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ABSTRACT

This study provides a detailed investigation of the phospholipase C (PLC) and
phospholipase D (PLD) gene families in cocoa (Theobroma cacao), focusing on
their identification, characterization, and expression patterns. A total of 10 PLC
and 12 PLD genes was identified and systematically annotated based on their
sequence homology, conserved domains, and functional classification, adhering to

KEYWORDS: established nomenclature. Analysis of physicochemical properties revealed diversity
Cocoa, ) in molecular weights, isoelectric points, and stability parameters, reflecting their
phosphohpase C, structural and functional variability. Phylogenetic analysis classified the genes into
phospholl.pase D, distinct subfamilies and highlighted their evolutionary relationships with homologs in
gﬁ“e fimfl)@t. Arabidopsis thaliana and rice (Oryza sativa). Gene structure analysis demonstrated
characterization,

significant variation in exon-intron organization, indicating functional specialization
and regulatory complexity within these gene families. Expression profiling during
cocoa embryo development showed that certain genes, such as 7TcNPC2, TcePI-PLCS,
and 7cPLDol, were highly expressed, while others exhibited stage-specific activity. In
response to Phytophthora megakarya infection, several PLC and PLD genes displayed
significant changes in expression across different time points and genotypes, including
the upregulation of 7cPI-PLC2, TcPLDa5, and TcPLD(2, suggesting their roles in
cocoa's stress responses and defense mechanisms. These findings offer new insights
into the biological roles of PLC and PLD gene families in cocoa, particularly in
growth, development, and stress adaptation, providing a solid foundation for further
functional research and potential applications in cocoa improvement programs.

expression profile

Copyright (c) 2025@ author(s).

1. Introduction

Cocoa (Theobroma cacao L.), a perennial plant
native to the tropical rainforests of the Amazon basin
in South America (Lanaud et al. 2024), holds significant
agricultural importance (Latif 2013; Wickramasuriya &
Dunwell 2018). After its domestication, the cultivation
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of cocoa expanded globally to various tropical regions,
including West Africa, Southeast Asia, and Central
America. Serving as the fundamental ingredient in
the chocolate industry, cocoa is economically vital,
supporting the livelihoods of millions of smallholder
farmers and contributing notably to the economies of
producing nations (Latif 2013; Adeniyi 2019). The
successful cultivation of cocoa hinges on specific
environmental conditions characterized by warm
temperatures, high humidity, and evenly distributed
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rainfall throughout the year. However, cocoa plants are
particularly sensitive to adverse environmental factors
like drought, extreme temperatures, and pest and disease
infestations (Schroth et al. 2016; Gateau-Rey et al.
2018). These stressors can significantly impair the plants'
growth, development, and productivity, decreasing yields
and diminishing bean quality. The challenges posed by
climate change exacerbate these issues by increasing
the frequency and intensity of environmental stresses,
thereby threatening the sustainability of cocoa production
systems (Gateau-Rey ef al. 2018). It has been strongly
believed that gaining a molecular-level understanding of
how cocoa plants respond to environmental stresses is
crucial for developing strategies to mitigate the negative
impacts of these conditions. Investigating the molecular
mechanisms underlying stress responses can identify key
pathways and genes associated with stress tolerance
(Romero Navarro ef al. 2017; Pokou et al. 2019). This
understanding is essential for breeding more resilient
cocoa varieties and implementing effective management
practices. Therefore, advancing research on the molecular
responses of cocoa to stress conditions is imperative for
enhancing the crop's adaptability and ensuring the long-
term sustainability of cocoa production.

In plants, the phospholipase superfamily comprises
enzymes that are essential for lipid metabolism and
signal transduction (Ali et al. 2022). These enzymes
hydrolyze phospholipids, leading to the generation
of various bioactive molecules that influence cellular
processes. Among them, phospholipase C (PLC)
and D (PLD) are particularly significant due to their
prominent roles in plant physiology, including growth,
development, and stress responses (Apostolakos et
al. 2008; Rupwate & Rajasekharan 2012; Yang et al.
2015; Ali et al. 2022; Fang et al. 2023). Particularly,
PLC enzymes are characterized by conserved catalytic
domains known as the X and Y domains, which are
crucial for their enzymatic activity (Bill & Vines
2020). They also contain EF-hand motifs that enable
calcium binding, indicating that intracellular calcium
levels regulate their activity (Rupwate & Rajasekharan
2012), while PLD enzymes possess two conserved
HKD motifs (named after the critical histidine, lysine,
and aspartic acid residues) necessary for their catalytic
function (Deepika & Singh 2022). The structural
features of PLC and PLD allow them to interact with
specific substrates and participate in intricate signaling
networks within the plant cell (Bargmann & Munnik
2006; Rupwate & Rajasekharan 2012). For instance,
these families have been comprehensively identified in

Arabidopsis thaliana (Qin & Wang 2002), rice (Oryza
sativa) (Singh et al. 2013), maize (Zea mays) (Chen
et al. 2016; Zhu et al. 2020), two Corchorus species
(Sadat et al. 2022), upland cotton (Gossypium hirsutum)
(Song et al. 2017), sorghum (Sorghum bicolor) (Wei et
al. 2022), tomato (Solanum lycopersicum) (Guo et al.
2024), peanut (Arachis hypogaea) (Zhang et al. 2023),
three orchid species (Kanchan et al. 2021). However,
little information on the PLC and PLD families in
cocoa, even the genome and proteome databases of this
important industrial crop species, have been published
previously (Argout et al. 2011).

