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Abstract YABBY gene family consist of plant transcription factors, which also share a DNA-binding domain with a
number of other activities including style length regulation in flowering plants and polarity establishment of lateral
organs. The genome of Theobroma cacao was utilized to discover members of the YABBY gene family via some online
web techniques. Structure of the gene, location on the chromosome, protein motifs, phylogenetic investigation, synteny
and dual synteny analysis, cis-regulatory elements, subcellular localization and functional enrichment, and protein—
protein interaction networks were analyzed. In this case, 7 YABBY genes were identified at random on all 10
chromosomes. Cacao YABBY proteins formed five sub-categories (AtINO, AtCRC, AtYAB5, AtAFO and AtYAB2)
based on the familiar Arabidopsis classification. Comparison of the synteny of cacao and Arabidopsis showed that a
conserved orthologous relationship was present between the two species, indicating the evolutionary presence of
YABBY genes in dicot species. Ka/Ks analysis showed that TCYABBY genes have mostly evolved under severe purifying
pressure. Promoter analysis revealed the presence of multiple hormone- and stress-responsive cis-regulatory
elements, suggesting potential regulatory roles in growth and environmental responses. Functional enrichment and
interaction analyses further supported the involvement of TcYABBY proteins in developmental and metabolic
regulatory pathways. Comprehensively, this research paper offers an extensive framework of YABBY gene evolution
and functional potential of cacao and is an important source of future functional characterization and breeding-
related studies.
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development, carpel and nectary formation, and ovule

Introduction integument development. Comparative analyses
The regulation of genes depends on a number of across plant species indicate that YABBY genes are
biological activities in plants including development, evolutionarily conserved but have undergone lineage-
stress response and hormone signaling, among others, specific expansion and diversification(Han et al.
and transcription factors (TFs) are one of the most 2025). Theobroma cacao is a valuable perennial tree
important regulators. The most distinct of these is the crop with significant economic value and is the major
YABBY transcription factor family, which is a producer of cocoa and chocolate. Despite the
distinctive plant family with a conserved N-terminal availability of a high-quality genome sequence,
C2C2 -like zinc-finger domain and a C-terminal transcription factor families in cacao remain
YABBY (HMG-like) DNA-binding domain. The underexplored. The structural changes of the YABBY
possession of all YABBY genes is mainly in gene family in cacao can be examined on a genome-
determining the abaxial cell fate of lateral organs, wide scale, offering new suggestions on how the gene
floral and leaf polarity, lamina growth, as well as the family can be utilized in agronomic traits through
development of floral organs(zZhang et al., 2020). study of its development, evolution, and
Arabidopsis thaliana has been reported to have a total conservation(Li et al., 2019; Zhao et al., 2023). The
of six YABBY genes that have been sorted into unique present study aims to (i) identify YABBY genes in the
subfamilies, which are FILAMENTOUS FLOWER cacao genome, (ii) analyze their phylogenetic
(FIL/YABL), YAB2, YAB3, YAB5, CRABS CLAW relationships and structural features, (iii) investigate
(CRC), and INNER NO OUTER (INO). Functional chromosomal distribution and duplication events, (iv)
studies have demonstrated their roles in leaf assess evolutionary selection pressure, (v) examine
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regulatory elements and functional enrichment, and
(vi) compare cacao YABBY genes with their
Arabidopsis counterparts through synteny and
interaction analysis(Liu et al., 2025).

Materials and Methods

Cacao ldentification of the YABBY genes.

YABBY PSTrFs (Plant-specific transcription factors)
gene amino acid sequences were taken from Pfam
(http://pfam.xfam.org), i.e., PF04690. 164 Amino
acid sequences of the YABBY gene were separated
from the Arabidopsis thaliana (Accession No.
AOA1P8SAPE2)(Buttar et al., 2020; Hao et al., 2022).
Using this sequence, further genes containing coding
for YABBY proteins were discovered using the
database of the proteome at the Ensemble Plant
website (https://plants.ensembl.org) utilizing the
BLAST-P (protein alignment search tool) program.
Ensemble Plant site provided TcYABBY amino acid
sequences, which were inputted in motif finder
(https://www.genome.jp) and national center of
biotechnology information CDD
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.c
ai) using already set parameters. The proteins lacking
real YABBY conserved domains in their sequence
were excluded. The subjective studies reduced the
protein sequences absent in the conserved domain of
YABBY proteins. The sequences of known YABBY
proteins in Arabidopsis thaliana served as queries to
screen the candidate YABBY genes in cacao as
provided by sequence similarity searches. The
presence of the YABBY domain was additional
confirmation of the candidate proteins through
domain prediction tools. The redundant sequences
were eliminated, and the rest of the genes were named
as TcYABBY1 to TcYABBY7 based on the position of
genes on the chromosome(Ren et al., 2025).
Phylogenetic analysis

The amino acid sequence alignment and
the phylogenetic analysis were done using the MEGA
11 v11.0.10 (Tamura et al., 2021) program using the
neighbor-joining (NJ) method and bootstrapping held
constant at 1000 replications with pairwise deletion.
For phylogenetic exploration, 7 cacao YABBY
proteins and 6 Arabidopsis YABBY protein sequences
were utilized(Xi et al., 2023).

