1123

A ° o
42°C > 25°C B . LA1589 M82
= a
Oh 24 24 h g T b
> 20 2 b
E i < be ¢ T
S sk T T k2
Z
>
5 10F
©
=
5-
2 S
e 0
S C 0 6 12 24
0.8 Time (h)
E la X
o 06F b b b
£ = T ¢
2 S T
> 04f d
2 e
5 &
S o2t
o
w
0.0
0 6 12 24
D Time (h)
3 = 201
= €
£ L a
o 5 T
£ 'l|)' b pe
S1of £ced o T T
z - cl
=
8 osp
a
g 00
0 6 12 24
E F G Time (h)
015 0.25- 50 a
a = - a
0.20} a 40 b a
o b
010k ab T ab ab < abc ab abi - g T t"[(‘: T Qf—: be
u b 2 o15F c TT " S 30| <
O T 1S [ é
2 'T' 2 orople Q 20
o c c 10F c L
005k T . T i O
= 005} 10 b
0.00 , ; , , 0.00 0
0 6 12 24 0 12 24 0 6 12 24
Time (h) Time (h) Time (h)

Fig. 1 Heat tolerance identification of LA1589 and M82. A Pheno-
type of four-week-old tomato plants under heat stress for 0 h, 24 h,
and recovery at 25°C for 24 h. Scale bar =1 cm. B-G Bar graphs
of related physiological and biochemical indicators: Catalase (CAT)
activity (B), Superoxide dismutase (SOD) activity (C), Peroxidase
(POD) activity (D), Relative electrical conductivity (REC) (E),

three biological replicates) from LA1589 and M82. These
samples were collected at various time points (0, 0.5, 1.5,
3, 6, 12, 24 h) under 42°C HS, followed by a 24-h recov-
ery period at 25°C. Each time point was labeled as L.1-8
for LA1589 and M1-8 for M82 samples, respectively. We
obtained raw reads ranging from 39.29 to 91.37 millions
for each sample, and after filtering, the clean reads ranged
from 39.12 to 90.95 millions. The average GC content
was 45.48% (Table S1), confirming high-quality sequenc-
ing data, which is suitable for further analysis. After
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Malondialdehyde (MDA) content (F), Chlorophyll content (CC) (G).
Data are presented as mean +standard deviation of three biological
replicates. Data were analyzed using one-way ANOVA followed by
Duncan's multiple range test. Different letters indicate significantly
different at P < 0.05

mapping clean reads to the tomato reference genome
(SL2.50), the total alignment rate averaged 92.72%, with
90.72% unique alignment (Table S1). These results con-
firm the reliability of the sequencing data for subsequent
analysis. Gene expression quantification was performed
based on the alignment results, using normalized expres-
sion values (FPKM values) to represent gene expression
levels. To ensure consistency of biological replicates,
we removed outlier samples using Pearson correlation
coefficient (PCC), principal component analysis (PCA),
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genes."M" and "L" represent M82 and LA1589, respectively. The
numbers before the "-" indicate time points at 0, 0.5, 1.5, 3, 6, 12, and
24 h of heat stress treatment at 42°C and 24 h of recovery at 25°C.
The numbers following the "-" represent biological replicates. B
Number of DEGs in LA1589 and M82 at each time point. Red, blue
and purple indicate up-regulated protein-coding genes (PCGs), down-
regulated PCGs, and transcription factors (TFs), respectively. C Num-
ber of categorized DEGs under different time points. Complex (genes
were up-regulated at one time point but down-regulated at another).
Specific DEGs (differentially expressed under one time point), vari-

and hierarchical clustering. This resulted in 43 samples
remaining for further analysis (Fig. 2A, Fig. S2). PCC
and PCA results showed good clustering of biological
replicates, with the first and second principal components
explaining 32.9% and 15.1% of the variation, respectively

able DEGs (differentially expressed under two to six time points) and
shared DEGs (differentially expressed under seven time points). D
Representative gene ontology (GO) terms of DEGs in LA1589 and
M82. The circle size indicates the number of DEGs associated with
each GO term, with larger circles representing higher enrichment.
The color intensity represents the g-value, with deeper red indicat-
ing more reliable significance of DEG enrichment in the pathway. All
significantly enriched GO terms (g-value <0.05) in each time point
are listed in Table S4. Up (genes were up-regulated at least at one
time point), Down (genes were down-regulated at least at one time
point), and Complex (genes were up-regulated at one time point but
down-regulated at another)