This study aims to comprehensively investigate the
PLC and PLD enzyme families in cocoa, focusing on
their identification, characterization, and functional
insights. It elucidated the evolutionary relationships of
these enzyme families through phylogenetic analysis
and revealed structural variations in their exon-intron
organization. we also investigated the expression patterns
of PLC and PLD genes across various tissues and under
biotic stress conditions, offering insights into their roles
in stress responses and growth regulation. This research
provides a comprehensive understanding of the PLC and
PLD families in cocoa, offering a foundation for future
functional studies and developing strategies to enhance
stress resilience and productivity in this economically
important crop.

2. Materials and Methods

2.1. Survey of PLCs and PLDs in Cocoa

To conduct a survey of the PLC and PLD families
in the cocoa assembly, a systematic bioinformatics
approach was undertaken, utilizing well-established
PLCs and PLDs from 4. thaliana (Qin & Wang 2002)
as reference sequences. Subsequently, the retrieved
Arabidopsis PLC and PLD sequences were employed
as query sequences in homology searches against the
cocoa genome and proteome databases (Argout et al.
2011). BLASTP and TBLASTN algorithms were used
to identify potential homologs in cocoa, with criteria
set for sequence similarity (E-value thresholds of 1e-5
or lower) to ensure the consistency of the matches. All
candidate cocoa PLC and PLD sequences identified
from the BLAST searches were then subjected to the
Pfam server (Mistry et al. 2021) to confirm the presence
of key functional domains characteristic of PLC and
PLD enzymes, as previously provided (Rupwate &
Rajasekharan 2012; Bill & Vines 2020; Deepika & Singh
2022).



Nguyen QPet al.

2.2. Calculation of the Physicochemical
Characteristics of PLCs and PLDs in Cocoa

To estimate the physicochemical characteristics of the
PLC and PLD proteins in cocoa, a series of bioinformatics
analyses were performed using computational tools
designed to predict protein attributes as previously
described (Chu et al. 2018, 2024a). Initially, amino
acid sequences of the identified PLCs and PLDs were
retrieved from the cocoa proteome database. These
sequences were then analyzed using the ExPASy
ProtParam tool (Gasteiger et al. 2003), which provides
key physicochemical properties, including molecular
mass (MM), theoretical isoelectric point (pl), aliphatic
index (Al), and grand average of hydropathy (GRAVY).

2.3. Phylogenetic Tree Construction of PLCs
and PLDs in Cocoa

To construct the phylogenetic tree of the PLCs
and PLDs in cocoa, well-characterized PLC and PLD
proteins from A. thaliana (At) (Qin & Wang 2002) and
rice (Os) (Singh et al. 2013) were utilized as reference
sequences. First, full-length amino acid sequences
of cocoa PLC and PLD proteins were retrieved from
genomic databases, while protein sequences of AtPLCs,
AtPLDs, OsPLCs, and OsPLDs were obtained from
recent studies (Singh et al. 2013; Qin & Wang 2002).

These protein sequences were aligned using Clustal
Omega (Larkin et al. 2007; Thompson et al. 2002).
A phylogenetic tree was then constructed using the
Maximum Likelihood method implemented in MEGA
software (Kumar et al. 2018), with a substitution model
to optimize the fit of the evolutionary model to the data.
Bootstrap analysis with 1,000 replicates was performed
to evaluate the statistical robustness of the inferred tree
topology.

2.4. Exon-intron Organization of PLCs and
PLDs in Cocoa

To analyze the gene structure of PLC and PLD
genes in cocoa, the genomic sequences and their
corresponding coding sequences were obtained from
publicly available cocoa genome databases (Argout
et al. 2011). These sequences were used as input for
the Gene Structure Display Server (Hu et al. 2015)
to visualize the exon-intron organization of genes
as previously described (La et al. 2022a; La et al.
2022b; Chu et al. 2024a). The genomic sequences

were aligned with the coding sequences to identify and
map the positions of exons, introns, and untranslated
regions within each PLC or PLD gene. A graphical
representation of the gene structure was then illustrated,
displaying the number, length, and arrangement of
exons and introns.

