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Cocoa (Theobroma cacao L.), a vital industrial crop renowned for its economic
and nutritional significance, faces increasing challenges due to climate

Accepted March 5, 2025 change—.induced stresses. To. enhance 'fhe understanding of cocoa's adaptive

mechanisms, a comprehensive analysis was conducted on the trehalose-6-
KEYWORDS: phosphate phosphatase (7PP) and trehalose-6-phosphate synthase (7PS) gene
Cocoa, families, which play crucial roles in plant stress responses and development.
expression pattern, Five TcTPP and eight TcTPS genes were identified using the latest cocoa genome
investigation, assembly, distributed unevenly across nine of the ten chromosomes. Detailed
trehalose-6-phosphate phosphatase, physicochemical characterization revealed significant variability in amino acid

trehalose-6-phosphate synthase, length, molecular weight, isoelectric point, and hydrophilicity among these

proteins, suggesting functional diversity. Phylogenetic analyses, performed

using the maximum likelihood method, classified the 7c7PP family into three

distinct clades and the 7c7PS family into two main groups. Gene structure

examination uncovered variations in exon-intron organization, with 7c7PP genes

containing nine to twelve exons and 7c7PS genes ranging from three to eighteen

exons, indicating structural diversity within these families. Based on publicly

available datasets, expression profiling demonstrated differential expression

patterns of 7cTPP and TcTPS genes during embryo development and under

biotic stress conditions, such as pathogen infection by Phytophthora megakarya.

Certain genes exhibited significant upregulation or downregulation in response

to stress, implicating them in cocoa's defense mechanisms. Taken together, this

study provides valuable insights into the 7PP and 7TPS gene families in cocoa.

o It lays a foundation for developing strategies to enhance stress tolerance and
Copyright (c) 2025@ author(s). sustainability in cocoa cultivation amidst changing climatic conditions.

1. Introduction global economic and cultural significance (Diaz-
Valderrama et al. 2020). Native to the tropical regions

Cocoa(TheobromacacaoL.),aprominentindustrial ~ of Central and South America, cocoa is now cultivated
crop within the Malvaceae family, holds considerable in over fifty countries situated in humid tropical zones
¥ Corresponding Author argund the world (Diaz-Valderrama et al. 2029;
E-mail Address: cd ha@vnu.edu.vn Jaimez et al. 2022). The cocoa beans produced by this
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plant are a rich source of essential nutrients, minerals,
and antioxidants, making them highly valuable for
a variety of applications, including the production
of chocolate, confectionery goods, and cosmetic
products (Tan et al. 2021; Samanta et al. 2022). The
demand for cocoa-based products continues to grow
internationally, underscoring its importance in global
trade and industry. However, the cultivation of cocoa
is increasingly threatened by the adverse effects of
climate change. Adverse environmental conditions,
including prolonged droughts, irregular rainfall
patterns, heat stress, and an increase in pest and disease
outbreaks, are significantly affecting cocoa production
(Schroth et al. 2016; Gateau-Rey et al. 2018). These
stressors not only reduce yields and compromise bean
quality but also endanger the livelihoods of millions
of smallholder farmers globally. Addressing these
challenges requires a deeper understanding of the
molecular mechanisms underlying cocoa’s ability
to adapt and respond to these stress conditions.
Identifying and characterizing genes associated with
these mechanisms can provide critical insights for
breeding more resilient cocoa varieties (Adeniyi 2019;
Pokou et al. 2019).

Trehalose is a non-reducing disaccharide found
widely across higher plants, where it plays a crucial
role in protecting cellular membranes and proteins
from adverse environmental stress (lordachescu &
Imai 2008; Paul ef al. 2018). Additionally, trehalose is
involved in plant growth and development via various
physiological and biochemical mechanisms (Hassan
et al. 2023). The biosynthesis of trehalose in plants is
primarily facilitated by two key enzymes: trehalose-6-
phosphate synthase (7PS) and trehalose-6-phosphate
phosphatase (TPP). TPS catalyzes the conversion of
uridine diphosphate-glucose and glucose-6-phosphate
into trehalose-6-phosphate, which TPP subsequently
dephosphorylates to produce trehalose (lordachescu
& Imai 2008; Fichtner & Lunn 2021). In plants, 7PS
is composed of two domains: an N-terminal domain
that binds the nucleotide cofactor UDP-glucose and
a C-terminal domain that binds glucose-6-phosphate
(Ponnu et al. 2011). The TPP enzyme, on the other
hand, contains a catalytic domain with a central beta-
sheet surrounded by alpha-helices and a regulatory
domain that modulates its activity (Paul et al. 2018).
Recently, these enzyme families have been studied in
various higher plant species, including the model plant
Arabidopsis thaliana (Vandesteene et al. 2012; Yang
et al. 2012), Populus trichocarpa (Gao et al. 2021;

Yang et al. 2012), tomato (Solanum lycopersicum)
(Mollavali & Bornke 2022), and peanut (Arachis
hypogea) (Chu et al. 2024; La et al. 2022). However,
information on the 7PS and TPP families in cocoa is
currently unavailable.