Investigation of chemical and physical
characteristics of TCYABBY proteins

The online ProtParam web tool was used to depict
amino acid length, isoelectric values, and molecular
weight of the molecules(Mariyam et al., 2021).
ProtParam tool was used to predict the protein length
(amino acid residues), molecular weight, and
theoretical pl of the YABBY  proteins
(http://web.expasy.org/protparam). The data in terms
of the gene ID, the location of the gene on the
chromosome, and the sequence of the gene and
protein were obtained on plants Ensemble. The
YABBY genes were renamed to the original position in
the order that was found on the respective website.
The online web tool WoLFPSORT was used to

identify subcellular localization of TcCYABBY genes
(https://wolfpsort.hgc.jp) (Table 1)(Akbudak et al.
2020).

Gene structure and conserved motif analysis

To predict the arrangement of exons and introns, CDS
and genomic data of TCYABBY genes were taken from
the online website of Ensemble Plants. Furthermore,
other full genomic, gff, and protein files of the cacao
genome were also taken from Ensemble Plants (Sen,
2022). Sequences of these genes were inserted into
Gene Structure Display Server (GSDS v2.0)
(http://gsds.cbi.pku.edu.cn) to draw sequences were
further used to draw the gene structure using Gene
Structure Display Server (GSDS v2.0) (available at
http://gsds.cbi.pku.edu.cn). MEME suite website was
utilized to figure out the number of motifs using
Multiple Em for Motif Elicitation (MEME) software
with a total no. of motifs customized to 10
(https://meme-suite.org/meme/tools/meme) (Adak et
al., 2023). The width of the motifs was customized
between 6 and 50, including a few other parameters.
Chromosomal localization and duplication
analysis

TcYABBY genes were physically mapped on cacao
chromosomes. Based on the data of the GFF
annotation file of the T. cacao genome, all YABBY
genes were mapped on their corresponding
chromosomes, and their positions were visualized
using TBtools. The occurrences of gene duplication
were detected based on sequence similarity and the
location of the gene(Sen, 2022).

Synteny analysis with Arabidopsis

Comparative synteny analysis was performed
between cacao and Arabidopsis genomes to identify
orthologous YABBY gene pairs and conserved
genomic blocks. The Multiple Collinearity Scan
toolkit (MCScanX) was used for a check of
duplication events of the genes, using parameters that
were already set. Arabidopsis was also subjected to
dual synteny with cacao. The syntenic maps were
developed using Advanced Circos within the TB tools
to illustrate the syntenic relationship between
paralogous gene pairs YABBY obtained in the
cacao(Chen et al., 2025a).

Evolutionary selection pressure (Ka/Ks) analysis
Nonsynonymous (Ka) and Synonymous (Ks)
replacement values for the duplicated TcYABBY gene
pairs were calculated, and the ratios Ka/Ks should be
used to estimate the rate of selection(Gain et al.
2024).

Cis-regulatory element analysis

The upstream sequences of TcYABBY genes were
checked for the presence of potential cis-acting
regulatory element using PlantCARE
database(https://bioinformatics.psb.ugent.be/webtool
s/plantcare/html/). For every TcYABBY gene, a
promoter sequence of 2, 000 bp upstream from the
transcription start site was taken from the Ensembl
Plants database and sent to the PlantCARE web
server. The analysis was done using default
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parameters. PlantCARE was utilized to locate and
assign cis-regulatory elements that are related to
hormonal regulation, light regulation, stress
responses, and developmental processes. The output
consisted of the position, strand orientation, and
functional annotation of each recognized cis element.
The identified cis-regulatory elements were first
checked manually, then grouped according to their
known biological functions, and finally presented in a
table form to show their similarity/difference among
the TcYABBY genes. The findings were also displayed
visually with the help of TBtools(Gao et al., 2017;
Yilmaz et al., 2025).

Subcellular localization prediction

The subcellular localization of the proteins encoded
by the TcYABBY genes was predicted by the online
WoLF PSORT web tool(https://wolfpsort.hgc.jp) and
visualized as a heatmap using TBtools (Horton et al.
2006).

