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Abstract
Background The increase in temperatures due to the current climate change dramatically affects crop cultivation, 
resulting in yield losses and altered fruit quality. Tomato is one of the most extensively grown and consumed 
horticultural products, and although it can withstand a wide range of climatic conditions, heat stress can affect plant 
growth and development specially on the reproductive stage, severely influencing the final yield. In the present 
work, the heat stress response mechanisms of one thermotolerant genotype (E42) were investigated by exploring 
its regulatory gene network. This was achieved through a promoter analysis based on the identification of the heat 
stress elements (HSEs) mapping in the promoters, combined with a gene co-expression network analysis aimed at 
identifying interactions among heat-related genes.

Results Results highlighted 82 genes presenting HSEs in the promoter and belonging to one of the 52 gene 
networks obtained by the GCN analysis; 61 of these also interact with heat shock factors (Hsfs). Finally, a list of 13 
candidate genes including two Hsfs, nine heat shock proteins (Hsps) and two GDSL esterase/lipase (GELPs) were 
retrieved by focusing on those E42 genes exhibiting HSEs in the promoters, interacting with Hsfs and showing 
variants, compared to Heinz reference genome, with HIGH and/or MODERATE impact on the translated protein. 
Among these, the Gene Ontology annotation analysis evidenced that only LeHsp100 (Solyc02g088610) belongs to a 
network specifically involved in the response to heat stress.

Conclusions As a whole, the combination of bioinformatic analyses carried out on genomic and trascriptomic 
data available for tomato, together with polymorphisms detected in HS-related genes of the thermotolerant E42 
allowed to determine a subset of candidate genes involved in the HS response in tomato. This study provides a novel 
approach in the investigation of abiotic stress response mechanisms and further studies will be conducted to validate 
the role of the highlighted genes.

Keywords Solanum lycopersicum, High temperatures, Abiotic stress, Candidate genes, Heat shock proteins, Heat 
shock factors, GDSL esterase/lipase, Gene co-expression network

Exploring the gene expression network 
involved in the heat stress response of a 
thermotolerant tomato genotype
Salvatore Graci1, Riccardo Aiese Cigliano2* and Amalia Barone1*

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-024-10393-0&domain=pdf&date_stamp=2024-5-22


Page 2 of 13Graci et al. BMC Genomics          (2024) 25:509 

Background
Heat stress (HS) due to climate change stands out as a 
primary threat adversely impacting world crop produc-
tion [1]. In the global warming era, it is expected that 
temperatures will rise between 2 and 5 °C by the end of 
the 21st century [2] inducing serious damage on plant 
growth and development, thus resulting in dramatic yield 
losses [3]. Tomato (Solanum lycopersicum L.) is one of 
the most valuable horticultural crops globally. It is con-
stantly challenged by a wide range of environmental 
stresses causing yield losses and fruit quality alteration, 
although its sensitivity varies among genotypes [4]. High 
temperature can cause enzyme degradation that can 
hamper PSII function, decrease electron transport rates, 
inhibit Rubisco activase and decrease chlorophyll con-
tent, cause abortion of the male gametophyte and altered 
pollen tube development, and lead to reduction in fruit 
set and final yield [5, 6]. In this scenario, the selection 
and constitution of tolerant tomato genotypes is crucial 
for mitigating the impact of climate change. However, 
the long time required for traditional plant breeding in 
genotype selection and breeding cycles represents the 
main limitation to a prompt response of plant breeders 
to the increasing demand for food production [7]. Dur-
ing the last years, high-throughput technologies based 
on omics sciences, such as genomic and transcriptomic, 
have emerged in response to these limitations. Differ-
ent authors have investigated plant genomes to identify 
candidate genes in response to HS. Olivieri et al. [8] and 
Cappetta et al. [9] employed a Genotyping-By-Sequenc-
ing (GBS) approach to uncover Single Nucleotide Poly-
morphism (SNP) and Insertion and/or Deletion (InDel) 
variants among a group of genotypes, combining geno-
typing data with the ones obtained from the pheno-
typic evaluation of key-traits responsive to HS. Through 
genome-wide association studies, Bineau et al. [10] and 
Alsamir et al. [11] identified quantitative trait loci (QTLs) 
related to phenotypic traits such as flowering, fruit pro-
duction, plant vigor, etc. Additionally, variants within 
the promoter regions could contribute to enhancing 
the regulation of HS-related genes, thereby improving 
plant thermotolerance. Indeed, the presence of specific 
HS binding site sequences on target genes promoters 
could promote the activity of heat stress transcriptional 
factors (Hsfs) that bind to these motifs, thus enhancing 
gene expression under unfavorable stress conditions [12, 
13]. In this context, over the past decade, several authors 
have investigated the transcriptomic response of tomato 
plants to HS by RNA sequencing (RNA-seq), which has 
become the main tool for transcriptome-wide analysis of 
differential gene expression and gene co-expression net-
works (GCN) [14]. Differential gene expression analysis 
allowed to compare the transcriptome profile of plants 
exposed to two or more experimental conditions, thus 

allowing the identification of candidate genes [15], while 
GCN analysis is a popular biology method used to con-
struct gene networks and detect the central players (i.e., 
hub genes) within modules, thereby highlighting interac-
tions among clusters of genes in order to study regulatory 
pathways [16]. The combination of these two analyses 
can improve understanding of defense mechanisms acti-
vated in response to HS.

The goal of the present study was to enhance the knowl-
edge of the HS response in a tomato genotype previously 
selected in our laboratory (E42) for its high and stable 
production under high temperatures [8]. This purpose 
was pursued by investigating genomic and transcrip-
tomic resources available in our laboratory or retrieved 
from public data. In particular, the genomic analyses con-
ducted in our laboratory by Graci et al. [17] evidenced a 
high number of polymorphic regions compared to Heinz 
tomato reference genome, regions putatively introgressed 
from the heat-tolerant wild ancestor S. pimpinellifolium. 
In addition, a subset of candidate genes was selected in 
these polymorphic regions, in some cases also colocaliz-
ing in QTLs for high temperature responses. In order to 
further understand the E42 response to HS, in the pres-
ent study we investigated the regulation pathways of HS-
related genes using bioinformatic tools. To achieve this, 
firstly two heat stress elements (HSEs) were searched 
across the whole E42 genome, focusing on those map-
ping in the promoters and reported to be involved in 
regulating the expression of HS target genes when bind-
ing with Hsfs [18, 19]. Moreover, to investigate the gene 
interactions among tomato genes, public transcriptomic 
data of RNA-seq experiments were retrieved from the 
NCBI database, and a GCN analysis was performed. 
The combination of the results obtained from both the 
genomic and transcriptomic analyses, and the integra-
tion with the findings of Graci et al. [17], allowed us to 
narrow to 13 the number of HS-related candidate genes 
mapping in E42 polymorphic regions introgressed from 
the thermotolerant wild species S. pimpinellifolium. As 
a whole, the selected genes exhibit HSE binding motifs 
in the promoter and interact with transcriptional fac-
tors (TFs) involved in the response to high tempera-
tures, as evidenced from the GCN analysis. In addition, 
their polymorphisms respect to the reference genome 
of the cultivated tomato Heinz may alter the amino acid 
sequences and function of the translated proteins. All 
these conditions found simultaneously in the selected 
genes may influence the response of E42 to HS.

