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Abstract

Heat shock transcription factors (HSFs) act as
transcriptional regulators that mediate the defense
responses against heat stress. Castanea dentata
plays a major role in sustaining forest and landscape
ecosystems and also exhibits medicinal properties.
In this study, we identified 23 CadenHSFs genes
from the genome of C. dentata. In silico approaches
were employed to analyze gene structure,
conserved domains, chromosomal locations, motif
organization, comparative evolutionary analyses,
synteny analyses, subcellular localization, and
cis-regulatory element analysis. Cis-regulatory
element analysis revealed that the promoters
of CadenHSFs genes are associated with stress
responses, light signaling, hormone pathways, and
developmental processes. Phylogenetic analysis
of the predicted HSF proteins from C. dentata,
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Arabidopsis thaliana, and Vitis vinifera showed
that the 23 CadenHSFs genes were classified into
seven distinct subgroups and three main classes (A,
B, and C). Analyses of conserved domains, motifs,
and gene structure indicated that these proteins
share conserved characteristics within each group
while displaying distinct features between groups.
Synteny analysis identified both duplication
events (including tandem repeats and segmental
duplications). In silico subcellular localization
results demonstrated that most CadenHSFs proteins
were predominately localized in the nucleus. Our
findings provide a robust foundation for further
functional characterization of CadenHSFs genes and
the genetic improvement of C. dentata.
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1 Introduction

Abiotic stresses such as cold, salt, heat, and drought
cause adverse impact on the development and
growth of plants, leading to significant reductions
in crop yield [1]. Heat stress in particular disrupts
carbohydrate metabolism and storage processes in
sensitive crops, further compromising yield quality [2].
Global warming also poses a worldwide risk to various
crops. Severe heat stress causes cellular damage and
eventually leads to the death of the cell [3]. Heat stress
can cause many reactive oxygen species to rise in plant
cells and denature many proteins that are sensitive to
heat [4]. Therefore, it is highly crucial to enhance the
heat resistance of crops via molecular manipulation.

Heat-shock reaction is a temporary reprogramming
of cellular activities, characterized by increased
expression of heat shock proteins (Hsps). HSPs
assemble in a dosage-dependent manner to save cells
and impart an increased level of thermotolerance. The
primary families of stress proteins found in nearly
all species are HSP60, HSP70, HSP90, HSP100, and
tiny Hsps, each of which has a few members. The
coordinated induction of these chaperone families is
tightly regulated at the transcriptional level in response
to proteotoxic signals [5].

For the first time, the HSF gene was found in yeast [6].
Now the HSF gene family has been comprehensively
categorized in a lot of species, including Chinese
cabbage, Arabidopsis, pepper, Triticum aestivum, maize,
rice, and grasses [4, 7]. Furthermore, HSFs have been
widely analyzed in tomato [8]. HSF gene families
differ notably in various plant species. In chickpea,
20 non-redundant genes encoding the HSF domain
were identified [7]. There are 25 members recognized
in Oryza sativa, 21 HSF members identified in the
model plant Arabidopsis thaliana, 26 members identified
in Glycine max, 56 members identified in Triticum
aestivum, 25 members identified in Zea mays [8-12],
and 35 members identified in carrot [13]. The
largest HSF gene family till now, with 64 HSFs, has
been identified in Brassica napus [14].

Their nuts or seeds provide essential nutrition for
animals as well as humans. The chromosome-level
genome assembly of Castanea species has further
revealed conserved chromosomal segments and
provided a genomic foundation for studying their
biological traits [15]. The wood of chestnut is strong,
easy to split, has a strong grain, and is highly
resistant to decay [16]. Chestnuts also have healthcare
medicinal attributes, such as for the development

of gluten-free foods for diabetic patients or patients
with high cholesterol and celiac disease. They are
abundant in antioxidants and are often used as herbal
remedies that help prevent chronic diseases such as
cardiovascular issues and cancer [17]. They are a good
source of vitamin E, lipids, protein, starch, and amino
acids [18].

In this study, bioinformatics approaches were fully
employed to understand the key information of the
heat shock transcription gene family in Castanea,
including gene structure, phylogenetic analysis,
domain and motif analysis, chromosome location,
synteny analysis, subcellular localization, and
cis-regulatory elements. Therefore, the results of this
study provide valuable insights for heat-resistant crop
development (Figure 1).