Functional enrichment and protein—protein
interaction analysis

Gene Ontology and pathway enrichment analyses
were performed to consider the biological
functions of TcYABBY genes. The protein sequences
of the TcYABBY genes were submitted to the BUSCA
(Bologna Unified Subcellular Component Annotator)
web server for the first time
(https://busca.biocomp.unibo.it/) to get
corresponding Gene Ontology identifiers(Nadeau et
al., 2021). The gene IDs that were found were then
used as input for an enrichment analysis via the
ShinyGO v0.77 online platform
(https://bioinformatics.sdstate.edu/go/).

ShinyGO was utilized to detect the significantly
enriched GO terms that represented biological
processes, molecular functions, and cellular
components. Default ~ settings ~ were  applied,
and the evaluation of statistical
significance was determined based onthe false
discovery rate (FDR)- adjusted p-values. Enrichment
results were illustrated as dot plots showing the fold
enrichment values and the number of
genes participating in them. Protein and protein

interaction networks were generated through the
STRING database (http://string-db.org/) using a
combination of predicted and known interaction
evidence, such as gene neighborhood, gene fusion,
and gene co-occurrence, etc. Additional evidence
sources included text mining, co-expression, and
protein homology, which were also considered. These
integrated interaction channels were used to infer
functional associations among TcYABBY
proteins(Fowler et al., 2011; Pathan et al., 2015).
Results

Identification and classification of TcCYABBY
genes

Seven YABBY genes were identified in the cacao
genome and designated TcCYABBY1 to TcYABBY7. All
identified proteins contained the conserved YABBY
domain, confirming their classification as YABBY
transcription factors. Phylogenetic analysis grouped
these genes into distinct clusters, indicating
diversification within the cacao YABBY family. To
identify 7 TcYABBY genes, the sequence of the
YABBY domain was blasted against the entire genome
sequence of Cacao that was retrieved from the
Ensemble database. The first proteomic BLAST
resulted in the discovery of a total of 11 YABBY
proteins. Among these proteins, only those were
retained for further analysis that contained the
complete YABBY domain, while remaining of the
proteins which have incomplete or identical protein
forms were excluded. Finally, for further
investigational study, 7 fully differentially sequenced
TcYABBY genes were selected (Table 1). The length
of amino acids of TcYABBY genes fell within the
range of 180 to 230 aminoacidsin length,
while the molecular weight was between 19. 09 and
24. 777 kD, with TcYABBY1 as the shortest and
TcYABBY®6 being the longest protein. (Table 1)(Eshed
et al., 2004). The pl value of the detected proteins
ranged from 8.13 to  9.08. The subcellular
localization of these 7 YABBY genes was determined
by wusing the online web tool WOLFPSORT
(https://wolfpsort.hgc.jp/).

Table 1. Accession information and basic characteristics of TCYABBY genes in Theobroma cacao

Gene Name Chr Start End Strand AA Exon Intron Weight pl Instability ~ Aliphatic Grand
ID (KDs) Index Index Average of
Hydropathicity
(Gravy)
Thecc.01G380200.1.v2.1 TcYABBY1 Chrl 37921030 37923860 + 181 8 7 2043919 8.96 4524 73.81 -0.551
Thecc.03G257400.1.v2.1 TcYABBY2 Chr3 31935208 31938340 211 7 6 23.47669 7.71  46.7 81.33 -0.325
Thecc.09G267900.1.v2.1 TcYABBY3 Chr9 36312754 36320397 182 6 5 20.35698 8.42 4753 65.44 -0.526
Thecc.09G128600.1.v2.1 TcYABBY4 Chr9 = 7045052 7049007 184 7 6 20.78662 8.13  50.08 74.24 -0.406
Thecc.07G117600.1.v2.1 TcYABBYS5 Chr7 = 7884417 7889767 212 7 6 2345482 824 47.81 76.32 -0.297
Thecc.02G254000.1.v2.1 TcYABBY6 Chr2 = 33732346 33735235 222 7 6 2477014 8.13 59.96 69.46 -0.517
Thecc.02G326600.1.v2.1 TcYABBY7 Chr2 = 41006601 41008631 173 7 6 19.09077 9.08 64.91 63.7 -0.558

Phylogenetic relationship across plant species
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Figure 1 Comparison of YABBY phylogenetic analysis of transcription factor proteins of Theobroma cacao,
Arabidopsis thaliana and other related plant species. The Neighbor-Joining (NJ) method was used to provide

the construction of a circular phylogenetic

A circular phylogenetic tree with Neighbor-Joining
(NJ) settings was created using MEGA 11 software by
aligning full-length protein sequences, including
YABBY proteins from cacao, Arabidopsis, and other
species, i.e., Fragaria anassa, revealing that
TcYABBY genes clustered with known YABBY
subfamilies(Fitzpatrick et al., 2017). The findings
illustrated that 7 TcYABBY proteins were scattered
in 5 subgroups, which were called AtINO, AtCRC,
AtYAB5, AtAFO/AtYAB3, AtYAB2 (Figure 1).