Methods
Data collection
Resequencing data of the E42 genotype already available 
at the Department of Agricultural Sciences of University 
of Naples Federico II [17] were used to investigate the 
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presence and the distribution of binding motif sequences 
in the promoter regions of the genotype for the tomato 
response to HS. Moreover, in order to investigate how 
tomato genes interact with each other, publicly tran-
scriptomic data of RNA-sequencing (RNA-seq) experi-
ments obtained from different tomato tissues were 
retrieved from NCBI database. Specifically, three count 
matrices belonging to the GSE152620, GSE199011 and 
GSE148217 of Gene Expression Omnibus (GEO) projects 
were directly downloaded from the database, as these 
were already annotated on the same tomato genome ver-
sion (Tomato Genome version SL4.0 and ITAG4.0, avail-
able at the Solgenomics Network, www.solgenomics.
net). The GSE152620 project included 12 leaf samples, 
the GSE199011 project presented 12 fruit mesocarp tis-
sues at the red ripe stage, the GSE148217 included 120 
fruit pericarp and epidermal tissues of the blossom end 
halves. In addition, nine RNA-seq samples obtained from 
flower samples within the GSE163914 GEO project were 
entirely processed starting from the raw FASTQ files. 
Details about the samples belonging to the four GEO 
projects were reported in Additional file 1.

Promoter binding motifs investigation
Raw FASTQ files of the E42 genotype were processed as 
reported by Graci et al. [17]. The resulted filtered Vari-
ant Calling Format file (VCF) was converted into a con-
sensus FASTA file by using the consensus command of 
bcftools [20]. Finally, the Liftoff tool [21] was used to 
lift over the coordinates of the genes from the tomato 
genome annotation ITAG4.0 (available at the Solgenom-
ics Network). The Positional Weight Matrix (PWM) files 
of binding motifs related to HS were retrieved from the 
Jaspar database (https://jaspar.genereg.net/). The scan-
MotifGenomeWide.pl script of HOMER [22] was used 
with default parameters and setting a threshold of 5 to 
find the binding motif sequences across the E42 genome. 
Focusing on the motifs mapping in the promoter regions, 
two approaches have been used in order to obtain a con-
sensus: (I) a BED file with the coordinates of a region 
of 3,000 bp from the gene start site was generated from 
the tomato genome annotation ITAG4.0, and the inter-
sectbed command of bedtools [23] was used to extract 
the motifs mapping in those regions; (II) the ChIP-
seeker R package of Bioconductor [24, 25] was used with 
default parameters to retrieve the nearest genes around 
the motifs and annotate the genomic region of genes, 
in order to select only the binding sequences mapping 
in the promoter regions. The ITAG4.0 tomato genome 
annotation was firstly converted from GFF to TXDB file 
by using the GenomicFeatures R package of Bioconduc-
tor [26]. The peakAnno command of ChIPseeker was 
used to annotate the binding motifs within the 3,000 bp 
promoter region from the gene start site. Lastly, a gene 

enrichment analysis for GO terms was performed with 
the topGO R package of Bioconductor [27], starting from 
the genome annotation retrieved from Pannzer2 [28] 
obtained by using the ITAG4.0 tomato genome annota-
tion as input file.

Read mapping and transcript quantification
Within the GSE163914 GEO project, the raw FASTQ 
data of nine samples (SRR13312158, SRR13312159, 
SRR13312160, SRR13312161, SRR13312162, 
SRR13312163, SRR13312164, SRR13312165 and 
SRR13312166) were downloaded by using the NCBI 
SRA Toolkit (https://trace.ncbi.nlm.nih.gov/Traces/sra/
sra.cgi?view=software), quality evaluated, filtered and 
trimmed using FastQC and Trimmomatic v.0.39 [29, 30] 
(http://www.usadellab.org/cms/?page=trimmomatic), 
setting the parameters as follow: LEADING:20 TRAIL-
ING:20 HEADCROP:10 MINLEN:35. Single trimmed 
reads were aligned with the Solanum lycopersicum ref-
erence genome (Tomato Genome version SL4.0, avail-
able at the Solgenomics Network, www.solgenomics.net) 
using STAR [31] with default parameters. Quality control 
of the mapping was performed with the Qualimap tool 
[32]. Finally, the number of reads mapping for each gene 
(tomato genome annotation ITAG4.0) were calculate 
by using featureCounts [33] in order to obtain a count 
matrix.

Gene co-expression network analysis
The four count matrices belonging to the GSE152620, 
GSE199011, GSE148217 and GSE163914 GEO projects 
were merged. Starting procedures included data nor-
malization performed with the HTSFilter R package of 
Bioconductor [34] and Principal component analysis 
(PCA), aimed to validate the reproducibility of RNA-seq 
data across technical replicates and also to compare the 
global expression patterns between the different tissues 
and conditions. GCN analysis was performed with the 
BioNERO R package of Bioconductor [35]. Pre-process-
ing steps included data transformation conducted with 
the vst function of the DESeq2 R package of Bioconduc-
tor [36] followed by the removal of the non-expressed 
genes with the remove_nonexp function of BioNERO, 
setting min_exp 5 and min_percentage_samples 0.15. 
The filtered and normalized expression data were then 
used to reconstruct a GCN. The SFT_fit function was 
used to identify the most suitable β power that makes the 
network satisfy the scale-free topology. The calculated 
β power was used by the exp2gcn function to infer the 
GCN. The edge list of each module was extracted and 
filtered for weak correlations by using the get_edge_list 
function. In addition, the hub genes were identified with 
the get_hubs_gcn function. A gene enrichment analy-
sis for GO terms was performed for all the obtained 
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modules with the topGO R package of Bioconductor 
[27]. Networks were finally visualized with the Cytoscape 
software platform [37].

Results
Promoter binding motifs investigation
In order to investigate the occurrence of HSEs in the 
promoter regions of the E42 genotype, the presence of 
AGAAnnTTCTRGA [18] and CGTTGACY [19]  motifs 
was assessed. Results showed that the E42 genome 
presented 705,726 AGAAnnTTCTRGA and 778,739 
CGTTGACY sequences (Table 1). These files were then 
filtered to keep only the binding motif sequences map-
ping in the promoter regions of 3,000 bp from the gene 
start site by using two different approaches. With the first 
one performed with the insersect command of bedtools, 
results evidenced that more that 31,000 AGAAnnTTC-
TRGA and around 34,000 CGTTGACY were found in 
the promoter regions of E42, while considering the sec-
ond approach conducted with the ChIPseeker analy-
sis, around 24,000 AGAAnnTTCTRGA and more than 
26,000 CGTTGACY were identified (Table  1). Inter-
estingly, more than 90% of both motifs map on chro-
mosomes 2, 4, 7 and 10 (Additional file 2). In addition, 
the two motifs were similarly distributed in the various 
regions of the E42 genome, showing 10.3% of the bind-
ing sequences within 3,000  bp from the gene start site 
(Additional file 3). By comparing the two methods used, 
a consensus file containing the common binding sites 
sequences mapping in the promoter regions retrieved 
from both the Bedtools and ChIPseeker analysis was 
generated (Additional file 4). Interestingly, all the motifs 
retrieved from the ChIPseeker analysis were common 
to the ones obtained by using Bedtools except for one 
CGTTGACY binding motif (Table 1).