2 Materials and Methods

2.1 Sequence data retrieval

All protein sequences of Arabidopsis thaliana were
retrieved from the Plant Transcription Factor Database
(PlantTFDB v5.0, http:/planttfdb.gao-lab.org/). Genome
tiles for Castanea spp. were downloaded from
the Phytozome database (Phytozome v13, https:/
phytozome-next.jgi.doe.gov/). To identify candidate
CadenHSFs proteins, protein—protein BLAST (BLASTP)
searches were performed against the Castanea
protein dataset in Phytozome, using Arabidopsis HSF
protein sequences as queries with the following
parameters: E-value < le-5, identity > 30%, query
coverage > 50%, and default BLOSUMS62 substitution
matrix. Sequences with significant matches to
the corresponding Arabidopsis HSF proteins were
retained as candidate CadenHSFs members. The
physicochemical properties of all identified CadenHSFs
proteins—including protein length, molecular weight,
theoretical isoelectric point (pl), aliphatic index, and
grand average of hydropathicity (GRAVY) were
computed and analyzed using the ExPASy server
(v2025, https:/www.expasy.org/).

2.2 Gene structure and Chromosome location
analysis

To characterize the gene structures of all identified
CadenHSFs genes, the Gene Structure Display Server
2.0 (GSDS 2.0, http://gsds.cbi.pku.edu.cn/) was employed.
Coding sequences (CDS) were used to generate and
visualize exon-intron architectures, as previously
described [19]. Basic genomic information, including
chromosome length and the start and end positions of
CadenHSFs genes, was extracted from the Castanea
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Figure 1. A graphical abstract of integrated bioinformatics approaches of our study to identify the best candidates of
CadenHSFs genes in Castanea dentata. The pipeline includes gene identification using HSF domain profiles, phylogenetic
analysis, conserved motif analysis, chromosomal mapping, synteny and duplication analysis, gene structure, subcellular

localization prediction, and cis-regulatory element analysis.

reference genome annotation. Graphical visualization 2.3 Subcellular localization

of gene distributions was performed using TBtools The subcellular localization of the identified
(v1.120,  https://github.com/CJ-Chen/TBtools/releases) CadenHSFs proteins in Castanea dentata was predicted
based on GTF/GFF annotation files [20]. using WoLF PSORT (http:/wolfpsort.hgc.jp) [21], and

60


https://github.com/CJ-Chen/TBtools/releases
http://wolfpsort.hgc.jp

ICJK

Plant Innovation Journal

A Molecular weight (Kda)

70000
60000
50000
40000
30000
20000
10000
0

il e B . L SR A L B - T

AR R T R Y

m:ﬁgg:mu::mmmmm%mmwmmmmwm

‘AR EEEEREEREEEEEEEEEEEREE

A O e I I I B B O O A A B

LR

AL A T I 0 O A I T T R B S
1800
1600
1400
1200
1000
800
600
400
200
0

TRy ReeedunInEenRAKNER

o e e e b b b T R B R N G RN G R R R B

INEZODCOSd M nunuunaannna

E e e EE e e dDDEDNONODEONOEEZDEX

Tttt eece EEEEEEEEEEEEEE

SEAE AR AR A e R R YRR

~ JOUUU0U0U0UUUUUOQU

B Protein length (A.A)
600
500
400
300
200
100 ‘ I
0
SggYYELeaSHyAINOERAS Y
R R R R E LR L R R LR R R
¥ ¢ ¥ 9 9 @ 9 @ ¥ g £ g £ 8 £ 8 £ 2 £ 8 8 2 &8
mETET T T T EET OOV LY OLYYY YL OL W
33333333333 333333333313
- = CLuULLUUuULUULUULULUUOU
I[soelectric point (P1)
10
9
8
7
6
5
4
3
2
1
0
JegaYNeLRaeoNMIneERa Sy
PR et d b e MR R R R
R R R R R R R R R R R R R R
= e ssssssasdddOdCDHNEoENEDEECEEDD
SSsssSSssfnfanagunnnns
e b rEb e s R bR R
POLLLLUUUS885885S83838888¢