In this study, bioinformatics tools were employed
to identify the 7PS and TPP gene families within
the peanut genome. Analyses were performed to
investigate the evolutionary dynamics of these gene
families, including gene duplication, gene structure,
and phylogenetic relationships. Additionally, the
protein characteristics and subcellular localization of
TPS and TPP proteins in peanut plants were analyzed.
The expression profiles of the TPS and TPP genes
were also examined across major stages of embryo
development in cocoa.

2. Materials and Methods

2.1. Data Assemblies

The newest cocoa genome (NCBI RefSeq assembly:
GCF _000208745.1) (Argout et al. 2011) available in
the Phytozome and NCBI was utilized for the in silico
analyses.

2.2. Physical and Chemical Characterization

To analyze the physicochemical characteristics
of proteins, we utilized the ExPASy ProtParam tool
(Gasteiger et al. 2003; Gasteiger et al. 2005) as previously
described (La ef al. 2022; Chu ef al. 2024). Amino acid
sequences of each protein were retrieved from the cocoa
proteome database and individually submitted to the
ProtParam server (https://web.expasy.org/protparam/).
This tool calculated various properties based on the input
protein sequences, including molecular weight (kDa),
amino acid length, theoretical isoelectric point (pl),
grand average of hydropathy (GRAVY) and aliphatic
index (Al).

2.3. Construction of Phylogenetic Tree

To construct the phylogenetic tree of proteins,
we employed the Maximum Likelihood algorithm
as previously described (La et al. 2022; Chu et al.
2024). Initially, TPP and TPS protein sequences
from cocoa and well-characterized 7PP and TPS
protein sequences from Arabidopsis and Populus
species (Vandesteene et al. 2012; Gao et al. 2021).
Multiple sequence alignment was performed using
ClustalW (Thompson et al. 2002; Larkin et al. 2007)
integrated within MEGA X software (Kumar et al.



Nguyen QP et al.

2018), utilizing default alignment parameters to
ensure consistency. The aligned sequences were then
subjected to phylogenetic analysis using the Maximum
Likelihood approach implemented in MEGA X
software (Kumar et al. 2018). To evaluate the strength
of the phylogenetic relationships, a bootstrap analysis
with 1,000 replicates was conducted.

2.4. Exon and Intron Analysis

To analyze the exon and intron organization of
the identified genes, we employed the Gene Structure
Display Server web-based tool (Hu et al. 2015)
as previously described (La et al. 2022; Chu et al.
2024). Initially, both the coding sequences and the
corresponding full-length genomic DNA sequences of
each gene were retrieved from the genomic database.
These sequences were then uploaded to the Gene
Structure Display Server platform (Hu et al. 2015),
which aligns the coding sequences with the genomic
sequences to generate a graphical representation of
the gene structure. Adobe Illustrator software was
then utilized to illustrate the distribution, length, and
number of exons and introns within each gene.

2.5. Expression Analysis

To investigate the gene expressions during different
developmental stages of somatic and zygotic embryos
of cocoa plants, we analyzed data from a public
repository (accession number: GSE55476) in a recent
study (Maximova et al. 2014), accessible via the
NCBI Gene Expression Omnibus database (Barrett et
al. 2013; Clough & Barrett 2016). Additionally, the
expression profiles of genes under pathogen infection
were examined by analyzing a previously published
microarray dataset (accession number: GSE116041)
(Pokou et al. 2019). In this study, "inoculation" refers
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to the deliberate introduction of the fungal pathogen
Phytophthora megakarya onto cocoa plants to simulate
infection conditions. Relative expression levels
were calculated using Actin 11 as a reference gene,
recognized for its stable expression across various cocoa
tissues (Pinheiro et al. 2011), following the approach
described recently (Cao 2022). Genes were classified
as upregulated or downregulated based on an absolute
fold-change threshold of >1.5 when comparing time
points at 6, 24, and 72 hours after inoculation to the
baseline at 0 hour after inoculation (Cao 2022).