2.5. RNA-Seq Analysis of PLCs and PLDs in
Response of Cocoa to Phytophthora megakarya
Infection

We explored the recent RNA-Seq dataset related
to biotic treatment as previously described (Chu et al.
2024b). The RNA-Seq dataset associated with GEO
accession number GSE116041 was first accessed and
downloaded from the NCBI GEO database (Barrett
et al. 2013). This dataset described the transcriptomic
response of cocoa to Phytophthora megakarya
infection. Briefly, four-month-old grafted plants of two
genotypes, SCA6 and NA32, were spray-inoculated
with P megakarya zoospores or distilled water
(control). Leaf samples collected at 0, 6, 24, 48, and
72 hours after inoculation (hai) were utilized for RNA
extraction. Libraries were sequenced on the Illumina
HiSeq 2500 platform. Relative expression values of
PLC and PLD genes were estimated using the Actin
11 gene as previously described (Pinheiro et al. 2011).
Genes were classified as upregulated or down-regulated
based on a fold-change threshold of |fold-change| >1.5
when comparing expression levels at 6, 24, and 72 hai
to those at 0 hai (Chu et al. 2024b).

2.6. RNA-Seq Analysis of PLCs and PLDs
During the Embryo Development

We explored the available RNA-Seq dataset during
the somatic embryogenesis development as previously
described (Chu ef al. 2024b). The RNA-Seq dataset
associated with GEO accession number GSE55476
(Maximova et al. 2014) was obtained from GEO NCBI
(Barrett et al. 2013). Particularly, different types and
stages of embryo development, including zygotic
embryo tissues: torpedo (T-ZE), early-full (EF-ZE),
late-full (LF-ZE), and mature (M-ZE) embryos; and
somatic embryos: late torpedo (LT-SE) and mature (M-
SE) stages, were collected for RNA-Seq. The relative
expression levels of the PLC and PLD genes were
normalized to the expression level of the Actin 11 gene,
as previously described (Pinheiro et al. 2011).
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3. Results

3.1. Identification and Annotation of the PLCs
and PLDs in Cocoa

To comprehensively survey PLCs and PLDs in
the cocoa assembly, a homology-based method has
been conducted by using PLCs and PLDs from A.
thaliana. After carefully validating, the information
on all putative PLCs and PLDs in cocoa was provided
in Tables 1 and 2, respectively.

As expected, a total of 10 and 12 members of
the PLCs and PLDs has been fully reported in the
cocoa assembly. The nomenclature of PLC and PLD
enzymes in cocoa is systematically designed to reflect
their sequence homology, conserved domains, and
functional characteristics, following conventions
established in model plants like A. thaliana. The
prefix "Tc" denotes the species abbreviation for
Theobroma cocoa. For PLC enzymes, the naming
is categorized into non-specific PLCs (NPCs) and
phosphoinositide-specific PLCs (PI-PLCs). Based
on the physical order in the cocoa genome, the NPCs

are designated as TcNPC1 through TcNPC5 (e.g.,
TcNPC1, TcNPC2, TcNPC3, TcNPC4, TcNPCS),
while the PI-PLCs are named TcPI-PLCI1 through
TcPI-PLC5 (e.g., TcPI-PLC1, TcPI-PLC2, TcPI-
PLC3, TcPI-PLC4, TcPI-PLCS). For PLD enzymes,
the general prefix "TcPLD" is followed by a lowercase
letter corresponding to the PLD subclass transliterated
from Greek letters to indicate the specific group,
including a, B, v, 8, and {. Numerical suffixes further
distinguish individual genes within each subclass. For
example, TcPLDal through TcPLDa5 (TcPLDal,
TcPLDa2, TcPLDa3, TcPLo4, TcPLDaS) represent
five distinct genes within the PLDa subclass.
Similarly, TcPLD61 through TcPLD63 (TcPLDOI,
TcPLD62, TcPLD&3) denote genes within the PLDd
subclass, while TcPLDB1, TcPLDy1, and TcPLD{1
through TcPLDC2 (TcPLDC1, TcPLDC2) represent
genes within the PLDJ, PLDy, and PLDC subclasses,
respectively. This systematic nomenclature facilitates
clear identification and classification of PLC and
PLD family members in cocoa, enabling comparative
analyses with other plant species.