Considering the consensus file, a total of 11,032 genes 
were found to carry one or both the two binding motifs. 
Specifically, 9,472 genes showed AGAAnnTTCTRGA 
sequences and 9,708 genes presented CGTTGACY 
binding motifs in the promoters. In addition, the GO 
enrichment analysis was performed for the 11,032 genes 
showing the AGAAnnTTCTRGA and CGTTGACY 

binding motifs in the E42 promoters, respectively. As 
for the AGAAnnTTCTRGA binding site (Fig.  1A), in 
the biological processes (BP), the genes were mainly 
enriched in nucleic acid transcription and biosynthetic 
processes; in the cellular components (CC) they were 
mainly enriched in thylakoid and photosynthetic mem-
branes, chitin and amino sugar metabolic processes, ami-
noglycan and amino sugar catabolic processes; while in 
the molecular function (MF) they were mainly enriched 
in oxygen evolving and oxidoreductase activities, NADH 
dehydrogenase activity, iron ion and carbohydrate bind-
ing, electron transfer activity. On the other hand, for 
the CGTTGACY binding site (Fig.  1B), in the BP the 
genes were mainly enriched in salicylic acid signaling 
and response, protein phosphorylation, regulation of 
DNA-template transcription; in the CC they were mainly 
enriched in glucosamine-containing compound and chi-
tin metabolic processes, aminoglycan and amino sugar 
catabolic processes; while in the MF they were mainly 
enriched in oxygen evolving and oxidoreductase activi-
ties, iron ion and carbohydrate binding, electron transfer 
activity.

Gene co-expression network analysis
In order to investigate the tomato network of genes 
involved in HS response and integrate this information 
with the genomic features of the E42 genotype, GCN 
analysis was performed on four count matrices of RNA-
seq data. Among these, three were downloaded from 
three different GEO projects, while the fourth (belong-
ing to the GSE163914 GEO project) was obtained by 
processing the raw reads. As a whole, these experiments 
included 153 tomato RNA samples sequenced from four 
tissues (leaves, flower buds, fruit mesocarp and fruit peri-
carp) and were analyzed to obtain a global view of all 
the gene interactions. The nine samples belonging to the 
GSE163914 GEO project were processed to obtain the 
matrix count (Additional file 5) As expected, most of the 
reads mapped in exonic regions. The four count matri-
ces of RNA-seq data belonging to the four GEO projects 
were finally merged. Normalization of the count matrix 
allowed to identify the TMM value of 29.576 at the maxi-
mum Jaccard index of around 0.93 (Additional file 6). 
The TMM value was applied to remove all those genes 
whose expression values were lower than it. The PCA 
analysis showed that the four groups of tissues could be 
clearly distinguished, even if the fruit pericarp samples 
clustered in a group with a wider distribution prob-
ably due to the experimental conditions (Additional file 
7). This dataset of 153 samples was used to perform the 
GCN analysis with the BioNero package. The pre-pro-
cessing step allowed to obtain a dataset involving 21,276 
expressed genes, while 12,779 genes were discarded as 
the expression values were lower than the threshold. The 

Table 1 Number of the AGAAnnTTCTRGA and CGTTGACY 
binding motifs mapping in the promoters of E42 genome 
compared to the ones mapping on the whole genome, obtained 
with Intersectbed and ChIPseeker analyses, and their consensus
Tool Motifs 

position
AGAAnnTTC-
TRGA motifs 
(n)

CGTT-
GACY 
motifs 
(n)

scanMotifGenomeWide genome 705,726 778,739
Intersectbed promoters 31,156 33,951
ChIPseeker promoters 24,132 26,781
Consensus promoters 24,132 26,780
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Fig. 1 Plots of the GO enrichment analyses conducted on the E42 genes showing (A) AGAAnnTTCTRGA and (B) CGTTGACY binding motifs in the 
promoters
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most suitable β power was 5 (Additional file 8) and when 
it was used to infer the GCN, 52 modules of genes were 
identified (Additional file 9). The honeydew module dis-
played the highest number of genes (5,262), followed by 
indianred2 (1,846) and cornsilk (1,648). In addition, 1,638 
genes were identified as hubs with high correlation in 
the different modules (Additional file 10). The honeydew 
module showed the highest number of hub genes (474), 
followed by cornsilk (162), green4 (130) and indianred2 
(127). Lastly, the GO enrichment analysis was carried out 
for all the 52 modules. Interestingly, the indianred2 mod-
ule was shown to include the following GO terms related 
to the response to HS: response to temperature stimulus, 
response to reactive oxygen species, response to hydro-
gen peroxide, response to heat, protein folding for the BP 
term; chaperone complex for the CC term; unfolded pro-
tein binding for the MF term (Fig. 2).

Selection of candidate genes for heat stress response
Results from HSE investigation and GCN analysis were 
finally merged, and 6,362 genes were identified, whose 
expression could influence the E42 thermotolerance. 
Among these, 25.4% of genes belong to the honeydew 
module and 8.9% to the indianred2 module, respectively 
(Additional file 11). This list was also combined with the 
list of 393 genes involved in the HS response in tomato, 
previously reported by Graci et al. [38], which included 
genes coding for TFs, Hsfs, Heat shock proteins (Hsps), 
flower-, pollen- and fruit set related genes. This com-
bined analysis produced a list of 82 heat-related genes 
(Additional file 12) that contain at least one HSE bind-
ing site in the promoter and belong to one of the 52 net-
works resulting from the GCN analysis. The list of these 
genes include 43 Hsps also showing LeHsp100, 12 TFs, 
one flower-, 24 pollen- and 2 fruit set-related genes. 

Fig. 2 Plot of the GO enrichment analyses of the indianred2 module identified with the GCN analysis
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Interestingly, 40% mapped on chromosome 2, 27% on 
chromosome 4, 22% on chromosome 7 and 11% on chro-
mosome 10.

Interactions among the highlighted 82 genes and heat-
related TFs were investigated in the 52 modules derived 
from the GCN analysis. Results showed that 21 out of 
82 genes did not interact with TFs (Additional file 13). 
Focusing on the association involving Hsfs, four of these 
(HsfA1c, HsfA3, HsfB2b and HsfC1) interacted with 15 
HS-related genes within the indianred2 module (Fig. 3A), 
including 13 Hsps and two GELPs, while six Hsfs 
(HsfA1a, HsfA1e and HsfA4a, HsfA4c, HsfB1 and HsfB5) 
interacted with 20 HS-related genes within the honeydew 
module (Fig. 3B), including nine Hsps, four GELPs, three 
cysteine-rich receptor-like protein kinases (CRKs) and 
one flower-related gene. Considering all the interactions 
between TFs and HS-related genes, these were found 
also in other seven modules, and 61 genes were identi-
fied since they carried one HSE motif on the promoter, 
belonged to one of the 52 modules and interacted with 
TFs. Most mapped on chromosomes 2 and 4 (40% and 
33%, respectively), while the others on chromosomes 7 
(17%) and 10 (10%).