(Fig. S2B). The clustering analysis also revealed distinct
groups for M82 and LA 1589 samples (Fig. 2A). With reli-
able samples and data, we conducted transcriptome analy-
sis to identify heat-responsive genes.
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To investigate changes in gene expression levels over time,
we identified DEGs in the heat-tolerant genotype LA1589
and the heat-sensitive genotype M82 (Table S3). By compar-
ing each treatment with the control (0 h), we observed vary-
ing numbers of DEGs at different time points. Generally, the
number of DEGs increased with prolonged HS, except for the
M5 time point in M82. The number of DEGs significantly
decreased after recovery at normal temperature (Fig. 2B, Fig.
S3). At each time point, a certain number of transcription fac-
tors (TFs) were up-regulated or down-regulated (Fig. 2B).
Based on the classification of DEGs in both LA1589 and M82,
we found a large number of DEGs exhibited variable up- or
down-regulation, while a small number of genes were com-
monly up- or down-regulated (Fig. 2C). More genes showed
common down-regulation. In addition, there were 621 and 422
DEGs that showed complex patterns of change. These results
indicated the dynamic expression of genes in response to HS.

We further performed Gene Ontology (GO) and KEGG
analysis on these DEGs. In M82, the up-regulated genes
were significantly enriched in biological processes related
to response to heat/water deprivation and photosynthesis.
Conversely, the down-regulated genes were significantly
enriched in cytoplasmic translation, small GTPase-mediated
signal transduction, response to far red light/oxidative stress,
and related to photosystem (Fig. 2D, Fig. S4, Table S4-5).
The up-regulated genes in M82 or LA1589 are enriched in
protein processing in the endoplasmic reticulum and metab-
olism pathways (Fig. S4, Table S5). The commonly down-
regulated genes in both LA1589 and M82 were significantly
enriched in protein-chromophore linkage, photosynthesis,
and response to light stimulus/cold/cadmium ion/cytokinin
(Fig. 2D, Table S4-5). The DEGs with complex expression
patterns shared by LA1589 and M82 were mainly enriched in
protein folding, and response to heat/high light intensity/hydro-
gen peroxide (H,0,)/osmotic stress (Fig. 2D, Table S4-5). On
the other hand, the complex pattern DEGs in LA1589 were
significantly enriched in photosynthesis, nucleosome assem-
bly, response to osmotic stress/wounding (Fig. 2D, Table S4).
These results suggest that after HS, both LA1589 and M82
exhibited changes in gene expression involved in common and
distinct pathways. We also performed separate GO and KEGG
analyses for differentially expressed TFs, which revealed the
regulatory role of TFs in response to multiple hormones and
stresses, mainly plant hormone signaling, as well as growth
and developmental cycle (Fig. S5-6).