Gene structure organization

The arrangement of introns and exons is very helpful
in proofreading the evolutionary relationship between
genes and different organisms. The total number of

) S T

introns and exons serves as an evolutionary ID for
different gene families. The phylogenetic analysis
along with the intron and exon structure showed that
the pattern was quite similar between the phylogenetic
clades(Brown et al., 1989). The number of introns
changed from 5 to 7 in cacao (Table 1). All 7
TcYABBY genes contain introns and exons with a little
variation in quantity. TcYABBL consisted of 7 introns
and 8 exons (14.29%), TcYABB3 contained 5 introns
and 6 exons (14.29%), whereas TcYABB2, TcYABB4,
TcYABB5, TcYABB6, and TcYABB7 each harbored 6
introns and 7 exons (71.43%) (Table 1 and Figure 2).
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Figure 2 Theobroma cacao Gene structure organization of TcYABBY genes. The exon-intron structure of
TcYABBY genes is drawn based on their phylogenetic data. The exons are illustrated by green boxes, introns by

black lines, and untranslated regions (UTRs)
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Conserved motifs and domain architecture

Motif analysis identified multiple conserved motifs
shared among TcYABBY proteins. The YABBY domain
was consistently present across all members, while
clade-specific ~ motifs  suggested  functional
divergence. Motif Finder, an online web tool, was
used to distinguish and recognize the arrangements of
different motifs. All 7 YABBY protein sequences were
computed for motif analysis. Total no of different
motifs was found to be 10(Gushchina et al., 2018).
YABBY domains were constantly present in all the
identified TCcYABBY proteins. Two other motifs,
named Hmg_box and Hmg_box2, were also present
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in all 7 YABBY proteins. HMG box motifs are
recognized to bind DNA in the minor groove and to
curve the DNA to accurate severe angles. It was noted
that genes located in the same group contained motifs
whose sequence patterns were alike, from which we
can assume that the highly consistent motifs have a
specific function related to that specified group. All
the cacai YABBY genes contain the same YABBY
domain, but its arrangement was a little varied in some
genes. Evolutionary gene expansion might be the
cause of the YABBY domains having similarity in the
motif patterns in different groups (Figure 3).
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Figure 3 Conserved motif composition and domain architecture of TCYABBY proteins in Theobroma cacao.
On the left is the phylogenetic relationship among TcYABBY proteins, and the middle panel shows the

distribution of conserved motifs identified using MEM

Chromosomal distribution of TcYABBY genes

TcYABBY genes were unevenly distributed across
cacao chromosomes. Some chromosomes harbored
single genes, while others contained multiple
members, indicating  non-random  genomic
distribution. Analysis of the gene mapping of cacao
YABBY genes revealed that TcYABBY genes were
located unevenly on different chromosomes.
Chromosomal distribution analysis given that
TcYABBY genes were unevenly divided across the
genome. A total of two TcYABBY genes (TcYABBY6
and TcYABBY7) were located on chromosome 2,
while chromosome 9 harbored two genes (TcCYABBY3
and TcYABBY4). In contrast, chromosome 1

(TcYABBY1), chromosome 3  (TcYABBY2),
chromosome 7 (TcYABBY5), and chromosome 8
(TcYABBYS8) each contained a single TcCYABBY gene.
No TcYABBY genes were detected on the remaining
chromosomes(Obe et al., 2002). Furthermore, synteny
and duplication analysis revealed that TcYABBY
genes exhibited several segmental duplication
relationships across different chromosomes. The
duplicated gene pairs were distributed across
chromosomes 2, 7, and 9, indicating that the
expansion of the TcYABBY gene family was mainly
driven by segmental duplication events, while no clear
tandem duplication events were observed (Figure 4).
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Figure 4 Chromosomal distribution and duplication analysis of TcYABBY genes in Theobroma cacao. The
locations of the TcYABBY genes physically on the cacao chromosomes are depicted by vertical yellow bars with

scale markers indicating chromosomal length
Synteny between T. cacao and A. thaliana