In order to reduce the number of genes to be further 
investigated in the future, we focused on those showing 
variants highlighted by Graci et al. [17] with HIGH and/
or MODERATE impact in the gene coding regions and 
mapping in the most polymorphic regions in the genome 
of E42, which derive from the wild species S. pimpinel-
lifolium. This analysis allowed to narrow the number of 
genes to 13 (Table 2), all showing at least one polymor-
phism determining a MODERATE impact on the pro-
tein, whereas only in one case a polymorphism with a 
predicted HIGH impact was observed.

The list includes two Hsfs (HsfB3a and HsfA4b) pre-
senting one MODERATE mutation and positively inter-
acting with another TF, (HsfB3b for the HsfB3a and 
SlNAC1 for the HsfA4b); nine Hsps, among which the 
LeHSP100 that carries four MODERATE mutations, 

negatively interacts with HsfA1c and HsfA3 and posi-
tively interacts with HsfB2b and HsfC1; and two GELPs 
(SlGELP27 and SlGELP48) with one MODERATE muta-
tion and negatively interacting with their respective TFs. 
Even though these genes display HSE binding motifs in 
the promoters and polymorphisms in the gene coding 
regions, and interacts with TFs, they also interact with 
a high number of target genes also involved in the HS 
response. Focusing on the LeHsp100 gene, it belongs to 
the indianred2 module and presented a complex network 
that includes four Hsfs, 38 Hsps, three flower-related, 
seven pollen-related and one fruit set-related genes 
(Fig. 4).

The LeHsp100 gene carries one AGAAnnTTCTRGA 
and two CGTTGACY binding motifs in the promoter 
and interacts with four Hsfs that could regulate its 
response under high temperatures. As a whole, in the E42 
genotype, this gene showed a series of features that make 
it eligible as candidate gene in response to high tempera-
tures (Fig. 5).

Discussion
Tomato molecular response to HS is orchestrated by a 
complex network of Hsfs, which play a pivotal role in HS 
signalling and regulate the expression of several stress-
responsive genes [39, 40]. When plants are exposed to 
high temperatures, the Hsfs, known to be the central 
regulators of the HS response, regulate the expression 
of numerous heat shock protein-encoding genes (Hsps) 
and other targets at the transcriptional level by recogniz-
ing conserved binding motifs such as HSEs found in the 
promoter regions, thus allowing the plant to withstand 
the stress. These genes are essential in maintaining plant 
homeostasis under stress conditions and their main func-
tions involve protein folding, unfolding and transport 
[41–43]. GCN analyses were applied in a high number of 
studies to identify key genes for specific plant traits. Most 
of these works focused on transcriptomic analyses of 
plants of interest performed on a low number of samples 

Fig. 3 (A) Indianred2 and (B) honeydew networks showing interactions among heat-related genes containing AGAAnnTTCTRGA and/or CGTTGACY 
binding motifs in the promoters and TFs for HS response. Red edges refer to negative weight values of interaction, while blue edges refer to positive 
interactions
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or tissues, and allowed to identify key genes and regula-
tory pathways only on the bases of RNA data [44–46]. In 
some cases, the authors integrated promoter informa-
tion of binding motifs from already available databases 

[47]. In the present work, due to the multiple molecu-
lar aspects of thermotolerance, we proposed a stepwise 
approach exploring genomic and transcriptomic data 
to reduce the number of genes to be further utilized in 
the future. This approach will be useful to elucidate the 
molecular response to high temperature conditions of 
the heat tolerant E42 genotype, and to identify candidate 
genes valuable for breeding programs. In this regard, we 
exploited bioinformatic tools in the following stepwise 
procedure: (I) detecting the presence of HSE binding sites 
in the promoter of genes of the genotype; (II) determin-
ing the interactions of genes involved in the response to 
HS; (III) picking up genes related to HS reported in a pre-
vious work by Graci et al. [38] among those deriving from 
steps I and II; (IV) finding those of step III that interact 
with Hsfs; (V) evidencing the presence of polymorphisms 
in the gene coding regions of HS-related genes so identi-
fied (Fig. 6).

As for the first aspect, in accordance with the findings 
of Arce et al. [18] and Hichri et al. [19], the AGAAnnTTC-
TRGA and CGTTGACY binding motifs were identified 
along the whole E42 genome sequence, focusing on the 
promoter regions. Results showed that 11,032 genes in 
the E42 genotype presented the AGAAnnTTCTRGA 
and/or CGTTGACY motif sequences. Not only the pres-
ence or absence of HSEs, but also their number in the 
promoters could affect the regulation of genes under HS. 
However, the contribution of the number of the bind-
ing sites in the promoter on the regulation of the gene 
expression remains not fully understood.  The second 
point of our research focused on the interaction of genes 
[48–50]. In this context, weighted GCN analysis is a bio-
informatic application for exploring the relationships 
between different gene clusters (modules). This method 
allows to study the correlation patterns between genes 
and provides straightforward biologically functional 
interpretations of gene network modules [51]. In order to 
highlight the HS-related gene interactions and integrate 
this information with those retrieved from the identifica-
tion of HSE binding motifs in the promoter, GCN analy-
sis was conducted by using RNA-seq data retrieved from 
153 RNA samples extracted from four tomato tissues. 
The list of genes combining the presence of HSE motifs 
and belonging to one of the 52 gene networks resulted in 
6,363 genes. Moreover, in the third step of our approach, 
82 genes related to the HS response according to Graci 
and Barone [38] were identified from the list of 6,363 
genes deriving from the combination of genes obtained 
from steps I and II. In that previous work, several genes 
influencing final yield in tomato plants have been identi-
fied, such as TFs, Hsps, genes related to flower, flowering, 
pollen and fruit set, and epigenetic mechanisms involv-
ing DNA methylation, histone modification, chromatin 
remodeling and non-coding RNAs. From the position 

