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ABSTRACT

The heat shock factor (HSF) is crucial for plant
stress regulation. This study aimed to analyze the role and
characteristics of the HSF protein in Theobroma cacao L. The
assesment was carried out bioinformatically, consisting of
HSF identification in the cocoa genome, analysis of physical
properties, gene structure, motifs, and subcellular, phylogenetics
and chromosomal localization. A total of 26 HSF proteins
were identified, presenting a complete structure consisting of
exons and introns. The analysis of the TcHSF gene promoter
revealed several cis-acting elements that act on stress, such as
the responsive elements to anaerobiosis, abscisic acid, and low
temperature, as well as the myeloblastosis binding sequence.
Almost all TcHSF exhibited a strong degree of subcellular
localization in the nucleus. Cocoa phylogenetics showed that
ThecclEG037635t1 is in a clade with At5G54070, with a
bootstrap value of 90 %. The three best candidates (TcHSF-14,
TcHSF-24, and TcHSF-25) are recommended for further
functional analysis, due to their potential for increasing cocoa
value.

RESUMO

Analise da familia de genes do fator
de transcri¢ao de choque térmico em cacau

O fator de choque térmico (HSF) ¢ fundamental na
regulac@o do estresse em plantas. Objetivou-se analisar o papel
e as caracteristicas da proteina HSF em Theobroma cacao L.
A avaliac¢do foi realizada bioinformaticamente, consistindo na
identificagdo do HSF no genoma do cacau, andlise de propriedades
fisicas, estrutura génica, motivos e localizagdo subcelular,
filogenética e cromossomica. Um total de 26 proteinas HSF foram
identificadas, apresentando estrutura completa composta por éxons
e introns. A andlise do promotor génico TcHSF revelou varios
elementos cis-regulatorios que atuam na resposta ao estresse,
como os elementos responsivos a anaerobiose, ao acido abscisico
¢ a baixas temperaturas, bem como a sequéncia de liga¢do a
mieloblastose. Quase todos os TcHSF apresentaram forte grau de
localizagdo subcelular no nucleo. A filogenética do cacau mostrou
que Thecc1 EG037635t1 estd em um clado com At5G54070, com
valor bootstrap de 90 %. Os trés melhores candidatos (TcHSF-14,
TcHSF-24 ¢ TcHSF-25) sao recomendados para analise funcional
adicional, devido ao seu potencial para aumentar o valor do cacau.

KEYWORDS: Theobroma cacao L., abiotic stress,
structure.
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INTRODUCTION

Cocoa (Theobroma cacao L.) is a plant from
Amazonia that belongs to the Malvaceae family
(Nieves-Orduiia et al. 2023). Indonesia is the third
largest producer in the world, after Ivory Coast and
Ghana (Izzah & Damayanti 2023).

Its global demand is increasing annually and
reached 7.61 million tons in 2023 (Kongor et al.
2024). However, a decline in production has occurred
since 2022, when it was estimated at 706 thousand
tons, and has currently reached only 667.3 thousand

PALAVRAS-CHAVE: Theobroma cacao L., estresse abidtico,
estrutura génica.

tons (BPS 2025). This decline in production has been
caused by the impact of climate change, diseases, and
the current global macroeconomic outlook (Kehinde
2022). Drought, due to climate change, can reduce
yield; so, it is necessary to study the mechanisms and
gene regulation underlying drought stress.

The heat shock factor (HSF) plays a crucial
role in development and response of plants in
dealing with biotic and abiotic stresses, particularly
in plant stress tolerance and resistance through signal
transmission, regulation and gene expression (Zhang
et al. 2022). It is a gene transcription regulator that
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encodes heat shock protein to maintain protein
homeostasis (Akerfelt et al. 2010).

