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SUMMARY

Phytophthora spp. is one of the most important phytosanitary threat to cacao
agroforestry systems, causing yield losses exceeding 40%. This study conducted a
comparative bioinformatic analysis to identify proteins associated with resistance
mechanisms in Arabidopsis thaliana, Theobroma cacao L., and Herrania umbratica.
From an initial dataset of 91 Arabidopsis sequences, 20 genes were identified as
potentially involved in plant defense. Protein sequences were analyzed using BLASTX,
selecting those with E-values < 1e-10, adequate query coverage, and identity values
above 65%. These proteins were then compared against T. cacao and H. umbratica
genomes using BLASTP, enabling detection of functionally relevant homologs.
Ortholog analysis with OrthoVenn3 revealed 13 conserved proteins shared among
the three species, including lectin-like receptors, transcription factors (bZIP60,
NACO089), stress-related proteins (PHOS32), and key immune signaling components
such as FLS2, RBK1, and RPH1. Phylogenetic analyses highlighted strong evolutionary
proximity between Theobroma cacao L. and Herrania umbratica, while Arabidopsis
showed expected divergence but retained conserved immune-associated pathways.
These conserved proteins represent promising candidates for functional validation
and potential application in cacao breeding programs aimed at enhancing resistance
to Phytophthora spp. Overall, this study demonstrates the value of in silico comparative
approaches to accelerate the discovery of defense-related genes and support the
development of more resilient and sustainable cacao production systems.

Index words: comparative bioinformatics, orthologous proteins, resistance to
oomycetes, transcription factors, virulence factors.

RESUMEN

Phytophthora spp. representa una de las principales amenazas fitosanitaria
para los sistemas agroforestales de cacao, provocando pérdidas superiores al 40%.
Este estudio realizd un andlisis comparativo bioinforméatico con el fin de identificar
proteinas asociadas a mecanismos de resistencia en Arabidopsis thaliana, Theobroma
cacao L.y Herrania umbratica. A partir de 91 secuencias iniciales de Arabidopsis se
identificaron 20 genes vinculados con la defensa vegetal. Las secuencias proteicas
se analizaron mediante BLASTX, selecciondandose aquellas con valores E < 1e-10,
coberturas adecuadas e identidades superiores al 65%. Posteriormente, estas
proteinas fueron comparadas con los genomas de T. cacao y H. umbratica mediante
BLASTP, lo que permitié detectar homdlogos funcionalmente relevantes. El anélisis
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ortélogo con OrthoVenn3 mostré 13 proteinas conservadas entre las tres especies,
destacando receptores tipo lectina, factores de transcripcion (bZIP60, NAC089),
proteinas de estrés (PHOS32) y componentes clave de sefalizacién como FLS2,
RBK1 y RPH1. Los andlisis filogenéticos evidenciaron una estrecha relacion evolutiva
entre T. cacao y H. umbratica, junto con divergencia esperada respecto a Arabidopsis,
aunque con conservacién funcional de rutas inmunes esenciales. Estas proteinas
conservadas representan candidatas clave para estudios funcionales y su potencial
aplicaciéon en programas de mejoramiento genético orientados a fortalecer la
resistencia del cacao frente a Phytophthora spp. Los resultados confirman el valor
del enfoque in silico para acelerar la identificacién de genes defensivos y promover
sistemas de produccién maés resilientes y sostenibles.

Palabras clave: bioinformatica comparativa, proteinas ortdlogas, resistencia a
oomicetos, factores de transcripcion, factores de virulencia.

INTRODUCTION

Theobroma cacao L., an indigenous tree of the South American tropical rainforest, originates from the lower
eastern equatorial slopes of the Andes (Vega-Jarquin, 2017). Currently, its cultivation has expanded to low-altitude
tropical regions around the world, becoming an important commercial crop for millions of small-scale farmers (Argout
et al., 2008). In Ecuador, especially in the province of Los Rios, cacao is a pillar of the agricultural economy, standing
out for its production of fine-flavor cacao and the CCN51 variety (Carranza-Quimi, Castro, Risco, and Cabezas, 2020).