Table 2 List of the 13 heat related genes showing 
AGAAnnTTCTRGA and/or CGTTGACY binding motifs in the 
promoters, presenting HIGH and/or MODERATE variants in the 
gene sequences and also interacting with TFs for HS response. 
Data regarding impact of variants were retrieved from Graci et al. 
[17]
Gene ID Gene 

name
HIGH 
impact

MOD-
ERATE 
impact

Module TFs 
interaction

Soly-
c02g088610

SlHsp100-
1 / 
LeHsp100

0 4 indi-
anred2

HsfA1c, 
HsfA3, 
HsfB2b, 
HsfC1

Soly-
c02g093600

CI-sHSP 1 2 choco-
late3

HsfA6b, 
HsfA2

Soly-
c04g016000

HsfB3a 0 1 brown1 HsfB3b

Soly-
c04g016410

SlHsp40-
45

0 5 cornsilk MBF1c

Soly-
c04g024840

SlGELP27 0 1 light-
sky-
blue2

SlbZIP10

Soly-
c04g077430

SlHsp40-
49

0 2 honey-
dew

HsfA1a, 
HafA1e, 
HsfA4a, Hs-
fA4c, HsfB1, 
HsfB5

Soly-
c07g005820

SlHsp70-
14

0 1 honey-
dew

HsfA1a, 
HafA1e, 
HsfA4a, Hs-
fA4c, HsfB1, 
HsfB5

Soly-
c07g026810

SlHsp40-
73

0 2 honey-
dew

HsfA1a, 
HafA1e, 
HsfA4a, Hs-
fA4c, HsfB1, 
HsfB5

Soly-
c07g047690

SlHsp40-
74

0 3 grey SlWRKY3

Soly-
c07g049440

SlGELP48 0 1 honey-
dew

HsfA1a, 
HafA1e, 
HsfA4a, Hs-
fA4c, HsfB1, 
HsfB5

Soly-
c07g055710

HsfA4b 0 1 medi-
um-
purple2

SlNAC1

Soly-
c07g055720

CVII-sHSP 0 1 honey-
dew

HsfA1a, 
HafA1e, 
HsfA4a, Hs-
fA4c, HsfB1, 
HsfB5

Soly-
c07g066290

SlHsp40-
79

0 1 green4 SlbZIP32, 
SlbZIP33, 
HsfA9
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Fig. 5 Graphic representation of the genomic features of the LeHsp100 gene in response to high temperatures. Blue and green boxes represent exons 
and introns, respectively, and orange and grey boxes represent UTRs and promoter regions (Figure modified from Solgenomics, www.solgenomics.net)

 

Fig. 4 LeHsp100 network showing interactions among heat-related genes. Red edges refer to negative weight values of interaction, while blue edges 
refer to positive interactions

 

http://www.solgenomics.net
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on tomato chromosomes of the 393 genes so described, 
some hotspots of genes potentially affecting the response 
to HS were identified, often co-localizing with QTLs, 
such as those for stigma exertion, numbers of flowers, 
numbers of fruits [52–55]. In the fourth step, these 82 
genes were investigated for the Hsfs interactions within 
the network they belong to, and consequently the list of 
genes was narrowed to 61. Indeed, Hsfs play a key role 
by detecting stress signaling and regulating the expres-
sion of several stress-responsive genes under HS by the 
binding with HSEs distributed in the promoter regions of 
the targeted genes [38, 39]. The final aspect of our work 
aimed at identifying genes with polymorphisms affecting 
the translated protein, since not only a differential gene 
expression could affect the mechanism of HS response 
of the E42 genotype, but also the presence of polymor-
phisms in the gene coding sequence, which change the 
amino acid sequence of the protein and probably its 
function. In a previous work, Graci et al. [17] identified 
140 and 54 variants with HIGH and/or MODERATE 
impact on the translated protein by investigating the cod-
ing sequence of 246 heat- and 83 reproductive-related 
genes, respectively, in the E42 genotype. Among the list 
of 61 HS-related genes exhibiting the AGAAnnTTC-
TRGA and/or CGTTGACY motif sequences and belong-
ing to one of the 52 modules, 13 showed variants with 
HIGH and/or MODERATE impact. These SNP and 
InDel variations could potentially contribute to altering 
the protein function thus enhancing or decreasing the 
HS response of E42. In accordance with these outcomes, 
Garg et al. [56] found one SNP in the sequence of the 
HSP16.9 between a heat tolerant and heat susceptible 
wheat genotypes, resulting in a missense mutation. This 
SNP contributed 29.89% phenotypic variation for grain 
weight per spike. The authors provided the first report of 
HSP-derived SNP marker that can be used for improv-
ing tolerance to high temperatures in wheat breeding 
programs. However, thermotolerance is a quantitative 
trait that involves a high number of genes, and we should 
expect that a single molecular marker contributes little to 
improving its response. Hence, it is crucial to incorporate 

several SNPs associated to various QTLs involved in the 
HS response [57–60].

Finally, the combination of the results obtained by 
investigating the already mentioned five aspects of the 
present work allowed to extract a list of 13 genes that 
could be directly involved in the E42 molecular response 
to HS. All these genes showed the AGAAnnTTCTRGA 
and/or CGTTGACY binding motifs in the promoter 
and were found to interact with at least one TF involved 
in the HS response through the GCN analysis. Basi-
cally, these results suggest that TFs could bind the HSE 
sequences in the promoters of the 13 genes thus regulat-
ing their expression, and that at the same time SNP or 
INDEL variations could also change their protein func-
tion. Moreover, alterations in the expression of these 
genes caused by polymorphisms in the promoters or gene 
coding sequence may significantly affect the regulation of 
target genes, thereby influencing the whole network and 
consequently the HS plant response.

Among the 13 genes highlighted in this work, the 
LeHsp100 was the only belonging to the indianred2 mod-
ule, the most enriched in the HS response, and could be 
the most interesting for future application in breeding 
programs. Yang et al. [61] provided the first example that 
the induction of the chloroplast LeHSP100 gene con-
tributes to the acquisition of thermotolerance in tomato 
plants. Indeed, both transcript and protein LeHSP100 
sequences were induced by increasing temperatures 
while were not detected under normal growth condi-
tions. In addition, Gul et al. [41] also investigated the 
role of the LeHSP100 gene. They analyzed the expression 
levels in leaves of five-week-old tomato seedlings follow-
ing exposure to HS (45 °C) and control (25 °C) and they 
found that the LeHSP100 gene was upregulated in all the 
tomato genotypes after the heat treatment, highlighting 
its key role in acquired thermotolerance. In the E42 geno-
type, this gene presents one AGAAnnTTCTRGA and two 
CGTTGACY motifs in the promoter that could be bound 
by four Hsfs, and four MODERATE polymorphisms in 
the coding region of the gene that will give a different 
protein that could modify the HS response. Additionally, 