In plants, HSF has a broad spectrum that can
be induced under stress, including heat shock protein,
reactive-oxygen species mechanisms, chaperones,
and other enzymes involved in protective metabolic
reactions (Andrasi et al. 2021). It also has a structure
consisting of DNA-binding domain located in the
N-terminal region, an oligomerization domain, a
nuclear export signal, a nuclear localization signal,
and a C-terminal transcription activation domain (Guo
et al. 2016). The DNA-binding and oligomerization
domain are the most conserved parts of the structure
(Huang & Feng 2014). The DNA-binding domain will
recognize and bind the heat shock element motif on
the target gene promoter (Guo et al. 2016).

HSF can regulate cell homeostasis by regulating
gene expression and controlling the heat stress
response in the environment (Nishizawa-yokoi et al.
2011), and plays an important role in the biological
and abiotic stress response in plants. In addition, it
regulates the transcription of rapidly accumulated
heat shock proteins in plants under biotic and
abiotic stress to aid in protein folding, intracellular
distribution, and protein breakdown or inactivation
(Wang et al. 2024).

Plants have protection in response to
environmental stresses. The regulation is molecularly
adjusted by HSF with transduction signals associated
with heat stress in plants (Wang et al. 2012). The
first report on the role of HSF was conducted on
tomato plants under heat stress (Yang et al. 2016).
Some reports also show that HSF is involved in plant
stress responses, including cold stress, heat stress and
tolerance to salinity (Li et al. 2023).

The HSF protein not only controls plant growth
and development, but can also increase tolerance to
abiotic stress (Wang et al. 2024). Research on the
HSF protein in cocoa has not been conducted yet;
so, it is necessary to carry out genome and protein
analyses to elucidate the mechanism and role of
HSF in cocoa. Thus, this study aimed to analyze and
identify HSF proteins in 7. cacao, which play a role
in heat stress, through in-silico analysis.

MATERIAL AND METHODS
The research was conducted at the University

of Jember, Jember city, Indonesia, from July to
September 2025.

The identification of the heat shock factor
(HSF) gene in cocoa was carried out by BLASTP motif
Arabiopsis thaliana HSF (AtHSFs: AEK67477.1)
against the cocoa genome in the Phytozome 14
database (Goodstein et al. 2012), with annotation
version v1.1 or Theobroma cacao v1.1, and recorded
transcript ID, location, coding sequence length,
genome and protein sequences. The location of the
chromosomes in 7. cacao was determined from the
NCBI database by writing the transcript ID on each
TcHSF protein.

Analysis of the physical properties of
cocoa proteins, consisting of molecular weight
(kDa), isoelectric point (pl) and grand average of
hydropathicity (GRAVY) were analyzed through
the ExPASy ProtParam tool software (Gasteiger et
al. 2005).

The structure of exons and introns in the
cacao HSF gene was analyzed using the Gene
Structure Display Server 2.0 (Hu et al. 2015), based
on the collection of coding sequences and genomic
sequences, then the motif analysis on the TcHSF
protein sequence using the MOTIF tools of MEME
(Bailey et al. 2009). Analysis of cis-acting elements
in the promoter region of the cocoa HSF gene was
carried out using the plantCARE database (Lescot et
al. 2002) at 2,000 bp in the upstream section before
the start of the codon (ATG), and TBtools 11 was used
for visualization (Chen et al. 2023).

Prediction of sub-celular localization in 26
HSF T. cacao proteins was performed using the
CELLO v.2.5 software (Yu et al. 2006) and WoLF
PSORT (Horton et al. 2007), and shown using Tbtools
11 to see the location of the proteins (Chen et al. 2023).