Figure 2. Physicochemical characteristics of CadenHSFs proteins in Castanea dentata. (A) Distribution of molecular
weights, indicating variation in protein size among CadenHSFs members. (B) Amino acid length distribution, reflecting
structural diversity within the gene family. (C) Coding sequence (CDS) length variation among CadenHSFs genes,
suggesting differences in gene architecture. (D) Isoelectric point (pI) distribution, showing the range of acidic to basic
proteins, which may influence protein stability and subcellular localization. Overall, these variations highlight the
structural diversity and potential functional specialization of CadenHSFs proteins.

CELLO v.2.5 (http:/cello.life.nctu.edu.tw/), with scores >
0.7 indicating high confidence [22].

2.4 Conserved domain and motif analysis

To analyze the functional domains of the identified
CadenHSFs proteins in Castanea dentata, redundant
sequences were first removed by discarding
incomplete structures, retaining only the longest
complete sequence for identical/highly similar
entries, excluding sequences with E-value > le-5
or low coverage, and removing 100% identical
domain duplicates. Conserved domain searches
were performed wusing CDD-Batch at NCBI
(https:/www.ncbi.nlm.nih.gov/), ~ which supports
integrated domain annotation from the Pfam

and SMART databases for reliable domain

verification. The domain architecture was
graphically visualized using TBtools (v1.119,
https://github.com/CJ-Chen/TBtools/releases). For

conserved motif analysis, the MEME Suite v4.11.1
(http:/meme-suite.org/tools/meme) was employed with
the following parameters: maximum number of motifs
= 10; optimum motif width = 1-50.

2.5 Comparative phylogenetic and synteny analysis

MEGA 12.1 (http:/www.megasoftware.net/) was used to
analyze the evolutionary relationships of CadenHSFs
genes with other plant species. A phylogenetic
tree was constructed using the Maximum Likelihood
method with 1000 bootstrap replicates and visualized
via iTOL. A dual synteny plot was generated with
MCScanX integrated in TBtools to identify orthologs
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of CadenHSFs in Arabidopsis thaliana and Vitis vinifera.

2.6 Cis-regulatory element analysis

To identify cis-regulatory elements of CadenHSFs
genes, the 1500-bp upstream sequences from the
translation start site were retrieved from Phytozome
(v13, https:/phytozome-next.jgi.doe.gov/).  Putative
cis-acting elements in the promoter regions were
predicted using the PlantCARE database (http:/bioi
nformatics.psb.ugent.be/webtools/plantcare/html/).

3 Results

3.1 Identification of CadenHSF family members in
Castanea

The amino acid sequences of the Arabidopsis conserved
HSF domain were used as queries for BLAST searches
against the Castanea dentata genome. In total, 23
non-redundant CadenHSFs genes were identified
and designated as CadenHSF-1 to CadenHSF-23
for subsequent analysis. Their physicochemical
properties were subsequently characterized (Figure 2),
with molecular weights ranged from 15551.6 Da
(CadenHSF-21) to 55739.32 Da (CadenHSF-22)
(Figure 2(A)).

Considerable variation was observed in the amino
acid sequence lengths, which ranged from 137
residues (CadenHSF-21) to 531 residues (CadenHSF-17)
(Figure 2(B)). The coding sequences (CDS) ranged
from 411 base pairs (CadenHSF-21) to 1593 base pairs
(CadenHSF-17) (Figure 2(C)). The isoelectric point
(PI), at which a molecule achieves electrical neutrality,
was recorded ranged from 4.70 (CadenHSF-19) to 9.51
(CadenHSF-21) (Figure 2(D)). Detailed information
of the predicted 23 CadenHSFs proteins is listed in
Table S1 (provided in Supplementary File 1).