Fig. 6 Schematic representation of the five steps of the adopted stepwise approach. The description of procedures and the number of genes highlighted 
for each of the five steps are reported
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it also interacts with several target genes such as Hsps, 
reproductive-related genes like Single Flower Truss 
(SFT), Falsiflora (FA), GELPs and PROCERA. Some of 
these genes also exhibited polymorphisms in the coding 
regions. Generally, SFT and FA work in parallel pathways 
to enhance the floral transition of the shoot apical meri-
stem, leading to the repression of the vegetative growth 
in tomato. In E42, the FA gene showed one missense vari-
ant in the gene with MODERATE impact on the protein. 
fa mutants convert many flowers in secondary buds and 
produce highly branched inflorescences [62, 63]. These 
mutants are unable to develop complete flowers and have 
a late flowering phenotype, increasing the number of 
leaves below the first and successive inflorescences [64]. 
Moreover, LeHsp100 also interact with other three Hsps 
(SlHsp40-105, SlHsp70-20 and SlHsp70-24) exhibiting 
missense variants in the gene coding sequence. Hsp40s 
are small chaperones mainly involved in a high number 
of essential cellular processes, including protein fold-
ing/unfolding, assembly/disassembly and degradation 
[65, 66]. On the other hand, the Hsp70 family play a key 
role in maintaining internal cell stability. Under control 
conditions, the binding between Hsp70/Hsp90 inhibits 
the activity of the HsfA1s, while exposure to high tem-
peratures triggers protein deformation/denaturation 
thus promoting the work of the master regulator [67]. 
The Hsp70 also acts as molecular chaperon and binds to 
denatured proteins to restore protein homeostasis inside 
the cell [67–69]. In addition to Hsfs and Hsps, the list of 
13 genes included two GEPLs (SlGELP27 and SlGELP48). 
This family contains many functional genes playing a cru-
cial role in the regulation of plant growth, morphogenesis 
of tissues and organs and plant response to stresses [70]. 
Studies conducted on Arabidopsis thaliana have shown 
that GELPs are also involved in pollen fertility. Tsugama 
et al. [71] reported that a knockout of one of these genes 
(GELP77) causes male sterility and failure of pollen sepa-
ration. Particularly, in the present work we found that the 
SlGEPL27 interacts with the SlbZIP10 TF. Although its 
role in tomato thermotolerance is not fully understood, 
Li et al. [72] studied the expression of 26 tomato bZIPs 
thus identifying three genes of this family (SlbZIP10, 
SlbZIP32 and SlbZIP33) that were up-regulated in leaf 
and root tissues under HS.

Conclusions
Plants tolerance to high temperatures is a quantita-
tive trait, thus determined by the action of many dif-
ferent genes. In this work, we expanded the knowledge 
on the molecular response to HS of the thermotolerant 
E42 genotype, recently published by Graci et al. [17], by 
investigating the molecular mechanisms through a pro-
moter analysis based on the identification of HSE binding 
sites on the E42 genome sequence. In addition, a GCN 

analysis carried out on transcriptomic RNA-seq tomato 
data highlighted interactions among heat-related genes. 
These results were combined with those obtained by 
Graci et al. [17] regarding the presence of variants in the 
gene coding sequences, thus obtaining a final list of 13 
candidate genes involving two Hsfs, nine Hsps and two 
GELPs. These genes present HSE binding motifs in the 
promoters, interact with Hsfs and heat-related genes and 
show variants with HIGH and/or MODERATE impact. 
Firstly, Hsfs interacting with target genes showing HSE 
binding sites in the promoters could enhance their regu-
lation and improve the HS response. Moreover, the pres-
ence of variants in the gene coding regions may lead to 
the translation of different proteins that could increase or 
decrease the thermotolerance by altering their functions 
and/or the regulation of downstream genes. Finally, tar-
get genes could also be affected by an altered regulation 
or by the presence of polymorphisms changing the pro-
tein that may induce changes in the networks thus affect-
ing the response mechanisms. These networks represent 
an excellent starting point by giving an overall represen-
tation of a high number of gene communications poten-
tially occurring in E42 when considering different plant 
and fruit tissues. In future, the differential expression 
levels of the selected genes under various HS conditions 
will be assessed in order to understand their function and 
validate the molecular response mechanisms of the E42 
genotype, also through the application of the genome 
editing approach.

Abbreviations
BP  Biological Process
CC  Cellular Component
CRK  Cysteine-Rich receptor-like protein Kinases
GBS  Genotyping-By-Sequencing
GCN  Gene Co-expression Network
GELP  GDSL esterase/lipase
GEO  Gene Expression Omnibus
GO  Gene Ontology
HS  Heat Stress
HSE  Heat Stress Element
Hsf  Heat stress transcriptional factor
Hsp  Heat shock protein
InDel  Insertion and/or Deletion
MF  Molecular Function
QTL  Quantitative Trait Loci
PCA  Principal Component Analysis
PWM  Positional Weight Matrix
RNA-seq  RNA sequencing
sHSP  small Heat shock protein
SNP  Single Nucleotide Polymorphism
TF  Transcriptional Factor
VCF  Variant Calling Format

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12864-024-10393-0.

Supplementary Material 1

Supplementary Material 2

https://doi.org/10.1186/s12864-024-10393-0
https://doi.org/10.1186/s12864-024-10393-0


Page 12 of 13Graci et al. BMC Genomics          (2024) 25:509 

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

Supplementary Material 7

Supplementary Material 8

Supplementary Material 9

Supplementary Material 10

Supplementary Material 11

Supplementary Material 12

Supplementary Material 13

Acknowledgements
Not applicable.

Author contributions
AB and SG contributed to conception and design of the study. SG and RAC 
organized the datasets and conducted the analyses. SG, RAC, and AB wrote 
and revised the first draft of the manuscript. AB provided financial support 
for this publication. All authors contributed to manuscript revision, read, and 
approved the submitted version.

Funding
The author(s) declare financial support was received for the research, 
authorship, and/or publication of this article. This study was carried out 
within the Agritech National Research Center and received funding from the 
European Union Next-Generation EU (Piano Nazionale di Ripresa e Resilienza 
(PNRR)—Missione 4 Componente 2, Investimento 1.4–D.D. 1032 17/06/2022, 
CN00000022).

Data availability
The datasets analyzed during the current study are publicly available in 
the NCBI Sequence Read Archive under accession numbers GSE163914, 
GSE152620, GSE199011 and GSE148217. The E42 resequencing data used 
and analyzed during the current study are available from the corresponding 
author on request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 6 February 2024 / Accepted: 8 May 2024

References
1. Bita CE, Gerats T. Plant tolerance to high temperature in a changing environ-

ment: scientific fundamentals and production of heat stress-tolerant crops. 
Front Plant Sci. 2013;4:273.

2. Masson-Delmotte VP, Zhai P, Pirani SL, Connors C, Péan S, Berger N, Ipcc et 
al. 2021: Summary for policymakers. In: Climate change 2021: The physical 
science basis. Contribution of working group I to the sixth assessment report 
of the intergovernmental panel on climate change. 2021, 2(1), 2391.

3. Iizumi T, Shiogama H, Imada Y, Hanasaki N, Takikawa H, Nishimori M. Crop 
production losses associated with anthropogenic climate change for 1981–
2010 compared with preindustrial levels. Int J Climatol. 2018;38:5405–17.

4. Wahid A, Gelani S, Ashraf M, Foolad MR. Heat tolerance in plants: an overview. 
Environ Exp Bot. 2007;61:199–223.

5. Alsamir M, Mahmood T, Trethowan R, Ahmad N. An overview of heat stress in 
tomato (Solanum lycopersicum L). Saudi J Biol Sci. 2021;28:1654–63.

6. Moore CE, Meacham-Hensold K, Lemonnier P, Slattery RA, Benjamin C, Ber-
nacchi CJ, et al. The effect of increasing temperature on crop photosynthesis: 
from enzymes to ecosystems. J Exp Bot. 2021;72:2822–44.