Dual synteny analysis between Theobroma cacao and
Arabidopsis thaliana was conducted using TBtools to
investigate the evolutionary conservation of the
TcYABBY gene family (Figure 5). The synteny map
revealed that TCYABBY genes were distributed across
all ten chromosomes of T. cacao and showed clear
collinear relationships with corresponding regions in
the Arabidopsis genome. Multiple inter-genomic
syntenic links were observed between T. cacao

Chromasome 6 Chromasome 5 Chromosome_4  Chromasome_3

Chromosome_2

Chromasome_{

chromosomes and Arabidopsis chromosomes,
indicating that several TcYABBY genes share
conserved orthologous relationships with their
Arabidopsis counterparts(Prewitt et al., 2021). The
presence of these conserved syntenic blocks suggests
that the YABBY gene family is evolutionarily
conserved between T. cacao and A. thaliana and that
these genes likely originated from common ancestral
genomic regions before species divergence.

Chromnosome_§ Chromasome€lgamosome SBromasoms 7

1 , . | *
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Figure 5 Dual synteny analysis of YABBY genes between Theobroma cacao and Arabidopsis thaliana. Red bars
represent cacao chromosomes, while blue bars represent chromosomes of Arabidopsis. Green lines denote collinear

orthologs between the two species

Duplication and collinearity within cacao

A Circos plot was constructed to visualize the
chromosomal  distribution ~ and  duplication
relationships of TCYABBY genes in Theobroma cacao
(Fig. 6). The TcYABBY genes were distributed across
multiple chromosomes, indicating a non-uniform
chromosomal organization of the YABBY gene family.
Several inter-chnromosomal links were observed
among TcYABBY genes, as represented by red
connecting lines, suggesting the presence of
segmental duplication events. Notably, TcYABBY3

and TcYABBY4 showed multiple syntenic connections
with other TcYABBY members, highlighting their
involvement in duplicated genomic blocks. In
contrast, no closely adjacent gene pairs were detected
on the same chromosome, indicating the absence of
tandem duplication(Brown et al., 2008). Overall, the
Circos analysis demonstrates that the expansion of the
TcYABBY gene family in T. cacao is mainly attributed
to segmental duplication events distributed across
different chromosomes (Figure 6).
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Figure 6. A Circos diagram is a graphical representation of the duplication and collinearity relationships between
TcYABBY gene pairs of Theobroma cacao. The chromosomes are shown in a round layout, and the red lines

between them illustrate segmental.

Evolutionary selection pressure

The duplication and evolutionary divergence of
TcYABBY genes were studied through the
computation of Ka, Ks, and Ka/Ks ratios with the help
of the simple Ka/Ks calculator that is part of the
TBtools package (Figure 7). Here, Ka stands for the
number of nonsynonymous substitutions per
nonsynonymous site, and Ks represents the number of
synonymous  substitutions  per  synonymous
site. Meanwhile, the Ka/Ks ratio indicates the
magnitude of the selective pressure on the duplicated
gene pairs. The Ka/Ks ratios for
the TCYABBY paralogous gene pairs
that were analyzed varied between 0. 128 and 0. 384.
Specifically, the TcYABBY3 TcYABBY4 and
TcYABBY3_TcYABBY5 pairs exhibited the lowest
Ka/Ks values (0.128), while the
TcYABBY2_TcYABBY3 pair showed the highest ratio
(0.384). The corresponding Ks values varied from
0.995 to 2.245, with the highest Ks observed for the
TcYABBY3_TcYABBY4 and TcYABBY3 TcYABBY5
gene pairs. Notably, all analyzed TcYABBY
paralogous pairs displayed Ka/Ks ratios less than 1,
indicating that these genes have undergone strong
purifying (negative) selection following duplication.
This suggests that duplicated TcYABBY genes are
evolutionarily conserved and that functional
divergence has occurred under selective constraints
rather than positive selection(Back, 1994).
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Figure 7 Analysis of evolutionary selection
pressure on duplicated TcYABBY gene pairs.
Heatmap clustering displays the calculated Ka, Ks,
and Ka/Ks ratios using TBtools. All gene pairs
show Ka/Ks ratios less than 1.