3. Results

3.1. Survey of the 7PP and TPS Families in Cocoa

In order to identify and annotate the 7PP and TPS
families in cocoa, the conserved domains of these
enzymes were screened in the newest genome. Available
in the Phytozome and NCBI. A total of five TPP genes
(TcTPP) and eight TPS genes (TcTPS) were identified
in the cocoa genome, distributed across nine out of the
ten chromosomes. The gene names were renamed from
1cTPPI to TcTPP5 and TcTPSI to TcTPS5 based on
their locations and starting position on the chromosomes,
beginning with chromosome 1. Out of the five TcTPP
genes, three members were located on chromosome 3, one
each on chromosomes 1 and 8. Meanwhile, two members
of the 7cTPS family were detected on chromosomes 2,
3, and 6 each. Only one 7cTPS gene was distributed on
chromosomes 7 and 9. No 7cTPP and TcTPS genes were
detected on chromosomes 4, 5, and 10, indicating an
unequal distribution of 7eTPP and TcTPS genes throughout
the cocoa genome (Figure 1). The absence of 7c7PP and
TcTPS genes on certain chromosomes may be attributed
to several factors, including chromosomal evolution,
gene loss, or duplication events during the evolution
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Figure 1. Physical locations of the 7c7PP and TcTPS gene families in the cacao genome
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of the cocoa genome. Chromosomes 4, 5, and 10 might
have undergone evolutionary pressures that led to the
loss of these gene families in these regions, potentially
due to non-essential roles of 7PP and TPS genes in
these chromosomes or functional redundancy provided
by genes on other chromosomes. Additionally, certain
chromosomes may lack the necessary regulatory sequences
or chromatin structure conducive to the retention of these
gene families. Further comparative genomic analyses
with closely related species could provide insights into
whether this absence is a common evolutionary pattern
or a unique feature of cocoa.

3.2. Physical and Chemical Characterization of
The TPP and TPS Families in Cocoa

In order to calculate the physicochemical characteristics
of the 7eTPP and TcTPS proteins in cocoa, the EXPASy
ProtParam tool was utilized to analyze the individual
full-length protein sequence. As a result, the physical
and chemical characterization of the 7c7PP and TcTPS
families was provided in Table 1.

The TcTPP and TcTPS enzymes in cocoa displayed
amino acid lengths ranging from 341 residues (7cTPP3) to
406 residues (TcTPP4) and from 838 residues (7 TPS8) to
948 residues (7cTPS7), withmW varying between 38.49
kDa in 7cTPP3 and 45.48 kDa in TcTPP4, and between
95.43 kDa in TcTPS8 and 106.88 kDa in 7cTPS7. The
pl values, which indicated the optimal pH for protein
activity, spanned from 5.98 (7cTPP4) to 9.45 (1cTPP5)
and from 5.80 (7cTPS6) to 6.45 (1cTPS3) in the TcTPP
and 7cTPS families in cocoa, respectively. Interestingly, a
total of nine 7cTPP and 7TcTPS proteins have predicted pl
values below 6.50, indicating that most of these proteins
are acidic, with potential roles in interacting with alkaline
cellular environments or facilitating enzymatic activity

Table 1. Survey of the 7cTPP and TcTPS families in cacao

under specific pH conditions. Next, the GRAVY scores
of all members of the 7cTPP and TcTPS families were
negative, ranging from -0.33 (7cTPP2) to -0.47 (1cTPP4)
and from -0.17 (7cTPSI) to -0.39 (TcTPS7), suggesting
that these proteins are hydrophilic. This hydrophilic nature
is likely essential for their solubility and functionality
in aqueous environments, where they may mediate key
metabolic and stress-response processes. Finally, the Al
values of these 7cTPP and TcTPS proteins in cocoa varied
from 79.01 (TcTPP1)t0 92.24 (TcTPS4), suggesting that
these proteins possess a high degree of thermal stability,
which could be critical for maintaining their structure
and activity under stress conditions such as elevated
temperatures. Collectively, these physicochemical
characteristics highlight the adaptability of 7c7PP and
1cTPS proteins in responding to the dynamic cellular
environment of cocoa plants, particularly under stress
conditions.