Table 1. Annotation and characteristics of the PLCs in cocoa

Gene name Clade Locus name Length (aa) mW (kDa) pl GRAVY Al
TcNPCI NPC Thecc.03G130600 521 57.80 6.96 -0.29 73.13
TcNPC2 NPC Thecc.05G230600 513 57.60 5.09 -0.51 67.64
TcNPC3 NPC Thecc.05G230700 516 58.56 5.61 -0.47 69.13
TcNPC4 NPC Thecc.09G248300 536 60.23 6.23 -0.43 69.27
TcNPCS5 NPC Thecc.09G302700 534 59.73 8.95 -0.35 76.65
TcPI-PLC1 PI-PLC Thecc.09G300800 586 67.33 7.11 -0.57 79.49
TcPI-PLC2 PI-PLC Thecc.09G300900 596 68.12 7.57 -0.41 81.54
TcPI-PLC3 PI-PLC Thecc.09G301100 591 67.11 6.30 -0.53 73.87
TcPI-PLC4 PI-PLC Thecc.10G016100 586 66.65 5.93 -0.50 80.99
TcPI-PLCS PI-PLC Thecc.10G016200 597 67.62 6.18 -0.46 75.59
mW: Molecular weight, pl: Isoelectric point, GRAVY: Grand average of hydropathy, Al: Aliphatic index

Table 2. Annotation and characteristics of the PLDs in cocoa

Gene name Clade Locus name Length (aa) mW (kDa) pl GRAVY Al
TcPLDal o Thecc.06G021600 809 91.71 5.47 -0.39 82.42
TcPLDo2 o Thecc.06G109800 765 87.32 7.37 -0.41 77.23
TcPLDa3 o Thecc.09G025700 824 93.21 6.23 -0.41 80.15
TcPLDo4 o Thecc.09G025800 829 93.89 6.58 -0.30 89.25
TcPLDaS o Thecc.09G127300 806 92.73 6.00 -0.42 83.52
TcPLDp1 B Thecc.01G370500 1118 124.96 6.41 -0.52 70.28
TcPLDyl Y Thecc.03G268800 852 95.69 7.90 -0.37 81.98
TcPLDS1 ) Thecc.01G011000 853 96.91 6.60 -0.44 80.56
TcPLD$2 ) Thecc.02G090200 848 96.27 7.20 -0.37 81.72
TcPLDd3 ) Thecc.08G052300 845 95.82 7.38 -0.34 79.94
TcPLDCI ¢ Thecc.04G290500 1107 125.96 6.03 -0.39 82.46
TcPLDE2 ¢ Thecc.05G317000 1109 126.17 5.68 -0.43 82.99

mW: Molecular weight, pl: Isoelectric point, GRAVY: Grand average of hydropathy, Al: Aliphatic index
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3.2. Calculation of the Physicochemical
Parameters of the PLCs and PLDs in Cocoa
The physicochemical parameters of the PLCs
and PLDs in cocoa were systematically analyzed
to provide insights into their molecular properties
and potential functional roles. The MM scores of
the identified PLC and PLD proteins ranged from
57.60 kDa to 68.12 kDa and 87.32 kDa to 126.17
kDa, respectively, indicating a variation in protein
size across the PLC and PLD families. Similarly, the
protein size of the PLCs and PLDs in cocoa ranged
from 513 residues to 597 residues and 765 residues
to 1118 residues, respectively. The theoretical pl
values were calculated and found to range between
5.09 and 8.95 (in PLCs) and 5.47 and 7.90 (in PLDs),
suggesting that the majority of these proteins are
acidic, which may affect their solubility and stability
under physiological conditions. Furthermore, the Al
scores, which ranged from 67.64 to 81.54 (in PLCs)
and 70.28 to 89.25 (in PLDs), indicate variability
in thermostability, with higher values suggesting
proteins are more stable in response to temperature
fluctuations. The GRAVY scores of the PLC and PLD
proteins varied from -0.29 to -0.57 and -0.30 to -0.52,
respectively. All PLC and PLD proteins exhibited
negative GRAVY values, indicating hydrophilicity.
Together, these physicochemical and structural
insights into cocoa PLC and PLD proteins enhance
our understanding of their stability, solubility, and
functional localization. They provide a foundation
for further studies on their roles in lipid-mediated
signaling and stress response mechanisms in cocoa.

3.3. Phylogenetic Insights Into the PLC and
PLD Families in Cocoa

The phylogenetic analysis of PLC proteins in
cocoa, based on well-characterized PLCs from A.
thaliana (AtPLCs) and rice (OsPLCs), reveals a clear
classification into distinct subfamilies corresponding
to PI-PLCs and NPCs. Within the PI-PLC subfamily,
cocoa PLCs cluster closely with homologs from
Arabidopsis and rice, indicating conserved
evolutionary relationships and functional similarities.
For instance, TcPI-PLC2 and TcPI-PLC3 are closely
related to AtPI-PLC4 and AtPI-PLCS5. Similarly,
TcPI-PLCS5 aligns closely with OsPI-PLC3 (Figure
1). In the NPC subfamily, cocoa NPCs exhibit closer
clustering with Arabidopsis NPCs, with TcNPC4 and
TcNPCS5 forming clades with AtNPC2 and AtNPC6,
respectively. The close association of TcNPCI1

and TcNPC3 with rice NPCs, such as OsNPC3 and
OsNPCS5, suggests shared evolutionary pressures and
adaptations within monocots and dicots.