Comparing differences in heat response genes
of LA1589 and M82

To investigate the heat response mechanisms of LA1589
and M82, and identify their similarities and differences,
we compared the specific and shared DEGs in both geno-
types. We identified a total of 10,681 DEGs in LA1589 and
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10,462 DEGs in M82. Further classification revealed that
in LA1589, there were 586 protein-coding genes (PCGs)
and 35 TFs among the complex-pattern genes. There were
5,123 up-regulated PCGs and 283 up-regulated TFs; and
4,377 down-regulated PCGs and 277 down-regulated TFs.
In M82, there were 401 PCGs and 21 TFs among the com-
plex pattern genes. There were 5,253 up-regulated PCGs and
295 up-regulated TFs; and 4,269 down-regulated PCGs and
233 down-regulated TFs (Fig. 3A). Using Venn diagrams,
we illustrated the specific and common up-regulated or
down-regulated genes in each genotype. LA1589 had 1,857
genes specifically up-regulated and 1,228 genes specifically
down-regulated, while M82 had 1,916 genes specifically
up-regulated and 1,021 genes specifically down-regulated.
In addition, there were many DEGs that showed consistent
up-regulation or down-regulation in both genotypes, with
a few DEGs showing opposite regulation patterns between
the two genotypes (Fig. 3B). By displaying the expression
patterns of specifically up-regulated or down-regulated
genes in a heatmap, we observed a large number of genes
with increased expression, with the number of up-regulated
genes exceeding that of down-regulated genes, especially
in LA1589, where the changes in expression levels were
more pronounced at each time point (Fig. 3C). The heatmap
of shared up-regulated or down-regulated genes displayed
a more complex expression pattern (Fig. 3D). Among the
DEGs, we identified several known heat-responsive genes,
such as SICPK28, SIHK?2, SIBAG9 and SINACI, that were
specifically up-regulated in LA 1589, potentially contributing
to its superior thermotolerance. Furthermore, our analysis
revealed several novel TFs with early or continuous activa-
tion patterns in LA1589, suggesting their potential involve-
ment in the regulation of thermotolerance (Table S6).
Comprehensive GO and KEGG enrichment analyses
revealed that the genes specifically down-regulated in M82
were mainly associated with the chloroplast stroma/transla-
tion/envelope/thylakoid membrane, thylakoid, cytoplasmic
translation, and ribosome (Fig. 3E, Fig. S7, Table S7-8).
The specifically up-regulated genes in M82 were signifi-
cantly enriched in protein binding, endopeptidase inhibitor
activity, endosomes, cytosol, leaf senescence, protein pro-
cessing in the endoplasmic reticulum, and MAPK signaling
pathway (Fig. 3E, Fig. S7, Table S7-8). On the other hand,
the genes specifically down-regulated in LA1589 showed
significant enrichment in plasma membrane, circadian
rhythm, citrate cycle and metabolism. The specifically up-
regulated genes in LA1589 were significantly enriched in
protein binding, poly(A) RNA binding, photosynthesis, and
vesicular transport (Fig. 3E, Fig. S7, Table S7-8). Moreover,
the up-regulated genes in both LA1589 and M82 were pri-
marily associated with GO terms such as response to heat,
mitochondria, zinc ion binding, unfolded protein binding,
and integral component of the membrane. Conversely, the
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between LA1589 and M82 during heat stress and recovery. A Num-
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scription factors (TFs). Up, genes were up-regulated at least at one
time point; Down, genes were down-regulated at least at one time
point; Complex, genes were up-regulated at one time point but down-
regulated at another. B Venn plots showing a comparison of genes
that were up-regulated or down-regulated between LA1589 and M82
after heat stress and recovery. The numbers in red are for PCGs,
and the numbers in blue are for TFs, C Heatmap showing expres-

down-regulated genes in both genotypes were primarily
enriched in GO terms related to photosystems, chloroplast
photosynthesis, and responses to cytokinin, auxin, cadmium
ions, and light (Fig. S8, Table S7). Our in-depth studies of
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sion profiles of specific up- and down-regulated genes in LA1589
and M82 as shown in (B). D Heatmap showing expression profiles of
shared up- and down-regulated genes in LA1589 and M82 as shown
in (B). E Representative gene ontology (GO) terms of specific up-
and down-regulated genes in LA1589 and M82. The circle size indi-
cates the number of DEGs associated with each GO term, with larger
circles representing higher enrichment. The color intensity represents
the g-value, with deeper red indicating greater reliability in the signif-
icance of DEG enrichment in the pathway. All significantly enriched
GO terms (q-value <0.05) at each time point are listed in Table S7

specific up- and down-regulated TFs produced results con-
sistent with those mentioned above (Fig. S9-10). These
findings provide a deeper understanding of the shared and
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distinct regulatory mechanisms employed by LA1589 and
MS82 under HS conditions.

Validation of DEGs using RT-qPCR

To validate the RNA-seq results, we performed RT-qPCR
analysis on four DEGs, including SIHSP20.1 SIHSP70,
SIHSFA7 and CPK2S. These genes are potential marker
genes involved in HS (Hu et al. 2021; Su et al. 2023; Vu
et al. 2023; Xu et al. 2024; Yu et al. 2016). Overall, the
expression patterns of these four genes were consistent
with the RNA-Seq results, confirming the reliability of the
RNA-seq data obtained in this study. In most cases, LA1589
exhibited higher expression levels of these genes compared
to M82, suggesting its superior tolerance to HS (Fig. 4).