Analysis of phylogenetic tree construction
was carried out by collecting protein sequences
of T. cacao, A. thaliana, Oryza sativa, Manihot
esculenta, and Zea mays from the phytozome
database (Goodstein et al. 2012), and alignment
was carried out using the Clustal W (Thomson et al.
1994) with MEGA 11 software (Tamura et al. 2021).
The phylogenetic tree was constructed using the
maximum likelihood method, with partial deletion
parameters, and the bootstrap method with 1,000
replications. The partial deletion method is used
to eliminate gaps that can reduce the accuracy of
phylogenetic trees, so that the analyzed information
is an informative sequence for use in phylogenetic
analysis (Dwivedi & Gadagkar 2009, Seo et al.
2022).
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The genomic data of 7. cacao were obtained
in the phytozome database as chromosome location
data, and the cocoa phylogenetic results were grouped
according to their respective clades, in which the
data were divided into five groups. The data were
processed using Tbtools II (Chen et al. 2023) to
obtain the chromosomal length of the cocoa protein.
Chromosomal localization analysis was carried out
using the Phenogram Ritchie Lab (Wolfe et al. 2013)
by entering chromosome location and length data.

RESULTS AND DISCUSSION

Cocoa presented a total of 26 HSF genes
collected from the database. The HSF cocoa gene
is sorted by chromosome number (Table 1). Gene
identification aims to ensure that the analyzed HSF
protein is appropriate. The coding sequence size for
TcHSF ranged from 702 bp (TcHSF-17) to 2,040 bp
(TcHSF-19). The average amount of TcHSF amino
acid was 388.1 aa. The amount of amino acids

is greater than that of A. Thaliana, which has an
average count of 368.0 bp (Li et al. 2023). The cocoa
molecular weight ranges from 25.40 to 77.54 kDA,
whereas its isoelectric point varies between 4.59 and
8.49. All GRAVY scores on TcHSF have a negative
value, so it has a better stability under abiotic
stress conditions, and is not easily degraded during
drought stress. A negative GRAVY value indicates
hydrophilic properties (Balchin et al. 2016). The
hydrophilic properties of HSF proteins facilitate
in the isolation process, so that all HSF proteins in
cocoa have the potential to be isolated as candidates
in TcHSF gene selection (Jaspard & Hunault 2014).

Analysis of the TcHSF gene structure showed
that all TcHSF have a complete structure in the
form of upstream, intron, exon, and downstream
(Figure 1). The structure of genes varies in number
and length. The longest gene is owned by TcHSF-7,
TcHSF-8, and TcHSF-14, with a length of 7 kb,
whereas the shortest gene belongs to 7cHSF-21, with
a length of 1.8 kb.

Table 1. List of heat shock factors gene family in Theobroma cacao L.

N° CDS N° amino

Molecular Protein localization

Name Transcript ID (bp)  acids (AA)  weight (kDA) ~ PI ORAVY prediction
TcHSF-1 TheccIEG004275t3 996 332 38.10 5.41 -0.876 Nuclear
TcHSF-2 Theccl EG004275t1 1,089 363 41.68 5.16 -0.901 Nuclear
TcHSF-3 Thecc1EG001784t1 1,344 448 51.15 5.96 -0.748 Nuclear
TcHSF-4 Thecc IEG000610t1 900 300 33.29 5.32 -0.845 Nuclear
TcHSF-5 Thecc I EG004275t8 849 283 32.34 4.67 -0.858 Nuclear
TcHSF-6 Theccl EG011279t1 1,263 421 48.10 4.89 -0.640 Nuclear
TcHSF-7 TheccIEG016563t2 1,587 529 57.81 491 -0.644 Nuclear
TcHSF-8 Thecc I EG016563t1 1,587 529 57.81 491 -0.644 Nuclear
TcHSF-9 Thecc I EG004275t4 996 332 38.10 5.41 -0.876 Nuclear
TcHSF-10 Theccl EG016198t1 945 315 34.67 4.76 -0.629 Nuclear
TcHSF-11 TheccEGO15119t1 972 324 36.00 5.27 -0.669 Nuclear
TcHSF-12 TheccEG016198t2 705 235 25.40 4.76 -0.624 Nuclear
TcHSF-13 Thecc I EG020700t1 1,083 361 41.61 5.04 -0.816 Nuclear
TcHSF-14 Theccl EG020222t1 1,473 491 55.35 5.40 -0.888 Nuclear
TcHSF-15 Thecc1EG025482t1 1,503 501 55.34 5.22 -0.636 Nuclear
TcHSF-16 Thecc1 EG022446t1 1,431 477 53.32 4.93 -0.577 Nuclear; cytoplasmic
TcHSF-17 Thecc I EG024565t1 702 234 26.76 8.27 -0.736 Nuclear
TcHSF-18 Thecc IEG029630t1 1,218 406 45.73 5.07 -0.760 Nuclear
TcHSF-19 Thecc1EG029886t1 2,040 680 77.54 8.49 -0.524 Cytoplasmic; nuclear
TcHSF-20 TheccEG033816t1 1,086 362 39.85 7.72 -0.419 Nuclear
TcHSF-21 TheccEG037888t1 1,203 341 38.14 5.82 -0.578 Nuclear
TcHSF-22 TheccIEG037308t1 1,176 392 4395 4.68 -0.580 Nuclear
TcHSF-23 TheccEG037308t4 1,200 400 44.98 4.75 -0.578 Nuclear
TcHSF-24 Thecc1EG037635t1 1,413 471 53.04 4.73 -0.754 Nuclear
TcHSF-25 Theccl EG040889t1 840 280 32.37 8.46 -0.711 Extracellular; nuclear
TcHSF-26 Thecc1 EG037308t2 852 284 32.41 4.59 -0.662 Nuclear; cytoplasmic