The classification of PLD proteins in cocoa, based
on a phylogenetic comparison with PLDs from A4.
thaliana (AtPLDs) and rice (OsPLDs), reveals distinct
clustering into the recognized PLD subfamilies: a, B,
v, 8, and { (Figure 2). Within the a subfamily, cocoa
PLD proteins, such as TcPLDal, TcPLDa2, TcPLDa3,
TcPLDo4, and TcPLDa5 group closely with AtPLDa
and OsPLDa proteins. The strong bootstrap values
supporting these groupings highlight the reliability
of the classification. In the B subfamily, TcPLDf1
shows close relationships with AtPLDB1, AtPLDB2,
and OsPLDf1. The y subfamily includes TcPLDyl1,
which clusters alongside AtPLDyl, AtPLDy2, and
AtPLDy3. The 6 subfamily includes three cocoa
genes: TcPLD&1, TcPLD62, and TcPLDo63, which
group with AtPLD¢ and OsPLD3. In the { subfamily,
TcPLD{1 and TcPLD(2 align closely with AtPLDC(1,
AtPLDZ2, and OsPLD(].

3.4. Gene Structure Analysis of the PLC and
PLD Families in Cocoa

The gene structure analysis of PLC genes in
cocoa reveals significant variation in exon-intron
organization among different members of the PLC
family. Genes encoding NPCs, such as 7cNPCI,
TcNPC5, TeNPC4, TeNPC3, and TcNPC2, exhibit
relatively fewer exons compared to genes encoding PI-
PLCs (Figure 3). For instance, 7cNPC1 and TcNPC5
consist of four exons, indicating a simpler structure,
while 7cNPC4 contains five exons, suggesting a
slight increase in structural complexity. In contrast,
the PI-PLC genes, including 7cPI-PLCI, TcPI-PLC2,
TePI-PLC3, TcPI-PLC4, and TcPI-PLCS, display a
more intricate exon-intron architecture. These genes
typically have a higher number of exons, ranging
from six to nine, which likely corresponds to their
functional diversity and regulatory complexity. For
example, TcPI-PLC4 and TcPI-PLCS5 each have eight
exons, while TcPI-PLC2 and TcPI-PLC3 contain six
and seven exons, respectively.

Additionally, the intron lengths vary considerably
among the PLC genes, with some, such as 7cNPC2,
showing relatively short introns. In contrast, others,
like TcPI-PLCI, have longer introns, which may
influence alternative splicing and gene expression
regulation. The diversity in exon-intron organization
reflects the evolutionary adaptation of PLC genes
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Figure 1. Phylogenetic relationship ofthe PLCs incocoa, Arabidopsis ~ Figure 2. Phylogenetic relationship of the PLDs in cocoa, Arabidopsis
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phospholipase C (NPC) and phosphoinositide-specific relationships of PLD enzymes from cocoa (Tc), A. thaliana
phospholipase C (PI-PLC) subfamilies from cocoa (Tc), (At), and rice (Os). Subfamilies (a, B, v, 9, and () are
A. thaliana (At) and rice (Os). Bootstrap values are indicated on the branches. Bootstrap values are provided
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Figure 3. Gene structure of the PLCs in cocoa
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in cocoa, likely driven by functional specialization
to meet specific physiological and environmental
demands. This structural variation provides a
foundation for further studies on the regulatory
mechanisms and functional roles of PLC genes in
cocoa.

The gene structure analysis of PLD genes in
cocoa reveals considerable variation in exon-intron
organization among different members of the PLD
family. As categorized in the phylogenetic tree (Figure
2), the PLD genes are categorized into subfamilies
(a, B, v, 0, and (), each displaying distinct structural
patterns (Figure 4). Within the o subfamily, genes
encoding PLD proteins in cocoa, such as 7cPLDal,
TcPLDa?2, TcPLDa3, TcPLDo4, and TePLDa5 exhibit
diverse exon-intron configurations. Particularly,
TcPLDol has a relatively simple structure with
fewer exons and shorter introns, whereas TcPLDo4
and TcPLDoS5 show more complex arrangements,
indicating functional diversification within this
subfamily. The  subfamily, represented by 7cPLDS1,
has a moderately complex structure characterized
by multiple exons and longer introns, suggesting
roles in more specialized lipid signaling pathways.
The single member of the y subfamily, TcPLDyl,
has a unique structural configuration, reflecting its
functional divergence from other subfamilies. In the
0 subfamily, genes such as TcPLDJ1, TcPLDJ2, and
TePLDJ3 exhibit a conserved structural organization
with relatively long introns that may be associated
with alternative splicing and regulatory complexity.
The  subfamily, including 7cPLD({1 and TcPLD{2,
has the most complex gene structures, featuring a
large number of exons and extensive introns.