Ecuadorian beans possess sensory characteristics that grant them an international competitive advantage.
However, their production is threatened by diseases primarily black pod rot caused by Phytophthora spp., which
canreduce yields by more than 40% (Argoutetal.,2008; Guerrero, Vera, Acosta, Ménaco y Palma, 2026), generating
annual losses of up to USD 2 billion in dry beans (Baruah, Ali, Shao, Lary, and Bailey, 2022). This pathogen is an
obstacle to sustainable cacao production, causing global losses of nearly 30% and up to 10% of tree mortality.
These conditions can worsen in the presence of factors such as high humidity in both soil and environment (Abad,
Cevallos, Montealegre, and Romero, 2021; Rodriguez and Vera, 2015).

Phytophthora spp. is a filamentous eukaryotic pathogen of major agricultural and economic impact,
responsible for multi-billion-dollar losses in global agriculture each year (Hou et al., 2019). Some studies suggest
that resistance to one species of Phytophthora may confer cross-tolerance to other species within the same genus
(Alietal., 2017).Inthis context, the use of Arabidopsis thaliana as a model plant—given its well-characterized genetic
system offers an opportunity to study plant resistance mechanisms (Irion and Nusslein, 2022). Thus, the existence
of orthologous genes or conserved mechanisms suggests a possible functional similarity between Arabidopsis
and T. cacao (Bomfim-Rego, Mora, Pirovani, Luz, and Corréa, 2022). I[dentifying key proteins in Arabidopsis could
therefore open new avenues for strengthening cacao resistance to Phytophthora spp.

In this regard, bioinformatics plays an essential role by enabling the analysis of genomic and protein sequences
associated with pathogen responses. This discipline has facilitated gene annotation and the discovery of proteins
related to tolerance in various plant species (Capote-Mainez and Hernadndez, 2021). Its application in Arabidopsis
thaliana can reveal valuable information which, when compared with T. cacao and Herrania umbratica, a species
closely related to T. cacao (Tarigan, Maharijaya, and lzzah, 2021), may be used to develop biotechnological
strategies for genetic improvement.

This research aims to identify protein sequences associated with resistance to Phytophthora spp. in Arabidopsis
thaliana using bioinformatic tools, and to evaluate their potential application for improving tolerance in T. cacao.
By integrating plant biology and bioinformatics, this study seeks to contribute to a promising strategy to address
the challenges posed by Phytophthora spp. Moving toward a more resilient and sustainable cacao production
system reducing the use of agrochemicals harmful to both human health and the planet is the current challenge.

MATERIALS AND METHODS

This research was based on a bioinformatic comparative analysis of proteins associated with defense
mechanisms against Phytophthora spp., using sequences from Arabidopsis thaliana, T. cacao, and Herrania
umbratica. Public databases and bioinformatic tools were used to find, compare, and analyze orthologous protein
sequences to infer potential resistance mechanisms in T. cacao.
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Data Collection

Protein sequences from T. cacao and Herrania umbratica were downloaded from the NCBI Datasets repository,
selecting the most complete and up-to-date available assemblies. Files were downloaded in FASTA format,
suitable for bioinformatic analyses. Sequences associated with the response to Phytophthora spp. in Arabidopsis
thaliana were obtained through an advanced search in NCBI, using the query syntax: (("Phytophthora"[Organism]
OR Phytophthora [All Fields]) AND ("Arabidopsis thaliana”[Organism] OR Arabidopsis thaliana [All Fields])) AND
alive[prop]. Relevant nucleotide sequences were also downloaded in FASTA format.

Protein Sequence Similarity Analysis

A total of 91 nucleotide sequences from Arabidopsis thaliana were analyzed using BLASTX (NCBI,
2025) to identify homologous proteins related to defense against Phytophthora spp. Sequences with
low E-values (< 1e-10) (Zaru, Orchard, and UniProt Consortium, 2023), identity = 65%, and acceptable
coverage were prioritized. Only sequences meeting these criteria were retained, resulting in a subset of
20 candidate proteins associated with defense-related functions. These sequences were subsequently used
as references for further analyses. The resulting sequences were used as references for subsequent analyses.
Next, these proteins were subjected to BLASTP to identify similar sequences in T. cacao, using T. cacao as the
comparison organism. The selected candidate proteins showed support from ESTs (Expressed Sequence Tags),
reinforcing their functional relevance despite the lack of strict identity or coverage criteria applied at this stage
(Magar et al., 2022).