3.3. Classification of The 7PP and 7PS Families
in Cocoa

As a result, two phylogenetic trees of the TPP
and 7PS families in cocoa, Arabidopsis and Populus
were described in Figures 2A and 2B. As expected, a
Maximum-Likelihood phylogenetic analysis clustered
25 TPP sequences from three species into three main
clades (Figure 2A). These sequences included five from
cocoa, 10 from Arabidopsis, and 10 from Populus. Clades
A and B were further subdivided into three and two
subgroups, respectively. The 7cTPP proteins from cocoa
were distributed across all three clades. Specifically, clade
A contained two 7cTPP proteins (7cTPP1 and TcTPPS),
clade B comprised two TcTPP proteins (7cTPP2 and
TcTPP4), with only one member of the 7cTPP family in
clade C. Next, Figure 2B revealed that the 7PS families in

Gene name Locus name Lenght (aa) mW (kDa) pl Gravy Al
1cTPP1 Thecc.01G104100 375 42.53 9.05 -0.41 79.01
1cTPP?2 Thecc.03G156600 384 43.12 8.66 -0.33 80.96
1cTPP3 Thecc.03G194100 341 38.49 9.04 -0.36 84.90
TcTPP4 Thecc.03G256900 406 45.48 5.98 -0.47 80.89
1cTPPS Thecc.08G109500 364 41.03 9.45 -0.34 84.62
TcTPS1 Thecc.02G245900 861 96.91 5.99 -0.17 91.10
TcTPS2 Thecc.02G308700 862 97.58 5.83 -0.20 90.08
TcTPS3 Thecc.03G008600 862 98.00 6.45 -0.20 87.71
TcTPS4 Thecc.03G306600 862 97.38 5.48 -0.19 92.24
1cTPSS5 Thecc.06G160200 934 105.06 6.19 -0.31 90.69
TcTPS6 Thecc.06G165100 857 96.71 5.80 -0.25 84.70
TcTPS7 Thecc.07G134200 948 106.88 6.34 -0.39 84.01
TcTPSS Thecc.09G163100 838 95.43 5.79 -0.32 86.40
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Figure 2. Classification of the (A) TeTPP and (B) TcTPS families in cacao based on well-characterized TPP and TPS protein in Arabidopsis

and Populus species

cocoa, Arabidopsis and Populus could be classified into
two main clades. Clade A included six 7c¢TPS proteins and
clade B encompassed two members of the 7cTPP family.

3.4. Gene organization of The TPP and 7PS Gene
Families in Cocoa

In order to better understand the structural diversity
of cocoa TcTPP and TcTPS genes, we examined their
exon-intron architectures by using the Gene Structure
Display Server website. As expected, Figures 3A and 3B
illustrated the gene organization of the 7cTPP and TcTPS
gene families in cocoa, respectively. We found that the
members of the 7¢TPP and TcTPS gene families in cocoa
exhibited variations in the number of exons and the size of
genomic sequences. Particularly, the exon counts among
these TcTPP genes ranged from nine to 12, with 7cTPP1
having the highest number at 12 exons, noticeably more
than any other 7c¢TPP gene. Two members of the TcTPP
gene family, including 7cTPP2 and TeTPP5, contained 11
exons, whereas 7cTPP4 had 10 exons. Additionally, the
TcTPP genes' genomic sequences varied from 2029 bp
(TcTPP3)to 2451 bp (1cTPP1). Next, the exon amounts
of the TcTPS gene family in cocoa ranged from three to
18. Among them, a majority of members of the 7cTPS
gene family, particularly six out of eight (7cTPS1, TcTPS2,
1cTPS3, TcTPS4, TeTPS6, and TcTPSS), had only three
exons. One gene, namely 7cTPS7 contained 17 exons,

while 7cTPS5 had 18 exons. Meanwhile, the genomic
sequences of the 7cTPS gene family in cocoa varied from
2782 bp (1cTPSS) to 10172 bp (TcTPS7).