3.2 Evolutionary relationship of CadenHSF

genes with other species

To investigate the evolutionary relationships of
HSF transcription factors across representative plant
species, a phylogenetic tree was constructed using HSF
protein sequences from Castanea dentata, Vitis vinifera,
and Arabidopsis thaliana (Figure 3). This phylogenetic
analysis aimed to identify orthologous genes among
these species and clarify their evolutionary divergence
and conservation. The phylogenetic tree was divided
into three major classes and further classified into
seven well-supported subclasses, designated HSF-I
to HSF-VII, reflecting the structural and functional
diversity of the HSF family (Figure 3). The topology
revealed close evolutionary relationships among HSF
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proteins from the three species, especially between
CadenHSF, AtHSF, and VVHSF proteins. These results
indicate that the HSF gene family is highly conserved
during plant evolution, supporting their essential roles
in plant growth, stress responses, and environmental
adaptation.
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Figure 3. Comparative phylogenetic analysis of HSF
proteins from Castanea dentata, Vitis vinifera, and Arabidopsis
thaliana. The maximum likelihood tree was constructed
with 1000 bootstrap replicates to infer evolutionary
relationships among HSF family members. CadenHSF
proteins are highlighted with green circles to distinguish
them from other species. The phylogenetic clustering
reveals the classification of HSF proteins into three major
classes (A, B, and C) and multiple subgroups, indicating a
conserved evolutionary pattern across species. The close
association of CadenHSFs with their homologs from A.
thaliana and V. vinifera suggests functional conservation
and shared evolutionary origin.

3.3 Genomic Localization,
Events, and Syntenic
CadenHSFs Genes

To determine the chromosomal distribution of
CadenHSFs genes, we analyzed genomic sequences
to accurately map their locations, with each
chromosome’s length expressed in megabases
(Mb).  Our findings revealed a highly uneven
distribution of CadenHSFs genes, which were detected
on all chromosomes of Castanea dentata (Figure 4(A)).
Notably, Chromosome 8 contained only one CadenHSF
gene, whereas Chromosomes 2 and 10 exhibited the
highest gene density, harboring the greatest number of
CadenHSF genes. Detailed chromosomal information

Gene Duplication
Relationships of
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for all 23 predicted CadenHSFs genes is provided in
Table S2 (see Supplementary File 1).

Orthologous gene pairs are critical for uncovering
evolutionary relationships among different plant
species, as recently demonstrated through comparative
genomic analyses of transcription factor families in
related species [23]. To further understand the
evolutionary dynamics of the predicted CadenHSFs
genes, we examined syntenic interactions between
Castanea dentata, Arabidopsis, and Vitis vinifera
(grapevine). In total, 16 homologous CadenHSFs gene
pairs were identified among the three species. These
results indicate that CadenHSFs genes originated from
a common ancestor and have undergone divergent
evolution across different plant lineages (Figure 4(B)).

A comprehensive synteny analysis was performed
on the entire Castanea dentata genome to investigate
the occurrence of CadenHSFs gene duplication events,
involving a detailed examination of the precise
chromosomal locations of these genes. It was observed
that genes belonging to the same subgroup are
not only distributed across multiple chromosomes
but also exhibit a high degree of linkage. This
distinct pattern strongly suggests that these genes
originated from segmental duplication events within
the Castanea dentata genome, providing insights into
their evolutionary history and genetic relationships
(Figure 4(B)). Notably, Chromosomes 2 and 10
exhibited the highest abundance of CadenHSFs
genes, each containing five copies. Chromosome 1
followed closely with four CadenHSFs genes, further
emphasizing its important contribution to the genomic
architecture of the HSF gene family.

Furthermore, our analysis revealed prominent gene
duplication events, which provide valuable insights
into the conserved evolutionary patterns of genes
within the Castanea dentata genome. Two major
duplication mechanisms were clearly distinguished:
tandem duplication, involving adjacent gene copies
on the same chromosome, and segmental duplication,
characterized by the duplication and integration of
larger chromosomal segments into other genomic
regions (Figure 4(C)).

3.4 Gene structure and Subcellular localization
analysis of CadenHSFs genes

The corresponding genomic DNA sequence has been
compared with the full-length complementary DNA
(cDNA) sequence to provide insights into the diversity

of CadenHSFs. The structure and number of exons
and introns are crucial for establishing evolutionary
relationships among distinct genes and reveal the
conservation of HSF genes in plants. The findings
suggest that the number of introns varies from one
to two, with only CadenHSF-1 and CadenHSF-20
containing two introns, as depicted in Figure 5(A).