Cis-regulatory element analysis

The binding sites of the transcription factors in the
promoter constitutions have been thought to be the
key molecular players of the gene expression
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regulation mechanisms, as they affect the positioning
of the cis-regulatory elements. To
explore the possible regulatory pathways of the
TcYABBY gene family, the insilico examination of the
upstream promoter regions was carried out. A huge
range of cis-acting regulatory elements related to light
responsiveness, hormone signaling, stress responses,
and developmental regulation were found
in the sequences of TcCYABBY genes (Table 2, Figure
8). TcYABBY gene promoter areas were identified to
be highly enriched with a variety of light-responsive
elements, including G-box, Box 4, GT1-motif, MRE,
TCT-motif, and TCCC-motif, which implies that
TcYABBY genes might play a role in light-mediated
transcriptional regulation. Along with that, several
phytohormone-responsive elements were found, such
as ABRE (abscisic acid responsiveness), TGACG-
motif and CGTCA-motif (methyl jasmonate
responsiveness), TATC-box and P-box (gibberellin
responsiveness), and TCA-element (salicylic acid

responsiveness); hence, there is an indication of
the involvement of TcYABBY genes in hormone-
regulated signaling pathways(Wittkopp and Kalay,
2012). In addition, a variety of stress-related cis-
elements were observed, including ARE (anaerobic
induction), MBS (drought inducibility), LTR (low-
temperature responsiveness), WUN-motif (wound
response), and TC-rich repeats associated with
defense and stress regulation. Elements involved in
growth and tissue-specific regulation, such as CAT-
box (meristem expression), O2-site (zein metabolism),
RY-element (seed-specific regulation), GCN4-motif
(endosperm expression), MSA-like element (cell-cycle
regulation), and AT-rich elements related to DNA-
binding protein activity, were also identified among
TcYABBY promoters(Wang et al., 2007). Overall, the
diverse composition and variable distribution of cis-
regulatory elements among TcYABBY genes suggest
their  functional diversification and complex
transcriptional regulation in Theobroma cacao.
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Figure 8 Cis, regulatory element distribution around promoter regions of TcCYABBY genes. The heatmap shows
the number and locations of various cis, acting regulatory elements that are linked to light responsiveness, hormone

signaling, stress responses.

Table 2 The spatio-temporal functional distribution of the patterns of cis-regulatory element of the YABBY
gene in different tissues and organs through biological growth of the plant

Sr  Cis- Function References

#  Elements

1 AAGAA- Transcriptional regulation and responsiveness to the stress (Yamaguchi-Shinozaki and
motif regulatory element, which causes cis-acting. Shinozaki, 2005)

2  ABRE Abscisic acid (ABA) receptor Cis-acting factor (Xiao-Li et al., 2011)

3  CAAT-box  Oncolytic promoter elements. Crucially prevalent

(Papadakis et al., 2004)

transcription initiation promoter elements, as well as promoter

efficiency.
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4  G-Box Cis-acting regulatory factor in light responsiveness and
hormone signaling.

5  TATA-box Promoter element that is core and is situated close to the point
at which transcription will initiate; an aspect that is a must-
have to get bound by RNA polymerase.

6 W hbox WRKY binding site for transcription factors; defense response
and pathogen signal.

7 ERE ERE, which is a part of the ethylene signaling pathway.

8  GT1-motif The cis-acting regulatory element is light-responsive.

9 MYB MY B transcription factor binding site in the process of stress
response and development.

10 MYB-like As a part of the regulatory aspect linked to transcription

sequence instigated by MYB and response to stress.

11 STRE Stress element that is sensitive to general stress.

12 WRE3 Wound-induced regulatory component of injury and defense
signaling.

13 Box4 Light-responsive DNA module that is conserved.

14 GATA-motif Thiol-lysine dipeptide light-sensitive motif of photoregulation
and chlorophyll synthesis.

15 GC-motif Gene transcription and light responsiveness regulatory
element.

16 P-box Element in the growth control triggered by gibberellin.

17 TCA The regulatory element controlling salicylic acid
responsiveness that is cis-acting.

18 ARE Cis-acting factor in anaerobic induction.

19 MYC MY C transcription factor binding site in stress and jasmonic
acid signaling.

20 TCCC-motif = Cis-acting regulatory element that is responsive to light.

21  O2-site Zein metabolism Cis-acting element by which the seed storage
protein is regulated.

22 MBS MY B binding site implicated in inducibility to drought.

23 Myb MY B transcription factor binding site on stress and
developmental regulation.

24  Myb-binding MYB-dependent transcription regulation Cis-acting regulatory

site element.

25 TC-rich Cis-regulatory component of defensive and stress

repeats responsiveness.