Heat response gene modules identified using
WGCNA

To further investigate the heat response regulatory network
in LA1589 and M82, we assigned labels of 0 and 1 to the

LA1589 RT-gPCR M82 RT-qgPCR
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Fig.4 Validation of transcriptome data by reverse transcription
quantitative PCR (RT-qPCR). A SIHSP20.1 (Solyc11g020040).
B SIHSP70 (Solyc09g065660). C SIHSFA7 (Solyc02g083850). D
CPK28 (Solyc06g076540). Transcriptome and RT-qPCR data at 0,
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samples and physio-biochemical data generated in this
study, respectively, and used them as phenotype values. We
selected soft threshold values of 9 and 12, corresponding to
R? values of 0.85 and 0.8 for WGCNA analysis, respectively
(Fig. S11 A-B). Only genes with FPKM values >5 in at
least one sample and with a high coefficient of variation (CV
> 0.5) were included in the analysis. The results showed that
the sample values and physio-biochemical indicators yielded
18 gene expression modules (labeled as TM1-TM18) and 23
gene expression modules (labeled as PM1-PM?23), contain-
ing 13,392 and 16,863 genes, respectively (Fig. SA-B).
We identified key modules for heat response based on
PCC >0.5 and a P-value <0.01. In these heat response
modules, TM4 and TM11 are specifically associated with
LA1589, while TM10, TM12, and TM16 are specifically
associated with M82. TM11 is associated with time point
L2, TM12 and TM10 are associated with time point M7, and
M16 is associated with the recovery time point M8. Module
TM3 is related to both LA1589 and M82 at the recovery
time point, while TM6, TM7, TMS, and TM9 are positively
correlated with LA1589 and negatively correlated with M82.
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3, and 24 h of heat treatment, followed by 24 h of recovery (R24)
at room temperature, were log2 transformed. Data are presented as
mean + standard deviation of three biological replicates
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Fig.5 Identification of co-expression modules using expressed genes
under heat stress. A Module-time point correlation. The analysis
yielded 18 gene expression modules (TM1-TM18). B Module and
physio-biochemical index correlation. The analysis generated 23 gene
expression modules (PM1-PM23). The X-axis corresponds to dif-
ferent time points and physio-biochemical indexes for LA1589 and
MB82 under heat stress, while the Y-axis represents each module. The

TM18 is positively correlated with M82 but negatively cor-
related with LA1589 (Fig. SA). Furthermore, by correlating
physio-biochemical indicators with modules, we found that
module PM3 is related to the MDA content, PM&, PM11,
and PM17 are related to the F /F,, value, and PM17 is also
related to SOD activity. Modules PM 16, PM22, and PM24
are related to both CAT activity and CC, and module PM23
is related to the REC value (Fig. 5B).

In addition, we extracted hub genes from each module
based on the criterion of KME >0.9. The number of hub

colors represent the Pearson correlation coefficient (PCC), with neg-
ative correlations shown in blue and positive correlations shown in
red. Darker indicate stronger correlations. C Number of hub DEGs in
each co-expression module of TM. D Number of hub DEGs in each
co-expression module of PM. Red and purple represent protein-cod-
ing genes (PCGs) and transcription factors (TFs), respectively

genes in modules TM1-TM18 ranged from 1 (TM17) to
562 (TM15), totaling 1,138 hub genes, including 36 TFs
(Fig. 5C). For PM modules, the number of hub genes ranged
from 0 (PM21 and PM22) to 1,020 (PM20), totaling 2,060
hub genes, including 114 TFs (Fig. 5D).

To determine whether the genes within these modules are
involved in heat-related BPs, we conducted GO enrichment
analysis. The results showed that genes in module TM11 are
significantly enriched in response to heat/high light inten-
sity/H,0,, chaperone-mediated protein folding, protein
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folding and heat acclimation. Genes in module TM10 are
enriched in the response to heat and abscisic acid-activated
signaling pathway, and genes in module TM6 are signifi-
cantly enriched in processes related to photosynthesis, pho-
tosynthetic electron transport, photosystem II stabilization,
ATP synthesis/hydrolysis coupled to proton transport and
ATP metabolic processes (Fig. S11C, Table S9). For the PM
modules, genes in module PM3 are significantly enriched in
carbohydrate metabolic process and response to heat, while
genes in PM11 and PM22 are significantly enriched in BPs
related to photosynthesis and photosynthetic electron trans-
port chain, and genes in PM23 are significantly enriched in
BPs related to negative regulation of endopeptidase activity
and chloroplast stroma (Fig. S11D, Table S10).