To further examine where these genes are located in
the cell. We have conducted in silico sub-cellular
localization analysis. In silico sub-cellular localization
results showed that most of the predicted CadenHSFs
genes function in multiple organelles, with strong
nuclear localization consistent with their primary role
in transcriptional regulation. CadenHSFs members
were also detected in mitochondria, chloroplasts, and
plastids, whereas CadenHSF-17 was uniquely localized
to peroxisomes (Figure 5(B)).

3.5 Conserved motifs and functional domains of
CadenHSFs proteins in Castanea

The CadenHSFs family is systematically organized
into three distinct groups: Group A, Group B, and
Group C. Among these, Group A stands out as the
most extensive, containing a total of 15 unique HSFs
proteins, while Group B and Group C comprise fewer
members. To delve deeper into the characteristics of
these proteins, the MEME program was employed to
comprehensively identify and analyze ten conserved
motifs inherent to the CadenHSFs proteins (Figure 6(A
& C)). Notably, every protein within the CadenHSF
family exhibits a uniform HSF domain (Figure 6B),
underscoring a common structural feature.

Significantly, it was observed that CadenHSFs proteins
located within the same phylogenetic group display
analogous motif patterns. This similarity suggests
that the entire gene family strategically utilizes
these conserved motifs to fulfill specific functions
pertinent to each group (Figure 6(A)). Within Group
A, two notable categories are identified: the HSF
1 and the HSE-DNA-binding superfamily domains,
which collectively encompass between five and seven
motifs. However, CadenHSF-5 and CadenHSF-3
present a degree of complexity, featuring three motifs
while also incorporating additional domains classified
as the Bap31 superfamily and SPEC superfamily.
This complexity highlights the evolutionary diversity
and functional specialization within the CadenHSF
family. CadenHSF-19 exhibits additional domains,
specifically the bZIP superfamily and the SMC_pork_B
superfamily (Figure 6(B)).
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Figure 4. Genomic distribution and syntenic relationships of CadenHSFs genes in Castanea dentata. (A) Chromosomal
localization of CadenHSFs genes across all chromosomes, showing an uneven distribution with clustering in specific
regions, indicating possible duplication hotspots. Different colors represent gene groups classified based on phylogenetic
relationships. (B) Comparative synteny analysis of HSFs genes among C. dentata, Vitis vinifera, and Arabidopsis thaliana.
Orange bars represent C. dentata chromosomes, while green bars indicate chromosomes of A. thaliana and V. vinifera.
Gray lines denote conserved collinear blocks, and red lines highlight duplicated gene pairs. The observed syntenic
relationships suggest strong evolutionary conservation of HSF genes across species. (C) Intrachromosomal synteny of
CadenHSFs genes and their orthologous relationships with A. thaliana, where red lines represent duplicated and
orthologous gene pairs. These duplication patterns indicate that segmental duplication events have contributed to the
expansion and evolutionary diversification of the CadenHSF gene family.

3.6 Cis-Regulatory Elements in CadenHSFs

Promoter Regions

Cis-acting regulatory elements are key DNA
motifs that regulate gene expression by controlling
transcriptional activation or repression, and their
systematic identification in promoter regions has
proven informative for predicting stress-responsive
and hormone-regulated gene functions in plant
transcription factor families [24]. In the present
study, a total of 3,000 cis-regulatory elements were
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identified across the promoter regions of CadenHSFs
genes, representing a wide range of functional
categories. These elements are primarily associated
with responses to abiotic and biotic stresses, plant
development, and light-responsive processes.

Among these, several hormone-responsive elements
were prominently detected, including abscisic
acid-responsive elements (ABRE) and salicylic
acid-responsive elements (SARE), which are
known to play critical roles in stress tolerance



ICJK

Plant Innovation Journal

A
CadenHSF-1
CadenHSF-2
CadenHSF-3 ~ w=o =
CadenHSF-4
CadenHSF-5
CadenHSF-6
CadenHSF-7
CadenHSF-8
CadenHSF-9
CadenHSF-10
CadenHSF-11
CadenHSF-12
CadenHSF-13
CadenHSF-14
CadenHSF-15
CadenHSF-16
CadenHSF-17
CadenHSF-18
CadenHSF-19
CadenHSF-20
CadenHSF-21
CadenHSF-22
CadenHSF-23