7. Xiong W, Reynolds M, Xu Y. Climate change challenges plant breeding. Curr 
Opin Plant Biol. 2022;70:102308.

8. Olivieri F, Calafiore R, Francesca S, Schettini C, Chiaiese P, Rigano MM, et al. 
High-throughput genotyping of resilient tomato landraces to detect can-
didate genes involved in the response to high temperatures. Genes (Basel). 
2020;11:626.

9. Cappetta E, Andolfo G, Guadagno A, Di Matteo A, Barone A, Frusciante L et al. 
Tomato genomic prediction for good performance under high-temperature 
and identification of loci involved in thermotolerance response. Hortic Res. 
2021;8.

10. Bineau E, Diouf I, Carretero Y, Duboscq R, Bitton F, Djari A, et al. Genetic diver-
sity of tomato response to heat stress at the QTL and transcriptome levels. 
Plant J. 2021;107:1213–27.

11. Alsamir M, Ahmad N, Arief V, Mahmood T, Trethowan R. Phenotypic diversity 
and marker-trait association studies under heat stress in tomato (Solanum 
lycopersicum L). Aust J Crop Sci. 2019;13:578–87.

12. Fragkostefanakis S, Mesihovic A, Simm S, Paupière MJ, Hu Y, Paul P, et al. HsfA2 
controls the activity of developmentally and stress-regulated heat stress 
protection mechanisms in tomato male reproductive tissues. Plant Physiol. 
2016;170:2461–77.

13. Rao S, Das JR, Mathur S. Exploring the master regulator heat stress transcrip-
tion factor HSFA1a-mediated transcriptional cascade of HSFs in the heat 
stress response of tomato. J Plant Biochem Biotechnol. 2021;30:878–88.

14. Stark R, Grzelak M, Hadfield J. RNA sequencing: the teenage years. Nat Rev 
Genet. 2019;20:631–56.

15. Rapaport F, Khanin R, Liang Y, Pirun M, Krek A, Zumbo P, et al. Comprehensive 
evaluation of differential gene expression analysis methods for RNA-seq data. 
Genome Biol. 2013;14:3158.

16. Zhao W, Langfelder P, Fuller T, Dong J, Li A, Hovarth S. Weighted gene coex-
pression network analysis: state of the art. J Biopharm Stat. 2010;20:281–300.

17. Graci S, Ruggieri V, Francesca S, Rigano MM, Barone A. Genomic insights into 
the origin of a thermotolerant tomato line and identification of candidate 
genes for heat stress. Genes (Basel). 2023;14:535.

18. Arce D, Spetale F, Krsticevic F, Cacchiarelli P, Rivas L, De J, et al. Regulatory 
motifs found in the small heat shock protein (sHSP) gene family in tomato. 
BMC Genomics. 2018;19:1–7.

19. & Lutts, S. (2017). The Solanum lycopersicum WRKY3 transcription factor 
SlWRKY3 is involved in salt stress tolerance in tomato. Frontiers in Plant Sci-
ence, 8, 283400.

20. Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, et al. Twelve 
years of SAMtools and BCFtools. Gigascience. 2021;10:giab008.

21. Shumate A, Salzberg SL. Liftoff: accurate mapping of gene annotations. 
Bioinformatics. 2021;37:1639–43.

22. Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple 
combinations of lineage-determining transcription factors prime cis-
regulatory elements required for macrophage and B cell identities. Mol Cell. 
2010;38:576–89.

23. Quinlan AR. BEDTools: the swiss-army tool for genome feature analysis. Curr 
Protocols Bioinf. 2014;47:11–2.

24. Wang Q, Li M, Wu T, Zhan L, Li L, Chen M, et al. Exploring epigenomic datasets 
by ChIPseeker. Curr Protocols. 2022;2:e585.

25. Yu G, Wang L-G, He Q-Y. ChIPseeker: an R/Bioconductor package for 
ChIP peak annotation, comparison and visualization. Bioinformatics. 
2015;31:2382–3.

26. Lawrence M, Huber W, Pagès H, Aboyoun P, Carlson M, Gentleman R, et al. 
Software for computing and annotating genomic ranges. PLoS Comput Biol. 
2013;9:e1003118.

27. Alexa A, Rahnenführer J. Gene set enrichment analysis with topGO. Biocon-
ductor Improv. 2009;27:1–26.

28. Törönen P, Holm L. PANNZER—a practical tool for protein function prediction. 
Protein Sci. 2022;31:118–28.



Page 13 of 13Graci et al. BMC Genomics          (2024) 25:509 

29. Andrews S. FastQC: a quality control tool for high throughput sequence data. 
2010, 370.

30. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics. 2014;30:2114–20.

31. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: 
ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29:15–21.

32. García-Alcalde F, Okonechnikov K, Carbonell J, Cruz LM, Götz S, Tarazona S, 
et al. Qualimap: evaluating next-generation sequencing alignment data. 
Bioinformatics. 2012;28:2678–9.

33. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose 
program for assigning sequence reads to genomic features. Bioinformatics. 
2014;30:923–30.

34. Rau A, Gallopin M, Celeux G, Jaffrézic F. Data-based filtering for replicated 
high-throughput transcriptome sequencing experiments. Bioinformatics. 
2013;29:2146–52.

35. Almeida-Silva F, Venancio TM. BioNERO: an all-in-one R/Bioconductor pack-
age for comprehensive and easy biological network reconstruction. Funct 
Integr Genom. 2022;22:131–6.

36. Love MI, Huber W, Anders S. Moderated estimation of Fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:1–21.

37. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: 
a software environment for integrated models of biomolecular interaction 
networks. Genome Res. 2003;13:2498–504.

38. Graci S, Barone A. Tomato plant response to heat stress: a focus on candidate 
genes for yield-related traits. Front Plant Sci. 2024;14:1245661.

39. Guo M, Liu J-H, Ma X, Luo D-X, Gong Z-H, Lu M-H. The plant heat stress 
transcription factors (HSFs): structure, regulation, and function in response to 
abiotic stresses. Front Plant Sci. 2016;7:114.

40. Rao S, Das JR, Balyan S, Verma R, Mathur S. Cultivar-biased regulation of 
HSFA7 and HSFB4a govern high-temperature tolerance in tomato. Planta. 
2022;255:31.

41. Gul S, Shah KN, Rana RM, Khan MA, El-Shehawi AM, Elseehy MM. Phyloge-
netic and expression dynamics of tomato ClpB/Hsp100 gene under heat 
stress. PLoS ONE. 2021;16:e0255847.

42. Khan S, Jabeen R, Deeba F, Waheed U, Khanum P, Iqbal N. Heat shock pro-
teins: classification, functions and expressions in plants during environmental 
stresses. J Bioresource Manage. 2021;8:9.

43. Sadura I, Libik-Konieczny M, Jurczyk B, Gruszka D, Janeczko A. HSP transcript 
and protein accumulation in brassinosteroid barley mutants acclimated to 
low and high temperatures. Int J Mol Sci. 2020;21:1889.

44. Wong DCJ, Gutierrez L, Gambetta R, G. A., Castellarin SD. Genome-wide analy-
sis of cis-regulatory element structure and discovery of motif-driven gene 
co-expression networks in grapevine. DNA Res. 2017;24(3):311–26.