Heat-tolerant candidate genes identified by WGCNA

When plants experience HS, a large number of genes
undergo rapid change in expression. The early-responsive
genes are particularly crucial. Based on this premise, we
initially investigated the gene module TM11, which exhib-
ited specific expression at the first time point (L2) under
HS. Interestingly, TM11 module is specifically related to
LA1589. Subsequently, we constructed a co-expression net-
work consisting of genes within this module. Our analysis
revealed that 73 hub genes in the TM 11 expression network
demonstrated a strong response to HS during the initial
two time points, with significantly up-regulated expression
(Fig. 6A-B, Table S11). Among these genes, we noticed
a TF, Solyc09g065660, named SIHsfA7 which encodes an
A3-type of HSF. This TF is well-known for its involvement
in the tomato HS response (Mesihovic et al. 2022). In addi-
tion, by constructing a heatmap, we displayed the top 10
genes with the highest connectivity in this network, with
Solyc11g066100 positioned at the center. We observed
that these 10 genes exhibited significant up-regulation in
expression at time points L2, L3, M2, and M3, with the
genes encoding heat shock proteins showing particularly
pronounced differential expression (Fig. 6C).

Given the close relationship between CC, REC, and plant
heat tolerance, we further explored the gene module PM23,
which is significantly associated with CC and REC. The
co-expression network within this module comprised 114
hub genes, including four TFs: LIM, AP2/ERF-ERF, GRAS,
and Tify (Fig. 6D, Table S12). The genes within this mod-
ule exhibited up-regulated expression at various time points
after HS, with most of them functionally annotated as being
related to chloroplasts (Fig. 6E, Table S12). Further analy-
sis of the top 10 genes with the highest connectivity in this
network led us to identify Solyc06g006080, which encodes
thiamine biosynthesis protein ThiC and is homologous to
AtfTHIC, a gene in Arabidopsis encoding a thiamine bio-
synthetic protein and involved in chloroplast development
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(Kong et al. 2008). In addition, Solyc03g026130 was identi-
fied in this network, which encodes a cytochrome P450, a
vital class of oxidases in plants (Fig. 6F). The highly inter-
connected expression of these genes within the network sug-
gests their significant regulatory role in responding to HS.

Discussion

Climate change has led to HS becoming a significant chal-
lenge, with negative impacts on crop growth at different
developmental stages. Tomato plants are sensitive to high
temperatures, and even mild HS can reduce yield and
quality, while more severe stress can lead to plant death
(Jagadish et al. 2021). Therefore, identifying heat-tolerant
genes, breeding superior varieties, and enhancing tomato
resilience to high temperatures are effective strategies for
adapting to climate change and improving yields. This study
compared heat-related physiological and biochemical indica-
tors between seedlings of the heat-tolerant genotype LA1589
and the heat-sensitive genotype M82, and identified a set
of candidate heat-tolerant genes through dynamic transcrip-
tome analysis in response to HS.

Under HS, tomato plants display symptoms including
wilting, stunted growth, and developmental abnormalities
(Wahid et al. 2007). Phenotypic screening is an intuitive
approach for identifying heat-tolerant genotypes, with stud-
ies indicating that heat-resistant tomato varieties outperform
heat-sensitive ones under stress conditions by exhibiting
less wilting and higher survival rates (Bhattarai et al. 2021;
Shaheen et al. 2016). In our study, LA1589 demonstrated
less wilting than M82 after 24 h of HS and essentially
returned to normal, whereas M82 continued to exhibit wilt-
ing symptoms, suggesting that LA1589 recovers from HS
more effectively than M82.

Antioxidant enzymes such as SOD, POD, and CAT play
a crucial role in detoxifying ROS and are essential com-
ponents of HS adaptation. Plants enhance the activity of
antioxidant enzymes to eliminate ROS generated under
stress conditions, and their activity is positively corre-
lated with heat tolerance. Heat-tolerant genotypes typically
exhibit stronger antioxidant enzyme activity under HS (Lee
et al. 2022; Kumar et al. 2017; Ahammed et al. 2019). In
our study, although the POD activity in LA1589 was only
slightly higher than that in M82 after stress, the activities of
SOD and CAT were significantly higher in LA1589 com-
pared to M82 at both the beginning and end of heat treat-
ment. This indicates that LA1589 has a stronger ability to
remove ROS than M82 (Fig. 1B-D), further supporting the
idea that LA1589 has a stronger tolerance to high tempera-
tures. Relative electrical conductivity reflects the stability of
plant cell membranes under abiotic stress and serves as an
important indicator of stress tolerance. Previous studies have
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Fig.6 Co-expression networks of heat response modules in LA1589
and M82. A Network illustrating connections between hub genes in
the module TM11. B Expression levels of hub genes in TM11. C
Expression changes of 10 hub genes in TM11. D Network illustrating
connections between hub genes in the module PM23. E Expression