CDS
[upstream/downstream
— Intron

- =
B % & &
% 4 1 2
» %i- 3) = Peroxisomes
-"% 3'4) Plastig
Mitr, .
£ ochondri
‘¢ 2 ('Mompla“ =
J}"‘x Cyto-Nuycy
g, Y ‘-- Nucleys
e, o -

ffg
5§ £
A

[

Figure 5. Gene structure and predicted subcellular localization of CadenHSF genes in Castanea dentata. (A) Exon—intron
organization of CadenHSFs, where yellow boxes represent coding sequences (CDS), blue boxes denote
upstream/downstream regions, and black lines indicate introns. Most CadenHSFs genes exhibit conserved exon—intron
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reflect functional diversification. (B) Predicted subcellular localization of CadenHSF proteins across different cellular
compartments. The heatmap indicates relative abundance, with purple representing high localization and pink low.
Most CadenHSFs show strong nuclear localization, consistent with their roles as transcription factors, while several
members also localize to mitochondria, chloroplasts, and peroxisomes, indicating potential involvement in
organelle-mediated stress signaling.

and defense signaling pathways. The presence
of these elements suggests that CadenHSFs genes
may mediate adaptive responses to environmental
stress through hormone-regulated pathways.
In addition, gibberellin-responsive elements
(GARE) were identified, indicating a potential
role of CadenHSFs in regulating plant growth and
developmental processes such as seed germination,
stem elongation, and flowering. The detection of
methyl jasmonate-responsive elements (MeJARE)
further highlights the involvement of these genes in
stress signaling and defense mechanisms. Moreover,
auxin-responsive elements (ARE) were observed
in several CadenHSFs promoters, with notable
enrichment in CadenHSF-5, CadenHSF-6, and
CadenHSF-13, suggesting their possible role in
growth regulation and developmental adaptation.
Overall, the diverse distribution of cis-regulatory
elements indicates that CadenHSFs genes are likely
regulated by multiple hormonal and environmental
signals, reflecting their potential involvement in
complex regulatory networks underlying plant

growth, development, and stress responses (Figure 7).

4 Discussion

Heat shock transcription factors constitute a crucial
regulatory network involved in plant responses to
environmental stresses, particularly heat and oxidative
stress. Although HSF gene families have been well
characterized in crop species and model plants like
Arabidopsis thaliana, their evolutionary dynamics and
functional potential in Castanea dentata are still mostly
unknown [25]. In this work, we present a thorough
genome-wide investigation of the CadenHSFs gene
family C. dentata to fill this knowledge gap. Compared
to Arabidopsis thaliana (21 members) and Vitis vinifera
(19 members), Castanea dentata showed moderate
expansion of this gene family, with 23 CadenHSFs genes
identified in this study. Such variation in gene number
is indicative of species-specific evolutionary paths that
are probably impacted by environmental adaptation
and genome duplication events. The classification of
CadenHSFs genes into three major classes (A, B, and
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Figure 6. Functional domain and conserved motif analysis of the CadenHSFs gene family in Castanea dentata. (A)
Distribution of 10 conserved motifs across 23 CadenHSFs proteins, organized according to phylogenetic relationships.
Colored bars represent distinct motifs, highlighting the conservation and diversity within each subgroup. (B) Functional
domain architecture of CadenHSFs proteins, where the color bar indicates conserved domains such as HSF. The presence
of additional domains such as Bap31, SPEC, and bZIP indicates that some CadenHSFs proteins may have evolved
specialized functions beyond canonical heat stress regulation. (C) Sequence logos of the 10 identified motifs, showing
the conserved amino acid positions and sequence variability.
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Figure 7. Cis-regulatory element analysis of CadenHSFs genes in Castanea dentata. Colored boxes indicate elements
associated with hormonal and environmental stress responses: ABRE (abscisic acid), GARE (gibberellic acid), SARE
(salicylic acid), MeJARE (methyl jasmonate), and ARE (auxin). The distribution of these elements across CadenHSFs
promoters suggests that these genes are likely regulated by multiple phytohormones and may play important roles in

coordinating plant responses to abiotic and biotic stresses. The diversity and abundance of cis-elements highlight

potential functional specialization among CadenHSFs family members in stress signaling and developmental processes.