3.5. Expression Dynamics of the PLC and PLD
Families During Growth and Development in
Cocoa

This study examined the expression patterns of the
PLC and PLD genes across various stages of cocoa
embryo development (Figure 5). Overall, the majority
of the PLC and PLD genes were expressed at least
one stage of embryo development, except for TcPI-
PLC1, TcPI-PLC2, TcPLDo2, TcPLDoa3, TcPLDoA,
TcPLDa5. The expression levels of the identified
PLC and PLD genes varied significantly across
different developmental stages of the embryo. In the
PLC gene family, three genes, including TeNPC2,
TeNPC3, and TcPI-PLC5, were highly expressed in
LT-SE and M-SE. Meanwhile, TcNPCI, TcNPC4,
TeNPCS5, TcPI-PLC3, and TcPI-PLC4 were expressed
in all stages of embryo development. In the PLD gene
family, TcPLDal was noted to be highly expressed
in all tissues during the development of the embryo.
In contrast, TcPLDf1, TcPLDyl, TcPLD63, TcPLD(I,
and 7cPLD({2 were expressed in only one stage of
embryo development.

Next, a considerable number of PLC genes
exhibited differential expression in response to P.
megakarya treatment across various time points and
cocoa varieties (Figure 6). In the Nanay genotype,
TcNPC3 and TcNPC2 were upregulated in treated
leaf tissues at 6 and 72 hai by 2.01-fold and 2.13-
fold, respectively, whereas TcPI-PLC5 was down-
regulated (-2.15-fold) in leaves at 24 hai. In the
Scavina genotype, TcPI-PLC2 showed a decrease in
expression (-4.69-fold) at 24 hai but was significantly
upregulated (9.44-fold) in leaf tissues at 72 hai. In the
case of PLD genes, six genes, including 7cPLDa?2,
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Figure 4. Gene structure of the PLDs in cocoa
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TcPLDa5, TcPLD62, TcPLD63, TcPLDyl, and
TcPLD{2, were differentially expressed in response
to treatments. Particularly, TcPLDa2 and TcPLDyl
were reduced in leaves at least 2-time points of P,
megakarya treatment. In contrast, 7cPLDa5 was
induced in treated leaves at 6 (3.78-fold), 24 (7.63-
fold), and 72 (3.51-fold) hai, while TcPLDJ2 was
induced in leaf tissues at 6 (3.01-fold) and 24 (5.11-
fold) hai. TcPLD63 was upregulated in leaves at 72
hai (2.07-fold), while TcPLD({2 was induced (5.92-
fold) and reduced (-2.02-fold) in treated leaves at 24
and 72 hai, respectively. Additionally, TcPLDa2 and
TcPLDo5 were upregulated in inoculated leaf tissues
at 24 hai by 2.80-fold and 2.37-fold, respectively.
Interestingly, 7cPLD{2 was upregulated in leaf
tissues at 6 (2.43-fold), 24 (23.16-fold), and 72 (8.51-
fold) hai.

4. Discussion

4.1. Comparative Analysis of PLC and PLD
Family Diversity Across Plant Species

The number of PLCs and PLDs varies significantly
across plant species (Singh ef al. 2013; Chen ef al. 2016;
Song et al. 2017; Zhu et al. 2020; Kanchan et al. 2021; Qin
& Wang 2002; Sadat et al. 2022; Wei et al. 2022; Zhang
etal. 2023; Guo et al. 2024), reflecting their evolutionary
diversity and functional specialization (Ali et al. 2022;
Fang et al. 2023). In A. thaliana, 9 PI-PLCs and 6 NPCs
have been identified, along with 12 PLD genes classified
into the a, 3, v, 6, and { subfamilies (Qin & Wang 2002).
Similarly, in rice, the PLC family consists of 4 PI-PLCs
and 5 NPCs, while the PLD family includes 17 members
grouped into the a, B, 9, K, {, and ¢ subfamilies (Singh et
al. 2013). Maize has 5 PI-PLCs and 6 NPCs, alongside
13 PLD genes (Chen et al. 2016; Zhu et al. 2020). The
tomato genome includes 14 PLD genes distributed
across the a, B, 9, and { subtypes (Guo et al. 2024). In
sorghum, 13 PLD genes are similarly categorized into
various groups (Wei et al. 2022). The peanut genome
exhibits extensive diversification, containing 46 PLD
genes across subtypes such as a, B, v, 9, €, {, and  (Zhang
et al. 2023). Furthermore, jute has 12 PLD genes in C.
capsularis and 7 in C. olitorius, further emphasizing the
variability in gene family expansion (Sadat et al. 2022).
This diversity across species underscores the significance
of the PLC and PLD gene families in lipid signaling
and plant adaptation, likely contributing to physiological
processes and abiotic stress resilience.