CDS: coding sequences; pl: isoelectric point; GRAVY: grand average of hydropathicity.
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Figure 1. Motif and gene structure of HSF in Theobroma cacao (red and green symbols indicate the DNA-binding domain).

Introns are the part of genes that do not encode
proteins (Zhang et al. 2022), and variations in the
number of introns and exons affect gene expression
patterns (Sajad et al. 2022). A smaller number of
introns can speed up the transcription and processing
process of mRNA, so that genes that respond to
stress can be expressed more quickly (Jeffares et
al. 2008). The analysis of the 7. cacao motif varies
where the red and green sequence motifs are present
in all TcHSF proteins, so that this motif is part
of the DNA-binding domain (DBD) that is very
structured and located near the N-terminal of all
HSFs (Scharf et al. 2011). The presence of DBD is
essential for the identification of HSF in cocoa. The
DNA-binding domain section plays an important
role in HSF transcription regulation. This domain is
a conservative region that has a role in the specific

binding process on the heat shock element in DNA
(Feng et al. 2021).

Promoters are DNA sequences that have
several cis-acting elements and are located upstream
of the coding area (Bilas et al. 2016). The abscisic
acid responsive element is one of the elements that
plays arole in regulating gene expression in response
to abiotic stress, including heat stress, and is activated
by the abscisic acid hormone, which is a hormone that
accumulates in plants when experiencing extreme
conditions such as drought, thus helping in plant
tolerance to heat stress (Aslam et al. 2022). Abscisic
acid can improve heat stress tolerance through HSF
and heat shock protein regulation (Li et al. 2021).
Therefore, the presence of the abscisic acid responsive
element in the promoter of the HSF gene is important
for responding to stress through the abscisic acid
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signaling pathway. The anaerobic responsive element
functions to regulate gene expression related to
anaerobic responses (Shariatipour & Heidari 2020).

The region is a specific binding site for proteins
involved in transcription initiation and regulation
(Hernandez-Garcia & Finer 2014). The cis-element
that is in the promoter region also regulates gene
expression related to metabolic pathways (Bilas
et al. 2016). Some cis-acting elements have a role
in heat stress. The heat shock element is the cis-
acting part involved in the response to heat stress,
whereas the heat shock element can be associated
with other elements such as the anaerobic responsive
element, abscisic acid responsive element and G-box
(Figure 2), because, in the HSF gene, it binds to
these regions (Chow et al. 2018). The abscisic acid
responsive element was found in almost all TcHSF
promoters, except for TcHSF-1, TcHSF-2, TcHSF-9,
TcHSF-13, TcHSF-16, and TcHSF-17.