C) and seven subgroups (Figure 3) is consistent with
the conserved structural and phylogenetic framework
reported across plant species [26, 27].

However, the diversification into multiple subgroups
suggests  potential  functional specialization,
particularly in stress responsiveness. The uneven
chromosomal distribution of CadenHSFs genes
(Figure 4(A)), with clustering on Chromosomes 2
and 10 and minimal representation on Chromosome 8,
indicates non-random genomic organization. Similar
patterns have been observed in Oryza sativa and Glycine
max, where gene family expansion is associated with
duplication hotspots [28]. Synteny analysis further
revealed conserved collinearity between C. dentata,
A. thaliana, and V. vinifera, suggesting that HSF genes
are evolutionarily conserved across dicot lineages
(Figure 4(B)). Segmental duplication appears to be
the primary mechanism driving HSF expansion in
C. dentata, which aligns with previous genome-wide
studies indicating that large-scale duplication events
contribute significantly to transcription factor family
expansion [29, 30]. In contrast, the limited role

of tandem duplication highlights divergence in
evolutionary mechanisms among plant species.

Gene structure analysis demonstrated conserved
exon—intron organization among most CadenHSFs,
supporting their evolutionary stability and functional
conservation (Figure 5(A)). Such conservation
has been widely linked to the maintenance of
transcriptional regulatory roles in plants [30-32].
Nonetheless, structural variations observed in certain
members may contribute to functional divergence.

The presence of the conserved HSF domain in all
proteins confirms their identity, while the occurrence
of additional domains, such as Bap31, SPEC, and
bZIP, indicates that some CadenHSFs members
may have evolved specialized functions beyond
canonical heat stress regulation. Bap31 domains
are implicated in protein folding and trafficking
under stress, potentially enhancing protein stability
during heat or oxidative stress [32, 33]. bZIP
domains enable these HSF proteins to interact with
other transcription factors and integrate hormonal
signals like ABA and SA, aligning with cis-element
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analyses showing hormone-responsive motifs [34—
36]. SPEC domains may facilitate protein-protein
interactions critical for transcriptional regulation
under diverse stress conditions [33]. Collectively,
these observations suggest that domain diversification
contributes to the functional specialization and
adaptive roles of CadenHSFs in Castanea dentata.
Similar domain architectures have been reported
to enhance transcriptional complexity and enable
cross-talk between signaling pathways [37].

Subcellular localization analysis revealed predominant
nuclear localization (Figure 5(B)), consistent with
the canonical role of HSFs as transcription factors
regulating stress-responsive genes [34]. However,
their additional localization in mitochondria
and chloroplasts suggests possible roles in
organelle-to-nucleus signaling pathways, which
are crucial during stress adaptation [37]. The
unique peroxisomal localization of CadenHSF-17
may indicate involvement in reactive oxygen species
(ROS)-mediated signaling, a key component of plant
stress responses [32].

Furthermore, the identification of cis-regulatory
elements (Figure 7), such as ABRE and SARE
motifs, underscores the involvement of CadenHSFs in
hormone-mediated stress responses. ABRE elements
are known to regulate abscisic acid (ABA)-dependent
pathways, while salicylic acid-responsive elements
(SARE) are associated with defense signaling [37].
This suggests that CadenHSFs may function as
integrators of multiple signaling pathways under
abiotic and biotic stress conditions. Recent studies
have also demonstrated that HSF genes play critical
roles in responses to drought, heat, and pathogens,
further supporting the functional significance of this
gene family [33, 34].

Overall, this study provides comprehensive insights
into the evolutionary dynamics, structural diversity,
and regulatory potential of the HSF gene family in
C. dentata, highlighting their crucial roles in plant
adaptation to environmental challenges.