(Farrera-Sal et al., 2020)

(Smale et al., 1998)

(Lenhard et al., 2012)

(Saukkonen and Hemminki,
2004)
(Kawakami et al., 2024)

(Nettelbeck et al., 2002)

(Wang et al., 2021)

(Roy, 2016)
(Chen et al., 2025b)

(Harshith et al., 2024)
(Lee and Seo, 2022)

(Shrestha and Huang, 2022)

(Yeetal., 2022)
(Tang et al., 2025)

(Lowry and Zitomer, 1984)
(Stirnberg and Happe, 2004)

(Geffers et al., 2000)
(Von Harsdorf et al., 1997)

(Bowen and Hassan, 1993)
(Lee and Kaplan, 1992)

(Ter Linde and Steensma,
2003)
(Guillermo et al., 2017)

Subcellular localization prediction

The subcellular localization of TcYABBY proteins was
predicted to gain insight into their potential functional
roles within the cell (Figure 9). The analysis revealed
that TCYABBY proteins are predominantly localized in
the nucleus, consistent with their role as transcription
factors. Strong nuclear localization signals were
observed particularly for TcYABBY2, TcYABBY7,
TcYABBY1, and TcYABBYS5, as indicated by higher
scores in the nuclear compartment. In addition to
nuclear localization, several TCYABBY proteins also
showed predicted localization in cytoplasmic and
plastid  compartments,  suggesting  potential
multifunctional roles. TcYABBY3, TcYABBY4, and
TcYABBY6 exhibited relatively broader localization

patterns, with detectable signals in the cytoplasm,
plastids, vacuole, and mitochondria, indicating a more
diverse subcellular distribution. Minor localization
signals were also observed in the endoplasmic
reticulum and chloroplast compartments, though
these were comparatively weaker(Ddnnes and
Hoglund, 2004). Hierarchical clustering of
localization patterns grouped TcYABBY proteins with
similar subcellular distributions together, reflecting
functional similarity among closely related members.
Overall, the results suggest that while nuclear
localization is dominant for TcYABBY proteins,
certain members may also function in other cellular
compartments, highlighting potential diversification
of regulatory roles within the TCYABBY gene family.
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Figure 9 Predicted subcellular localization of TcYABBY proteins. Heatmap visualization shows the likelihood
of protein localizations in different cellular compartments such as the nucleus, cytoplasm, plastids, vacuole,

mitochondria, and endoplasmic reticulum
Functional enrichment analysis

Gene Ontology (GO) enrichment analysis was carried
out to investigate the potential functional roles of
TcYABBY genes in Theobroma cacao. It was found,
through the results, that TcCYABBY genes play a major
role in processes  biologically related to their
functioning, including nucleotide metabolism,
adenosine/AMP  deaminase  activity,  purine
nucleoside phosphorylase activity, and general
nucleotide metabolic processes, showing the highest
fold enrichment values. In addition, enrichment was
observed for pathways associated with pyrimidine
metabolism and purine biosynthesis, indicating the
involvement of TcYABBY genes in nucleic acid—

related metabolic regulation(Wu et al., 2010) (Figure
10). GO terms related to molecular functions, such as
metal binding, zinc ion binding, metal-dependent
hydrolase activity, and hydrolase activity, were also
significantly enriched. These results suggest that
TcYABBY proteins may participate in enzymatic and
regulatory functions requiring metal cofactors.
Overall, the GO enrichment analysis indicates that
TcYABBY genes in T. cacao are functionally
associated with nucleotide metabolism, metal ion
binding, and catalytic activities, highlighting their
potential roles in metabolic regulation and cellular
processes(Yadav and Srivastava, 2018).

Adenosine/AMP deaminase, and Purine nucleoside phosphorylase - -

Nucleotide metabolism = =il

N. of Genes
® 1

Pyrimidine metabolism, and Adenosine/AMP deaminase -

Metal-dependent hydrolase - —@

Pyrimidine metabolism, and Purine biosynthesis - @
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Figure 10 Gene Ontology (GO) enrichment analysis of TcCYABBY genes. The dot plot points to significantly
enriched biological processes and molecular functions such as nucleotide metabolism, metal binding, hydrolase

activity, and metabolic regulation pathway
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Protein—protein interaction network

Protein—protein interaction (PPI) analysis was
conducted to explore the functional interaction
landscape of TcYABBY proteins in Theobroma cacao
(Figure 11). The PPI network revealed that TcCYABBY
proteins form an interconnected interaction network,
indicating their involvement in coordinated regulatory
processes. Among the TcYABBY members,
TcYABBY?7 appeared as a central hub protein, showing
interactions with multiple TcYABBY proteins as well
as several non-YABBY interacting partners(Zuo et al.
2009). The network also identified interactions
between TcYABBY5, TcYABBY6, and TcYABBY7,
suggesting potential cooperative or related functional
roles among these proteins. In addition, TcYABBY

TCYAB7

€
-

e

TCM_017424 %

TCM_ 019278

N

TcYAB7

TcYAB7 (—\\

p -

©

TCM_024217

proteins were found to interact with several TCM-
labeled proteins (e.g., TCM_017424, TCM_024217,
TCM_033940, and TCM_021794), which are likely
associated with regulatory or metabolic functions.
The presence of both intra-family (YABBY-YABBY)
and inter-family interactions highlights the integration
of TcYABBY proteins into broader cellular networks.
Overall, the PPI analysis suggests that TcYABBY
proteins participate in complex regulatory and
metabolic interaction networks, supporting their
potential roles in transcriptional regulation and
coordination of diverse biological processes in T.
cacao.