Various other elements, such as the low
temperature and anaerobic responsive element,
and the myeloblastosis binding sequence also
will be active as a plant response to stress (Zhang
et al. 2022). The anaerobic and low temperature

responsive elements were found in almost all TcHSF
promoters, whereas the myeloblastosis binding
sequence was found only in TcHSF-6, TcHSF-7,
TcHSF-14, TcHSF-24, and TcHSF-25. In addition,
the low temperature and anaerobic responsive
elements were stress-related, with the first inducing
the gene when low temperature stress occured in
the plant. G-box regulates cis elements involved
in light responsiveness (Shariatipour & Heidari
2020). This element can regulate the adaptation of
plants to high light intensity (Kaur et al. 2017). The
myeloblastosis binding sequence is the binding part
of the Myeloblastosis (MYB) involved in drought
induction (Shariatipour & Heidari 2020). The
presence of these elements is important to respond
to stress from environmental stimuli.

HSF, as a transcription factor, has a subcellular
localization in the nucleus. The distribution pattern
and subcellular localization of HSFs in plants are
determined by the presence of nuclear localization
and nuclear export signals, with both signals
functioning as regulators of the entry and exit of
proteins to the nucleus and back to the cytoplasm
(Miller & Mittler 2006).
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Figure 2. Cis-acting element promoter of HSF Theobroma cacao L.
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HSFs in T. cacao plants showed varying
subcellular localization. Most TcHSF exhibited
a strong level of subcellular localization in the
nucleus (Figure 3). The intensity of the darker color
indicates a strong localization of the cell, and the
quantitative value (0-14) indicates the number of
signals or cumulative scores of the localization of
each TcHSF. This is in line with a previous research
on Verbena bonariensis plants, which stated that
the subcellular localization of the HSF protein is
in the nucleus (Yang et al. 2024). The results of
subcellular localization in TcHSF-12 showed a
difference in strong signals in cytoplasm (cyto)
and chloroplast (chlo). This can happen due to
the absence of important domains such as nuclear
localization signal and nuclear export signal to carry
proteins into the nucleus (Zhang et al. 2020). The
presence of subcellular localization in the nucleus
shows that TcHSF plays a role as the main regulator
during stress, so that it translocates to the nucleus
and controls several proteins involved in plant stress,
such as the heat shock proteins 70 and 90 (Akerfelt
et al. 2010). The TcHSF located in the cytoplasm
indicates an inactive and non-binding state of heat
shock element (Scharf et al. 2011).
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Figure 3. Subcellular localization of HSF Theobroma cacao
(darker colors indicate a stronger localization).

The phylogenetic tree construction HSF in
cocoa was formed through the alignment of HSF
protein sequences that had been identified from
several plants, such as 4. thaliana with 21 sequences,
O. sativa with 25 sequences, M. esculenta with 30
sequences (Zeng et al. 2020), and Z. mays with
30 sequences (Zhang et al. 2022) (Figure 4). HSF
has been widely expressed in dry stress tolerance
in A. thaliana and O. sativa (Guo et al. 2008).
Arabidopsis is a model plant that is used as a
comparison to analyze phylogenetics and HSF gene
expression. HSF in A. thaliana has a central role
in helping to maintain protein homeostasis during
stressful conditions such as heat stress and drought
(Li et al. 2014). Based on phylogenetic results,
T. cacao tends to be evolutionarily closer to Manihot
esculenta, such as Thecc1EG02022t1, which has a
proximity to Manes.15G057200, with a bootstrap
value of 94 %. The phylogenetic analysis of 7. cacao
also showed a close relationship with 4. Thaliana.
For example, 7. cacao (Thecc1EG037635t1) is in
the same clade as 4. thaliana (At5G54070), with a
bootstrap value of 90 %. High bootstrap results in
HSF T cacao and other species indicate similarity
in biological function with other previously studied
species such as 4. thaliana (Li et al. 2014).