5 Conclusion

Biotic and abiotic stresses pose significant threats
to C. dentata growth and yield at all developmental
stages. This study systematically identified 23
CadenHSFs genes and comprehensively analyzed
their functional domains, motifs, chromosomal
locations, intron-exon structures, and evolutionary
relationships.  Phylogenetic analysis successfully
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identified CadenHSFs orthologs and paralogs,
providing insights into their evolutionary origins and
potential functional conservation. The expression
of CadenHSFs genes across multiple organelles
(mitochondria, plastids, chloroplasts, peroxisome)
suggests their involvement in diverse cellular
processes beyond stress response. Collectively, these
findings establish a solid foundation for future
functional research on CadenHSFs genes, enhance
our understanding of thermotolerance mechanisms
in C. dentata, and serve as a milestone for further
investigations into the role of HSFs in mediating stress
adaptation and growth regulation in chestnuts.
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Appendix

Table S1. Genomic attributes of predicted CadenHSFs obtained from Phytozome and ExPASy server.

Table S2. Chromosomal information of predicted CadenHSFs, their start, end position obtained from Phytozome.

Protein

Molecular

Aliphatic

Transeript ID CDS (bp) length (A.A) weight (Kda) index GRAVY
Caden.01G004800.1 1185 395 44242 .54 77.94 -0.494
Caden.01G239500.1 1392 464 52848.41 79.29 -0.628
Caden.01G337100.1 1002 334 37144.02 68.5 -0.446
Caden.01G026900.1 1089 363 40750.02 69.2 -0.559
Caden.02G003600.2 1023 341 39342.16 7191 -0.794
Caden.02G003400.1 1098 366 41806.86 69.12 -0.78
Caden.02G122000.1 1467 489 54784.59 58.98 -0.861
Caden.02G191200.1 906 302 32787.2 61.83 -0.764
Caden.02G003700.1 837 279 32612.58 72.55 -0.888
Caden.03G117800.1 1170 390 45125.8 69.15 -0.776
Caden.05G154800.1 1179 393 44771.04 71.07 -0.698
Caden.05G122500.1 615 205 23720.97 69.36 -0.695
Caden.06G290800.1 1338 446 51170.08 69.46 -0.696
Caden.08G124200.1 828 276 32036.16 70.51 -0.641
Caden.09G053600.1 1554 518 58168.9 68.8 -0.645
Caden.09G209200.1 714 238 27531.34 71.14 -0.753
Caden.10G025500.1 1593 531 58306.8 64.91 -0.694
Caden.10G206100.1 1089 363 41151.51 63.26 -0.773
Caden.10G075500.1 1122 374 40404.52 69.2 -0.655
Caden.10G206100.3 1089 363 41430.04 62.98 -0.746
Caden.10G205900.1 411 137 15551.6 50.07 -0.735
Caden.12G113800.1 1518 506 55739.32 75.31 -0.528
Caden.12G074900.1 960 320 35941.98 68.78 -0.752

Gene name Chromosome Location-Start Location-End Chr. Length (bp)
CadenHSEF-1 Chr01 711461 716611 50373814
CadenHSF-2 Chr01 53232978 53235464 50375985
CadenHSF-3 Chr01 71126683 71128172 50371608
CadenHSF-4 Chr01 3844373 3846368 50376771
CadenHSF-5 Chr02 494356 497001 50386094
CadenHSF-6 Chr02 494356 497001 50386093
CadenHSF-7 Chr02 25289809 25292867 50384995
CadenHSF-8 Chr02 41724736 41728791 50384639
CadenHSF-9 Chr02 514593 517248 50385195
CadenHSF-10 Chr03 24903667 24909800 50370108
CadenHSF-11 Chr05 45766043 45771132 50393179
CadenHSF-12 Chr05 35108147 35110379 50393129
CadenHSF-13 Chr06 61538180 61542798 50388276
CadenHSF-14 Chr08 38932198 38933874 50366658
CadenHSF-15 Chr09 8772506 8776363 50399631
CadenHSF-16 Chr09 44083458 44085973 50398655
CadenHSF-17 Chr10 4451623 4457978 50405774
CadenHSF-18 Chr10 40065633 40070346 50407906
CadenHSEF-19 Chr10 15847216 15849747 50407142
CadenHSF-20 Chr10 40065633 40070346 50407908
CadenHSF-21 Chr10 40033293 40039590 50406536
CadenHSF-22 Chr12 20972918 20985225 50378538
CadenHSF-23 Chr12 12981747 12983158 50378857
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