TCM_021794
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Figure 11 Protein protein interaction (PPI) network of TCYABBY proteins. Network analysis reveals that there
are interactions between TcYABBY proteins and other associated regulatory proteins. TCYABBY7 is identified
to play a significant role as a central hub protein, implying its potential major role in transcriptional and

metabolic regulatory networks.

Discussion

The YABBY gene family represents a class of plant-
specific transcription factors that are evolutionarily
conserved and critically involved in organ polarity,
tissue differentiation, and reproductive development,
and the present genome-wide analysis provides the
first comprehensive characterization of this gene
family in Theobroma cacao. The identification of
seven TcYABBY genes, grouped into five conserved
subfamilies consistent with Arabidopsis thaliana,
reflects strong evolutionary conservation across dicot
species while also indicating limited lineage-specific
expansion in cacao. The conserved exon-intron
organization and shared YABBY and HMG-box motifs
across all TcYABBY proteins highlight strong
structural constraints, supporting their functional
indispensability. Chromosomal localization and
synteny analyses revealed that TcYABBY genes are
unevenly distributed across cacao chromosomes and
that segmental duplication, rather than tandem
duplication, has been the primary driver of gene
family expansion, a pattern typical of transcription

factor families maintaining dosage balance. The
predominance of purifying selection acting on
duplicated TcYABBY gene pairs, as indicated by
Ka/Ks ratios below unity, further underscores the
evolutionary pressure to preserve functional integrity
following duplication events. Promoter analysis
uncovered a rich diversity of cis-regulatory elements
related to light responsiveness, phytohormone
signaling, stress responses, and tissue-specific
regulation, suggesting that TcYABBY genes act as
integrators of developmental and environmental
cues(Argout et al., 2011). Subcellular localization
predictions confirmed the dominant nuclear
localization of TcYABBY proteins, consistent with
their transcriptional regulatory roles, while secondary
localization in other cellular compartments for certain
members suggests potential functional diversification.
Functional enrichment analysis further linked
TcYABBY genes to nucleotide metabolism, metal
binding, and catalytic activities, expanding their
potential  biological roles beyond classical
morphogenetic  functions. Additionally, protein—
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protein interaction network analysis identified
TcYABBY7 as a central hub interacting with both
YABBY and non-YABBY proteins, indicating that
TcYABBY proteins operate within complex regulatory
and metabolic networks(Karimizadeh et al., 2019;
Kumar et al., 2016). Overall, these findings
demonstrate that TcYABBY genes are highly
conserved yet functionally diversified regulators in
cacao, providing valuable insights into their
evolutionary dynamics and laying a robust foundation
for future functional studies and breeding-oriented
applications(Laukens et al., 2015).
Conclusion
In conclusion, this research presents a comprehensive
genomic properties of the YABBY transcription factor
gene family in Theobroma cacao and provides
important  observations into their framework
organization, evolutionary background, regulatory
complexity, and biological potential. Seven TcCYABBY
genes were characterized and divided into conserved
subfamilies consistent with Arabidopsis thaliana,
highlighting the strong evolutionary conservation of
YABBY genes among dicotyledonous plants.
Structural and motif analyses demonstrated a high
level of conservation, underscoring functional
importance of YABBY domain, while chromosomal
localization, synteny, and duplication analyses
demonstrated that large scale duplication and
purifying selection have played key roles in shaping
the TcYABBY gene family. The quantity of hormone-,
light-, and stress-responsive cis-regulatory elements,
together with predominant nuclear localization and
enriched functional pathways, suggests that TCYABBY
genes act as integrative regulators of developmental
and environmental signaling. Furthermore, PPI
analyses revealed that TCYABBY proteins, particularly
TcYABBY7, are embedded within complex regulatory
networks, supporting their central role in
transcriptional control and metabolic coordination.
Overall, these findings advance our awareness of
YABBY gene evolution and function in cacao and
provide a valuable genomic resource for future
functional validation, molecular breeding, and crop
improvement strategies aimed at enhancing cacao
development and stress resilience.
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