The PLC proteins in maize exhibited variations in
length, Mw, and pI, which are critical for understanding
their structure and potential functional roles (Zhu ef al.
2020). The length of PLC proteins ranges between 259
and 606 residues, reflecting diversity among the members
(Zhu et al. 2020). The Mw of these PLC proteins spans
from 28.96 kDa to 68.23 kDa, indicating variability in
protein size that might be associated with differences in
enzymatic activity and substrate specificity (Zhu et al.
2020). The theoretical pl values of PLC proteins range
from 5.74 to 9.09, suggesting that these proteins can
exhibit varying charge properties under physiological
conditions, which may influence their solubility, stability,
and interactions with other biomolecules (Zhu et al. 2020).
The protein characterization of PLC enzymes in orchids,
including Phalaenopsis equestris, Dendrobium catenatum,
and Apostasia shenzhenica, reveals conserved structural
features across species (Kanchan ez al. 2021). Particularly,
the peptide lengths of PI-PLCs range from 588 to 604
residues, with an average Mw of approximately 67.8
to 68.1 kDa (Kanchan et al. 2021). These proteins are
characterized by their pl, which ranges from 5.04 to
6.46, indicating a slightly acidic nature. The PI-PLC
proteins also exhibit a high aliphatic index of around
77, suggesting structural stability and negative GRAVY
values indicative of hydrophilicity (Kanchan et al. 2021).
In contrast, NPC proteins in orchids have shorter peptide
lengths, averaging between 481 and 531 residues, with
Mw values of approximately 53.8 to 59.2 kDa (Kanchan
et al. 2021). The pl values for PC-PLCs vary from 5.27
to 8.54, reflecting a broader range of charge properties
(Kanchan et al. 2021). These proteins also show a
hydrophilic nature, with negative GRAVY values and an
aliphatic index averaging 74.18, which suggests moderate
stability (Kanchan et al. 2021).

Previously, the phylogenetic relationships of the
PLC family in maize were analyzed to understand their
evolutionary divergence and classification within the
PLC family (Zhu et al. 2020). A phylogenetic tree was
constructed using full-length amino acid sequences of
ZmPLCs and well-characterized homologs from other
plant species, such as A. thaliana and rice, as reference
sequences (Zhu et al. 2020). The results revealed that
the ZmPLC family is divided into distinct subgroups
corresponding to PI-PLCs and NPCs (Zhu et al. 2020).
Next, the phylogenetic analysis of PLC enzymes in three
species of orchids revealed that orchid PLCs are grouped
into two main subfamilies, including PI-PLCs and NPCs
(Kanchan et al. 2021). Within the PI-PLC subfamily,
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orchid PLCs clustered closely with those of monocots
like rice, while the NPC subfamily showed greater
divergence, with orchid NPCs forming distinct clades that
indicate potential species-specific adaptations (Kanchan
et al. 2021). Taken together, the phylogenetic analysis
of PLC proteins across various plant species reveals
their evolutionary divergence into distinct subfamilies,
including PI-PLCs and NPCs. These subfamilies are
characterized by conserved catalytic domains, such as the
X and Y domains in PI-PLCs, and exhibit both functional
conservation and species-specific diversification. In model
plants like A. thaliana and rice (Oryza sativa), PI-PLCs
and NPCs are distributed across well-supported clades,
reflecting their evolutionary relationships and lineage-
specific adaptations. The clustering of orthologous
PLCs among monocots and dicots indicates shared
functional roles in fundamental cellular processes,
such as lipid signaling and stress responses. At the
same time, the expansion of certain subfamilies within
specific species suggests adaptive evolution to unique
environmental pressures. This phylogenetic framework
highlights the conservation of PLC-mediated signaling
pathways while providing insights into their functional
specialization across plant species, paving the way for
further comparative and functional studies.

Also, the gene structure of the ZmPLC family in maize
was analyzed to elucidate their genomic organization
and evolutionary characteristics (Zhu et al. 2020).
The ZmPLC genes exhibit diverse structural features,
including variations in the number and arrangement of
exons and introns. The exon count among ZmPLC genes
ranges from 6 to 12, reflecting significant differences
in gene architecture within the family. Such variability
in exon-intron organization is indicative of functional
divergence and potential regulatory complexity among
ZmPLC members (Zhu et al. 2020). The length of introns
also varies considerably, suggesting differential splicing
mechanisms that may generate multiple transcript variants,
thereby increasing protein diversity. Conserved exon
patterns were observed within subgroups of ZmPLCs,
particularly among closely related genes, underscoring
their shared evolutionary origins and functional
similarities. This conserved exon-intron structure aligns
with the maintenance of critical functional domains, such
as the X and Y catalytic domains and EF-hand motifs,
which are essential for enzymatic activity and calcium
binding in phosphoinositide-specific PLCs (Zhu et al.
2020). Comparative analysis with PLC genes from other
plant species reveals that the gene structures of ZmPLCs
share similarities with those of monocots like rice (Singh

et al. 2013). The gene structure analysis of PLC genes
in orchids reveals significant variation in exon-intron
organization, reflecting their evolutionary and functional
diversity. The number of exons in orchid PLC genes
ranges from 6 to 13, depending on the specific gene and
subfamily. Among them, PI-PLCs generally exhibit more
conserved exon-intron structures than NPCs, which show
more significant variability (Zhu et al. 2020).