demonstrated the efficacy of utilizing leaf electrolyte leak-
age to identify heat-tolerant genotypes, with heat-resilient
varieties typically exhibiting lower electrolyte leakage levels
at elevated temperatures (Liu et al. 2023). Adverse stress
conditions often result in secondary oxidative stress, leading

levels of hub genes in PM23. F Expression changes of 10 hub genes
in PM23. Each colored circle (node) represents one gene. Diamond
shapes represent transcription factors (TFs). The red node color indi-
cates higher connectivity within the network. Only edge correlations
value (PCC >0.8) was shown

to membrane lipid peroxidation. MDA is a key byproduct
of membrane lipid peroxidation and offers insights into the
extent of membrane damage in plants. Both REC and MDA
levels in tomato plants under high temperature stress are
effective indicators for screening heat tolerance (Karkute
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et al. 2021). Our results showed that following the peak REC
levels during the initial stage of HS, both genotypes expe-
rienced a decline, with the level of REC in M82 plateauing
while that in LA1589 continued to decrease, suggesting that
LA1589 exhibited stronger membrane stability and repair
capabilities than M82 (Fig. 1E). In addition, at the onset
of HS, LA1589 showed minimal change in MDA content,
whereas M82 displayed a significant increase. By the end of
the HS period, the rise in MDA content in LA1589 was nota-
bly lower than that in M82, further supporting that LA1589
is superior in detoxification under HS conditions (Fig. 1F).

Photosystem II (PSII) is highly vulnerable to HS, with
chlorophyll fluorescence parameters (F,/F,,) serving as a
sensitive indicator of PSII photoinhibition (Baker 2008;
Bhattarai et al. 2021; Sharma et al. 2015). Our study showed
that both LA1589 and M82 exhibited reduced F,/F,, under
HS; however, PSII damage in M82 was more severe and its
recovery ability was weaker compared to LA1589 (Fig. S1).
In addition, the ability of tomato plants to maintain their
greenness or delay senescence is also an important indicator
of heat tolerance. Heat-sensitive tomato plants show a faster
decline in the CC under high temperatures, leading to pre-
mature yellowing and wilting (Sharma et al. 2015). Our data
showed that initially, LA1589 exhibited an increase in CC,
suggesting an adaptation of the heat-tolerant genotype to
high temperatures. When the plants were subjected to early
HS, CC showed an increasing trend, providing thermal sta-
bility to PSII. Maintaining CC under high temperatures may
be a characteristic of heat-tolerant tomato varieties. In our
study, although CC initially increased, it gradually decreased
with prolonged HS, leading to weakened photosynthesis,
in line with previous research (Herde et al. 1999). Our data
showed that the total CC of LA1589 was significantly higher
than that of M82 at 6 h and 12 h of HS. In M82, the decrease
in total CC led to a reduction in its photosynthetic efficiency,
compromising its resistance to HS. In addition, the CC of
LA1589 was consistently higher than that of M82 at dif-
ferent time points under HS, indicating that LA1589 has
a stronger ability to maintain photosynthesis compared to
MB82 (Fig. 1G).

Plant adaptation to HS involves extensive transcriptional
reprogramming to maintain normal growth and develop-
ment under thermal challenges (Su et al. 2023). Our tran-
scriptomic profiling revealed temporally dynamic differen-
tial gene expression between LA1589 and M82 under HS
(Fig. 2B, Fig. S3), demonstrating that tomato plants undergo
extensive changes in gene expression to adapt to HS. The
identified DEGs are involved in photosynthesis, chlorophyll
synthesis, and responses to temperature and light, as well as
in membrane transport and protein folding (Fig. 2D), which
are related to heat tolerance. Our research also focused on
identifying TFs in tomato that show unique responsiveness
to HS (Fig. S5-6, Fig. S9-10). These TFs potentially regulate
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multiple hormone signaling pathways and metabolic pro-
cesses, thereby enabling tomato plants to maintain their
adaptation to HS. These results provide valuable resources
for identifying key genes involved in heat response.