3.5. Expression Patterns of The 7PP and TPS
Gene Families in Cocoa

In order to analyze the expression profiles of the 7cTPP
and 7cTPS gene families in various organs, two recent
datasets, including GSE55476 and GSE116041, were
utilized. As aresult, the expression patterns of the 7c7PP
and 7cTPS gene families were provided in Figures 4 and 5.
In particular, all members of the 7cTPP gene family
showed variable expression levels in various embryo
samples during the development of fruits (Figure 4A).
Only one gene, namely 7cTPP4, exhibited a higher
expression pattern in the mature stage of zygotic embryo
samples than in other examined samples. Three genes,
including 7cTPP1, TcPP3, and TcTPP5, had lower
expression patterns in at least one developmental stage
of zygotic and somatic embryo samples. Under the biotic
stress condition, the 7¢TPP genes in cocoa also had
differential expression levels (Figure 4B). For example,
TcTPP1 was noted to reduce in Nanay genotypes at 24
hours after inoculation of Phytophthora megakarya (~
-2.20-fold) but up-regulate in Scavina genotypes at 24
and 72 hours after treatment by ~ 3.40-fold and ~ 2.14-
fold, respectively. We also found that TcTPP3 was up-
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Figure 3. Gene organization of the (A) 7cTPP and (B) TcTPS gene families in cacao
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Figure 4. Expression profiles of the 7cTPP gene family in (A) embryo samples, including zygotic embryos at 14 (T-ZE), 16 (EF-ZE), 18
(LF-ZE), 20 (M-ZE) weeks after pollination and somatic embryos at whole late torpedo (LT-SE), mature (M-SE) stage, and (B)
Nanay genotypes at 6 (N6), 24 (N24), 72 (N72) hours after inoculation with Phytophthora megakarya treatment and Scavina

genotypes at 6 (S6), 24 (S24) 72 (S72) hours after treatment

regulated in Scavina genotypes at 72 hours after treatment
(~3.33-fold), while 7cTPP5 was induced in both Nanay
and Scavina genotypes at 24 hours after treatment by ~
1.83-fold and ~ 1.57-fold, respectively.

Similarly, the expression patterns of the 7cTPS
gene family in cocoa were also variable. During the
developmental stage of zygotic and somatic embryos, the
expression level of 7cTPS5 was not specific in any embryo
samples, whereas TcTPS2 showed a higher expression
in zygotic embryos at 20 weeks after pollination (Figure
5A). Additionally, the expression pattern of 7cTPS8 was
low in three developmental stages of zygotic embryos.
Under the biotic stress treatment, 7¢7PS3 and 7cTPS5 were
up-regulated and down-regulated in both two genotypes,
respectively (Figure 5B). Interestingly, 7cTPSI was
reduced in Nanay genotypes at 24 hours after treatment
(~ -1.65-fold) but induced in Scavina genotypes at 72

hours after treatment (~ 1.70-fold). Another member of
the 7cTPS gene family, namely 7cTPS8, was up-regulated
in Nanay genotypes at 6 (~ 1.80-fold) and 72 (~ 1.72-
fold) hours after treatment, but down-regulated at 24
hours after treatment (~ -1.63-fold). This gene was also
induced in Scavina genotypes at 6 hours after treatment
(~ 2.15-fold).

4. Discussion

4.1. Comparative Genomic Analysis of TPP
and 7PS Gene Families Across Plant Species
Recently, enzymes involved intrehalose biosynthesis
have been identified in various higher plant species
(Zang et al. 2011; Gao et al. 2021; Song et al. 2021;
Duetal. 2022; Hu et al. 2022; Liu & Zhou 2022; Wang
et al. 2022). Specifically, 12 and 10 members of the
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Figure 5. Expression profiles of the 7cTPS gene family in (A) embryo samples, including zygotic embryos at 14 (T-ZE), 16 (EF-ZE), 18
(LF-ZE) and 20 (M-ZE) weeks after pollination and somatic embryos at whole late torpedo (LT-SE), mature (M-SE) stage, and
(B) Nanay genotypes at 6 (N6), 24 (N24), 72 (N72) hours after inoculation with Phytophthora megakarya treatment and Scavina

genotypes at 6 (S6), 24 (S24) 72 (S72) hours after treatment

TPP family were discovered in rice and A. thaliana,
respectively (Vandesteene et al. 2012; Rahman et al.
2020). In the Populus genome, 10 TPP and 13 TPS
genes were identified (Gao ef al. 2021). In wheat, 31
TPP family genes were recently reported (Du et al.
2022). For cotton, the TPP family consists of 12, 17,
24, and 26 members in G. raimondii, G. arboreum, G.
hirsutum, and G. barbadense, respectively (Wang et al.
2022). Additionally, eight 7PS genes were identified
as being distributed across sweet orange chromosomes
(Liu & Zhou 2022), while 11 genes encoding 7PS
proteins were documented in rice (Zang et al. 2011).
Furthermore, 11 and 26 7TPS genes have been found in
M. truncatula and B. napus (Song et al. 2021; Hu et
al. 2022). Overall, our comparisons suggested that the
TPS and TPP gene families in cocoa, and potentially in
other plant species, are multi-gene families.