TcHSF was divided into 5 groups, based on
phylogeny analysis. A total of 26 TcHSF genes were
spread across 9 chromosomes (Figure 5), with an
uneven distribution. Chromosome 7 was the only one
where the HSF gene does not exist. The number of
genes ranged from 1 to 6 on each chromosome, with
1 and 9 showing the highest number of genes with 6
TcHSF genes. This distribution pattern may indicate
that the TcHSF gene has evolved structurally and
functionally. The presence of a variety of different
chromosomes signals the importance of the HSF
gene in the plant’s defence mechanism against
abiotic stress. The HSF gene, that is spread across
various chromosomes, shows that HSF is spread
throughout the genome and has a function as the
main regulator that will activate several proteins
in protecting cells from various stresses such as
drought, heat, and salt stress (Guo et al. 2016).
Group 1| had the most spread on chromosomes.
Genes belonging to group 1 on chromosome 9
(TcHSF-21, TcHSF-22, and TcHSF-23) are likely to
experience tandem duplication (Panchy et al. 2016).
This duplication is characterized by the location of
chromosomes that are close to each other in a single
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Figure 4. Phylogenetic HSF protein in Theobroma cacao (Thecc), Arabidopsis thaliana (At), Manihot esculenta (Manes), Oryza

sativa (Loc), and Zea mays (Zm).
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Figure 5. Location of the TcHSF gene in Theobroma cacao chromosomes.
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chromosome, which can occur through uneven
crosses (Qiao et al. 2019).

The presence of HSF plays a very important
role in the regulation of plants under abiotic stress.
HSF analysis has been performed on several plants
such as tomato, using qPCR, which suggests that the
Solanum lycopersicum HSF (SIyHSF) gene plays
a role in the heat resistance pathway (Yang et al.
2024). HSF in Phaseolus vulgaris (PvHSF) plants
plays a role in regulating abiotic stress (Zhang et al.
2022). In-silico analysis of HSF cocoa is needed as
an analytical study for the selection of TcHSF gene
candidates related to the adaptability of cocoa to heat
stress conditions, so that it can be used as information
for the development of new cocoa cultivars that are
resistant to heat stress. The selection of 7cHSF gene
candidates was carried out by selecting the 26 most
potential TcHSF genes for further analysis. Gene
selection includes the presence of DNA-binding
domain (DBD) motifs, the least number of intins,
the presence of elements in the promoter region,
subcellular localization in the nucleus and proximity
to HSF genes of other plants such as A. Thaliana, as
seen from the results of the phylogenetic analysis.
Based on these criteria, there are three potential 7TcHSF
gene candidates, namely TcHSF-14, TcHSF-24, and
TcHSF-25. All three genes have a DNA-binding
domain and a total of 1 intron. Based on the analysis
of cis-elements, the gene has four elements that are
responsive to stress, such as anaerobic, abscisic
acid, and low temperature responsive elements, and
myeloblastosis binding sequence, when compared
to other genes that only have two or three elements.
Analysis of the subcellular localization of gene
products in the nucleus also supports the function of
the HSF gene, and phylogenetic results show that the
three genes are in the same clade as several previously
studied species, such as A. thaliana.

CONCLUSIONS

1. A total of 26 heat shock factors (HSF) were
identified for Theobroma cacao;

2. Almost all TcHSF proteins have subcellular
localization in the nucleus, which corresponds to
the function of HSF as a coder of the heat shock
protein and the expression of genes that play a role
in stress tolerance;

3. TcHSF has a close affinity with the heat shock factors
of Arabiopsis thaliana and Manihot esculenta;

4. Analysis of cis-acting and phylogenetic elements
showed that TcHSF is regulated in response to
various abiotic stresses, including light, drought
and low temperatures.
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