Heat shock proteins (HSPs), heat shock transcription fac-
tors (HSFs), and calcium signaling constitute fundamental
components of plant heat tolerance (Hu et al. 2016; Qu et al.
2013). In this study, we validated our transcriptomic data
using well-known heat-resistant genes, including SIHSP20.1,
SIHSP70 , SIHSFA7 and CPK28 (Fig. 4). Previous studies
have implicated these genes in the positive regulation of
heat tolerance in tomato (Hu et al. 2021; Rao et al. 2022;
Wang et al. 2004; Zhong et al. 2013). Our RT-qPCR results
were overall consistent with the transcriptomic results, sup-
porting the reliability and accuracy of the RNA-seq data.
Furthermore, we investigated the expression patterns of pre-
viously reported tomato heat tolerance genes within our tran-
scriptomic dataset. The results revealed that many of these
genes are heat-responsive, including SIHSFA7, SIHSP70,
SIEGY2, SIBAGY, SINAC1, SICPK28, SIHSFB1, and SITFT6
(Table S3), which aligns with their roles in heat stress adap-
tation (Hu et al. 2021; Liang et al. 2015, 2023; Mesihovic
et al. 2022; Rao et al. 2022; Roth et al. 2017; Xu et al. 2024,
Zhang et al. 2022). This further supports the authenticity and
robustness of our transcriptomic dataset. In addition to the
known genes, our study also identified many novel TFs from
families such as MYB, NAC, WRKY, and bZIP, character-
ized by an early response (< 3 h) or sustained expression
(Table S6), which may regulate previously uncharacterized
thermotolerance mechanisms. For example Solyc07g054630
which was significantly up-regulated in LA1589 during
the early stage of heat treatment, Solyc08g065910 and
Solyc09g065660, as well as the Solyc02g089520 which
was strongly down-regulated. Collectively, these findings
provide new genes for further exploration of the molecular
mechanisms underlying heat tolerance in tomato.

Sensors on the cell membrane detect external signals and
transmit them to the interior of the cell to induce changes
in cell metabolism under HS (Luu and Maurel 2013). Light
signals have a significant impact on plant growth and devel-
opment, and HS interferes with the transmission of light
signals. Signals of high temperature and light antagonize
each other and control plant morphological changes (Tan
et al. 2023). This study found that many DEGs involved
in membrane transport and light signal transduction were
either activated or inhibited under HS (Fig. 2D). Further-
more, high temperature stress often leads to misfolding of
protein and aggregation, resulting in cellular dysfunction
and death (Lu et al. 2021). HSPs are a class of proteins that
are highly expressed under HS and function as conserved
molecular chaperones. HSFs promote the correct folding
in plant cells by regulating the synthesis of HSPs, prevent-
ing aggregation, and enhancing cellular heat stability (Lang
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et al. 2021; Nishad and Nandi 2021). TFs are important
regulators of gene expression, recognizing and binding to
regulatory elements in the promoter regions of target genes
to activate or suppress transcription, thus participating in the
response to HS (Liu et al. 2020b). Gaining a deeper under-
standing of the gene regulatory network in tomato under HS
can contribute to the development of heat-tolerant tomato
varieties to ensure yield and quality. From the WGCNA
results, we noticed that the TF, Solyc09g065660 (SIHsfA7),
encoding HS transcription factor A3, showed significant
up-regulation under HS in the gene co-expression network
of the TM11 module (Fig. 6A—C). Previous studies have
shown that SIHsfA7 is involved in regulating tomato heat
tolerance (Mesihovic et al. 2022). Another hub gene in this
co-expression network, Solyc02g088610 (LeHSP100), is
responsive to salt stress. Recent studies have further shown
that the gene LeHSP100 is involved in the regulation of a
heat stress-responsive network and may play a regulatory
role under HS by interacting with four HSFs (Graci et al.
2024) Interestingly, the top ten connectivity genes in this
module are related to various types of HSPss, including the
HSP70, HSP23, HSP20, and HSP90, and the expression lev-
els of these genes change dramatically at the beginning of
HS (Fig. 6C). Previous studies uncovered a complex regula-
tory mechanism involving HSP90, HSP70 and three types
of HSFs in controlling HS response (Hahn et al. 2011). This
suggests that SIHsfA7 may regulate the response of tomato
to HS by modulating these HSPs and other genes in this
network.