45. Bizouerne, E., Buitink, J., Vu, B. L., Vu, J. L., Esteban, E., Pasha, A., ... & Leprince, 
O. (2021). Gene co-expression analysis of tomato seed maturation reveals 
tissue-specific regulatory networks and hubs associated with the acquisition 
of desiccation tolerance and seed vigour. BMC plant biology, 21, 1–23.

46. Vu, N. T., Kamiya, K., Fukushima, A., Hao, S., Ning, W., Ariizumi, T., ... & Kusano, 
M. (2019). Comparative co-expression network analysis extracts the SlHSP70 
gene affecting to shoot elongation of tomato. Plant Biotechnology, 36(3), 
143–153.

47. Abedini D, Rashidi Monfared S. Co-regulation analysis of co-expressed 
modules under cold and pathogen stress conditions in tomato. Mol Biol Rep. 
2018;45:335–45.

48. Keller M, Simm S. The coupling of transcriptome and proteome adapta-
tion during development and heat stress response of tomato pollen. BMC 
Genomics. 2018;19:1–20.

49. Hoshikawa K, Pham D, Ezura H, Schafleitner R, Nakashima K. Genetic and 
molecular mechanisms conferring heat stress tolerance in tomato plants. 
Front Plant Sci. 2021;12:786688.

50. Raja MM, Vijayalakshmi G, Naik ML, Basha PO, Sergeant K, Hausman JF, et 
al. Pollen development and function under heat stress: from effects to 
responses. Acta Physiol Plant. 2019;41:1–20.

51. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation 
network analysis. BMC Bioinformatics. 2008;9:1–13.

52. Bineau E, Diouf I, Carretero Y, Duboscq R, Bitton F, Djari A, Zouine M, Causse 
M. Genetic Diversity of Tomato Response to heat stress at the QTL and tran-
scriptome levels. Plant J. 2021;107:1213–27.

53. Gonzalo MJ, Li Y-C, Chen K-Y, Gil D, Montoro T, Nájera I, Baixauli C, Granell A, 
Monforte AJ. Genetic Control of Reproductive Traits in Tomatoes under High 
Temperature. Front Plant Sci. 2020;11:326.

54. Wen J, Jiang F, Weng Y, Sun M, Shi X, Zhou Y, Yu L, Wu Z. Identification of 
heat-tolerance QTLs and high-temperature stress-responsive genes through 
conventional QTL mapping, QTL-Seq and RNA-Seq in Tomato. BMC Plant Biol. 
2019;19:1–17.

55. Zhang S, Yu H, Wang K, Zheng Z, Liu L, Xu M, Jiao Z, Li R, Liu X, Li J. Detection 
of major Loci Associated with the variation of 18 important agronomic 
traits between Solanum Pimpinellifolium and cultivated tomatoes. Plant J. 
2018;95:312–23.

56. Garg D, Sareen S, Dalal S, Tiwari R, Singh R. Heat shock protein based SNP 
marker for terminal heat stress in wheat (triticum aestivum L). Aust J Crop Sci. 
2012;6:1516–21.

57. Gonzalo MJ, Li Y-C, Chen K-Y, Gil D, Montoro T, Nájera I, et al. Genetic control 
of reproductive traits in tomatoes under high temperature. Front Plant Sci. 
2020;11:326.

58. Wen J, Jiang F, Weng Y, Sun M, Shi X, Zhou Y, et al. Identification of heat-
tolerance QTLs and high-temperature stress-responsive genes through 
conventional QTL mapping, QTL-seq and RNA-seq in tomato. BMC Plant Biol. 
2019;19:1–17.

59. Xu J, Driedonks N, Rutten MJM, Vriezen WH, de Boer G-J, Rieu I. Mapping 
quantitative trait loci for heat tolerance of reproductive traits in tomato 
(Solanum lycopersicum). Mol Breeding. 2017;37:1–9.

60. Zhang S, Yu H, Wang K, Zheng Z, Liu L, Xu M, et al. Detection of major loci 
associated with the variation of 18 important agronomic traits between 
Solanum pimpinellifolium and cultivated tomatoes. Plant J. 2018;95:312–23.

61. Yang J, Sun Y, Sun A, Yi S, Qin J, Li M, et al. The involvement of chloroplast 
HSP100/ClpB in the acquired thermotolerance in tomato. Plant Mol Biol. 
2006;62:385–95.

62. Molinero-Rosales N, Jamilena M, Zurita S, Gómez P, Capel J, Lozano R. FALSI-
FLORA, the tomato orthologue of FLORICAULA and LEAFY, controls flowering 
time and floral meristem identity. Plant J. 1999;20:685–93.

63. Zheng H, Kawabata S. Identification and validation of new alleles of FALSI-
FLORA and COMPOUND INFLORESCENCE genes controlling the number of 
branches in tomato inflorescence. Int J Mol Sci. 2017;18:1572.

64. Yang Y, Yang H, Tan Y, Zhao T, Xu X, Li J, et al. Comparative genome analysis 
of genes regulating compound inflorescences in tomato. Int J Mol Sci. 
2021;22:12548.

65. Craig EA, Huang P, Aron R, Andrew A. The diverse roles of J-proteins, the 
obligate Hsp70 co-chaperone. 2006. Reviews of physiology, biochemistry 
and pharmacology, 1–21.

66. Hennessy F, Nicoll WS, Zimmermann R, Cheetham ME, Blatch GL. Not all J 
domains are created equal: implications for the specificity of Hsp40–Hsp70 
interactions. Protein Sci. 2005;14:1697–709.

67. Andrási N, Pettkó-Szandtner A, Szabados L. Diversity of plant heat shock fac-
tors: regulation, interactions, and functions. J Exp Bot. 2021;72:1558–75.

68. Jacob P, Hirt H, Bendahmane A. The heat-shock protein/chaperone network 
and multiple stress resistance. Plant Biotechnol J. 2017;15:405–14.

69. Scharf K-D, Berberich T, Ebersberger I, Nover L. The plant heat stress transcrip-
tion factor (hsf ) family: structure, function and evolution. Biochim et Biophys 
Acta (BBA)-Gene Regul Mech. 2012;1819:104–19.

70. SunY, He Y, Wang H, Jiag J, Yang H, Xu X. Genome-wide identification and 
expression analysis of GDSL esterase/lipase genes in tomato. J Integr Agric. 
2022;21:389–406.

71. Tsugama D, Fujino K, Liu S, Takano T. A GDSL-type esterase/lipase gene, 
GELP77, is necessary for pollen dissociation and fertility in Arabidopsis. 
Biochem Biophys Res Commun. 2020;526:1036–41.

72. Li D, Fu F, Zhang H, Song F. Genome-wide systematic characterization of the 
bZIP transcriptional factor family in tomato (Solanum lycopersicum L). BMC 
Genomics. 2015;16:1–18.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Exploring the gene expression network involved in the heat stress response of a thermotolerant tomato genotype
	Abstract
	Background
	Methods
	Data collection
	Promoter binding motifs investigation
	Read mapping and transcript quantification
	Gene co-expression network analysis

	Results