4.2. Structural and Biochemical Diversity of
TPP and TPS Gene Families in Higher Plants
Previous studies supported our categorization of
the TcTPP and TcTPS families in cocoa. For example,
an unrooted phylogenetic analysis of 86 7PP family
members from wheat, maize, rice, Brachypodium,
Arabidopsis, and Populus indicated that these proteins
can be classified into three subfamilies (Du et al. 2022).
Similarly, recent studies have constructed unrooted
phylogenetic trees for TPP families in Arabidopsis and
cotton, dividing these proteins into three main clades
(Wang et al. 2022). This classification pattern was also
observed in the phylogenetic analysis of TPP proteins
in Populus species (Gao et al. 2021). Additionally,
an unrooted phylogenetic tree encompassing all 7PS

proteins from Populus, rice, Arabidopsis, soybean, and
M. domestica revealed a categorization similar to that
of the cocoa TcTPS family (Gao et al. 2021). These
comparisons suggested that the 7c¢7PP and TcTPS
families in cocoa, and possibly in other higher plant
species, can be classified into three and two typical
groups, respectively.

Recent studies have extensively analyzed the
physicochemical properties of 7PP and TPS families
in various higher plant species, supporting our
characterization of the 7c7TPP and 7cTPS families in
cocoa. Previous studies have demonstrated that the
sizes of TPP family proteins in four cotton species
vary between 134 and 422 amino acid residues, with
an average molecular weight of 39.54 kDa and an
average pl value of 8.41 (Wang ef al. 2022). In wheat,
TPP proteins have been reported to range from 249
to 584 amino acids in length, averaging 386 residues,
and their calculated mW values spanned from 28.66 to
96.02 kDa (Du et al. 2022). The theoretical pl values of
wheat TPP proteins also exhibited significant variation,
ranging from acidic (pl = 5.53) to alkaline (pI = 9.26)
(Du et al. 2022). In the case of Populus, TPS proteins
have been found to be between 846 and 922 amino acid
residues long, with mW values ranging from 84.55 to
90.46 kDa (Gao et al. 2021). The TPP proteins in P.
tomentosa are shorter than their 7PS proteins, ranging
from 235 to 387 amino acids, and possess mW values
between 75.10 and 83.08 kDa (Gao et al. 2021).
Notably, all 7PS and TPP proteins in P. tomentosa
have been characterized as relatively hydrophilic (Gao
et al. 2021). Taken together, our comparisons strongly
suggested that the 7PP and TPS families in higher
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plant species exhibited significant diversity in protein
size, mW, pl, and hydrophilicity.

Comparative studies on gene structure further
reinforce our findings in cocoa. Recent investigations
have increasingly examined the gene structures of 7PP
and 7PS gene families in higher plant species, including
rice, wheat, cotton, and rapeseed. For instance, rice
TPP genes commonly feature motifs comprising 10
or 11 exons (Rahman et al. 2021). In wheat, the exon
count within the 7PP gene family ranges from five to
13, with the majority of genes containing nine exons
(14 out of 31 members) or ten exons (10 out of 31
members) (Du et al. 2022). The TPP gene family in
four cotton species has been characterized as having
complex gene structures; notably, 53 out of 79 TPP
genes in these species possess at least ten exons (Wang
et al. 2022). Similarly, the number of exons in the 7PS
genes of rapeseed varies significantly, spanning from
three to 18 (Xia et al. 2021). Our study showed that
cocoa's TcTPP and TcTPS genes often share similar
exon-intron organizations within the same phylogenetic
branch. Specifically, three exons were most commonly
observed in the 7cTPP gene family, while the number
of exons in the 7cTPP gene family was variable.

In conclusion, our comprehensive analysis of the
T1cTPP and TeTPS gene families in cocoa revealed
significant genetic diversity and their potential roles in
development and stress responses. Five 7cTPP and eight
1cTPS genes were identified with uneven chromosomal
distribution. Physicochemical characterization
revealed that these genes encode proteins with varying
amino acid lengths, mW, pl, AL, and GRAVY scores.
Phylogenetic classification grouped the 7cTPP proteins
into three main clades and the 7cTPS proteins into
two. Examination of exon-intron structures showed
considerable variation in exon numbers and genomic
sequence lengths among the genes. Expression profiling
across different developmental stages and under biotic
stress conditions demonstrated differential expression
patterns, with certain genes being upregulated or
downregulated, implying their involvement in embryo
development and stress responses. These findings
provide a foundation for future research to improve
cocoa’sresilience and productivity under environmental
challenges.
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