4.2. Tissue-specific and  Stress-responsive
Expression of PLC and PLD Genes Across Plant
Species

Recently, the expression profiles of specific ZmPLC
genes in maize highlight their diverse roles across
tissues, developmental stages, and stress responses
(Zhu et al. 2020). For instance, ZmPI-PLCI and ZmPI-
PLC2 are predominantly expressed in roots, suggesting
their involvement in nutrient uptake and root growth
processes (Zhu et al. 2020). Conversely, ZmPI-PLC3
and ZmNPCI are highly expressed in leaves, indicating
potential roles in photosynthetic regulation and the
response to environmental conditions, such as light
intensity and drought (Zhu et al. 2020). Under abiotic
stress conditions, genes like ZmPI-PLC4 and ZmNPC3
are significantly upregulated in response to drought and
salinity, emphasizing their roles in generating secondary
messengers, such as inositol phosphates, to mediate stress
signaling pathways (Zhu et al. 2020). Similarly, ZmNPC2
shows enhanced expression during heat stress, suggesting
its involvement in stabilizing membrane integrity and
modulating cellular responses to temperature fluctuations
(Zhu et al. 2020). In the context of biotic stress, genes
such as ZmPI-PLC5 and ZmNPC5 are induced under
pathogen attack, indicating their participation in plant
defense mechanisms by triggering signal cascades
that activate immune responses (Zhu et al. 2020).
Developmentally, ZmPI-PLC1 exhibits peak expression
during seed germination, aligning with its potential role
in mobilizing stored energy for early growth (Zhu et al.
2020).

In contrast, ZmNPC4 shows elevated expression
during grain filling, suggesting its involvement in lipid
metabolism and storage processes critical for seed
development (Zhu et al. 2020). The tissue-specific and
stress-responsive expression patterns of these ZmPLC
genes demonstrate their functional specialization,
providing crucial insights into their roles in maize growth,
development, and adaptation to environmental challenges
(Zhu et al. 2020). Next, the spatio-temporal expression
analysis of specific PLC genes in orchids demonstrated
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distinct and dynamic expression patterns across tissues and
developmental stages (Kanchan ef al. 2021). For instance,
PePI-PLCI and DcPI-PLC1 exhibited high expression
in floral tissues, suggesting their critical roles in flower
development (Kanchan et al. 2021). Similarly, PeNPC2
and DcNPC3 showed predominant expression in roots,
indicating their involvement in nutrient acquisition and
root growth processes (Kanchan et al. 2021). Temporal
expression analysis highlights that PePI-PLC2 and DcPI-
PLC3 were strongly expressed during early seedling stages,
consistent with their roles in cell signaling pathways
that regulate early growth and cellular differentiation
(Kanchan et al. 2021). Additionally, PeNPCI showed
peak expression during flowering, indicating its likely
involvement in reproductive processes. During fruit
maturation, DeNPC4 was upregulated, which may be
related to lipid metabolism and signaling involved in
seed and fruit development (Kanchan ez al. 2021). Under
environmental stress conditions, PePI-PLC3 and AsNPC2
are significantly induced in response to drought (Kanchan
et al. 2021). Similarly, PeNPC5 was upregulated under
salinity stress (Kanchan et al. 2021).

In conclusion, this study, the comprehensive
identification, characterization, and expression analysis
of PLC and PLD gene families in coca provided critical
insights into their evolutionary, structural, and functional
roles. A total of 10 TcPLCs and 12 TcPLDs was identified
and systematically annotated. The physicochemical
properties of the identified proteins revealed variations
in molecular weight, isoelectric points, and stability
indices. Phylogenetic analysis classified the PLC and
PLD enzymes into well-defined subfamilies, with
close evolutionary relationships observed between
cocoa and other plant species. The structural analysis
further highlighted significant variation in exon-intron
organization across PLC and PLD genes. The expression
patterns of PLC and PLD genes during cocoa embryo
development revealed their dynamic regulation across
developmental stages. Several genes, such as 7cNPC2,
TeNPC3, and TcPI-PLCS5, exhibited high expression in
specific stages, while others, including 7cPLDal, were
consistently expressed across all stages. In response
to P megakarya infection, a considerable number of
PLC and PLD genes displayed differential expression
across time points and cocoa varieties, with notable
upregulation or downregulation of key genes, such as
1cPI-PLC2, TePLDa5, TcPLDO3, and TePLD(2. Overall,
these findings provide a comprehensive framework for
understanding the roles of PLC and PLD genes in cocoa
growth, development, and stress responses. The results

lay the foundation for future functional studies to enhance
cocoaresilience to biotic and abiotic stresses, contributing
to the improvement of this economically important crop.
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