CC and REC play important roles in the plant's response
to HS. The WGCNA results revealed a significant correla-
tion between the PM23 gene module and these indicators
(Fig. 5B), suggesting that genes in this module are involved
in regulating tomato heat tolerance. Further GO enrichment
analysis found that genes in this module are significantly
enriched in many BPs related to heat response and photo-
synthesis (Fig. S11D), supporting the potential role of this
module in regulating tomato heat tolerance. These genes
were up-regulated at multiple time points after HS, suggest-
ing they may play a role in heat adaptation. Of particular
interest is Solyc06g006080, encoding thiamine biosynthesis
protein ThiC, a key enzyme involved in chloroplast develop-
ment (Kong et al. 2008). Before heat treatment, no signifi-
cant difference in Thic expression was observed between the
two genotypes. However, during HS, this gene exhibited a
continuous upregulation trend in LA1589, while in M82,
expression initially decreased before increasing. After 6 h
of heat treatment, the expression level of ThiC in LA1589
was significantly higher than in M82 (Fig. 6F, Table S3).
This genotype-specific upregulation suggests a role for ThiC
in stabilizing chloroplast integrity under HS. Additionally,
Solyc03g026130 encodes cytochrome P450, an important
class of oxidoreductases in plants (Fig. 6D-F, Table S9).

The regulation of these genes may play an important role
in maintaining chloroplast function and redox balance in
plants under HS. The expression of Solyc05g009630, encod-
ing a disease resistance protein, was significantly induced in
LA1589 under HS. High temperature conditions can poten-
tially impair plant resistance to disease by accelerating plant
cell metabolism and disrupt function of resistant proteins
(Hua and Dong 2022). Consequently, Solyc05g009630 may
play a pivotal role in the plant's response to HS. Our find-
ings indicate that while the expression of Solyc05g009630
showed an initial increase followed by a decline in both gen-
otypes, its induction in LA1589 was substantially greater
than in M82 during HS (Table S3). Previous studies have
demonstrated that inhibition of SIEGY2 (Solyc06g019200)
expression results in reduced chlorophyll content, photosyn-
thetic activity and electrolyte leakage, resulting in dimin-
ished heat resistance (Zhang et al. 2022). In our study,
SIEGY? are no significant difference between the two geno-
types in the early stage of heat treatment, but as the heat
treatment progressed (0.5-12 h), SIEGY2 expression in
LA1589 showed persistent up-regulation, while in M82,
it was significantly down-regulated (Table S3). The above
results also reflect the superiority of LA1589 in maintain-
ing photosynthesis under HS. Overall, this study identified
several key genes related to heat regulation in tomato plants
based on the gene co-expression network, which may play
important roles in the regulation of photosynthesis under
HS in tomato plants (Fig. 6F). In the future, we aim to carry
out functional and mechanistic studies on these genes to
unveil the molecular mechanisms underlying heat tolerance
in tomato, and thus to improve tomato survival and yield in
high temperature environments.

Differences in heat tolerance exist among tomato varie-
ties, and these differences may be caused by genetic varia-
tions in the genome (Bineau et al. 2021). In this study, we
detected differences in gene response to HS between the
heat-tolerant genotype LA1589 and the heat-sensitive gen-
otype M82. Specifically, in addition to finding that some
genes were up- or down-regulated in both genotypes under
HS, a large number of genes were specifically up- or down-
regulated in each genotype (Fig. 3B). These differences may
be due to variations in genetic regulation between varieties.
GO enrichment results based on specifically expressed genes
revealed significant enrichment of down-regulated genes
related to chloroplast processes in M82, possibly indicat-
ing that the response to HS may be mediated by regulating
chloroplast function. Meanwhile, the down-regulated genes
in LA1589 were significantly enriched in the plasma mem-
brane pathway, suggesting that they may play an important
role in maintaining cell membrane integrity and cellular
homeostasis (Fig. 3E). These results suggest that heat-tol-
erant LA1589 and heat-sensitive M82 exhibit differences in
gene pathways and regulatory mechanisms associated with
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HS. Furthermore, the WGCNA results identified key heat
response modules associated with specific tomato genotypes
and time points. These modules likely represent genotype-
specific heat response mechanisms. Specifically, modules
TM4 and TM11 were associated with tomato LA1589, while
modules TM10, TM12, and TM16 were associated with
tomato M82 (Fig. 5).

Understanding the function and regulatory networks of
genes in these modules will provide insights into how tomato
plants regulate gene expression to adapt to high-tempera-
ture environments and offer important guidance for genetic
improvement of heat tolerance.

Conclusion

Our findings demonstrated the superior heat tolerance of
LA1589 compared to M82 at the seedling stage, which is
characterized by higher antioxidant capacity, the main-
tenance of chlorophyll content and photosynthetic capac-
ity, and less damage to the plant. Furthermore, our study
provides valuable insights into the underlying genetic and
regulatory networks involved in heat stress response, lay-
ing the foundation for future investigations into the precise
functions and molecular mechanisms of genes in specific
modules involved in heat adaptation.
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