Comparison of Orthologous Protein Sequences

The OrthoVenn3 tool (Sun, Lu, Luo, Bie, Xu y Wang, 2023) was used to perform orthologous cluster analyses
among the studied species. Protein sequences were grouped into FASTA files by species. Three comparative
analyses were conducted:

Arabidopsis thaliana vs. Theobroma cacao L. and Herrania umbratica

Arabidopsis thaliana vs. Theobroma cacao L.

Theobroma cacao L. vs. Herrania umbratica

In all cases, an E-value threshold of 1e-10 was applied. A total of 13 orthologous clusters were identified
through comparison, from which 11 clusters of interest were selected based on their functional annotation and
potential association with defense mechanisms.

Intracluster Phylogeny of Proteins Involved in Pathogen Defense Mechanisms

Proteins contained within the 11 selected clusters were aligned using Clustal Omega (Sievers et al., 2011) to
construct phylogenetic trees. For the phylogenetic analysis, the FASTA file was uploaded to Clustal Omega, the
input type was set to “protein,” and the output format was configured as “ClustalW with character counts.” The
resulting trees allowed the inference of evolutionary relationships and conservation patterns among orthologous
proteins from the species studied.

RESULTS AND DISCUSSION

From the initial search, 91 nucleotide sequences were identified, of which 20 genes in Arabidopsis thaliana
were potentially linked to defense mechanisms against pathogen attack, and particularly to possible resistence to
Phytophthora spp. These genes represent a key starting point for understanding the molecular pathways involved
in the immune response of this model species.

Sequence Similarity Analysis of Proteins

Search for protein sequence similarity related to the response to Phytophthora spp. in Arabidopsis thaliana.
Based on the nucleotide sequences identified, translations were obtained using BLASTX, and their corresponding
protein sequences were analyzed. Only those proteins showing identity values above 65%, high coverage percentages,
and extremely low E-values were selected, prioritizing sequences with previously reported functions associated
with defense. Sequences without significant similarity or with incorrect annotations were discarded. Finally, a set of
candidate proteins with high similarity and functional relevance was selected for subsequent analyses (Table 1).
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Search for protein sequence similarity involved in defense mechanisms against Phytophthora spp. in
Theobroma cacao L. The selected proteins from A. thaliana were used as reference sequences in a BLASTP
analysis against the protein database of T. cacao. Using this species as the organism of comparison optimized the
sensitivity of the search and allowed the detection of homologs with potentially conserved functions in defense
against Phytophthora spp. The sequences with the highest similarity values are presented in Table 2.

The identification of PHOS32 and PHOS34 from Arabidopsis thaliana mapping to the same predicted protein in
T. cacao (XP_017980543.1) likely reflects a paralogous relationship within Arabidopsis. Gene duplication events
in the Arabidopsis genome may have generated multiple paralogs belonging to the universal stress protein
family, which correspond to a single orthologous protein in cacao. Such many-to-one orthology relationships
are commonly observed in comparative genomic analyses due to lineage-specific gene duplication events
(Tegenfeldt et al., 2025).

Comparison of Orthologous Protein Sequences
Comparative orthology analyses were conducted between the defense-related proteinsidentified in Arabidopsis
thaliana and the protein sequences of T. cacao and Herrania umbratica using the OrthoVenn3 software. This tool

enabled the generation of orthologous clusters based on high-quality alignments (E-value < 1e-10), which were
visualized through Venn diagrams.

Table 1 Selection of specific protein sequences involved in the response to Phytophthora spp. in Arabidopsis thaliana.

N°  Gen Protein Organism Query Evalue  Per.ldent Accession Amino
Cover acids

Concanavalin A-like lectin . . .

1 LecRK-1.9 s . . Arabidopsis thaliana ~ 60% 0.0 100.00% NP_200838.1 718
protein kinase family protein

2 BZIP6O ia;'; 2609'0”/ leucine zipper 4 idopsis thaliana  44%  1.00E-76  100.00% NP_174998.1 295
NAC domain containing . . . o o

3 NACO089 protein 89 Arabidopsis thaliana ~ 37%  1.00E-100 100.00% NP_001330322.1 241

4 ATsGes6pp ConcanavalinAdikelectin iy coaliana  76% 0.0 100.00% NP_201363.1 675
protein kinase family protein
Adenine nucleotide alpha

5 PHOS32 hydrolases-like superfamily Arabidopsis thaliana ~ 25%  7.00E-106 100.00% NP_001332520.1 250
protein

6 AT1G22810 thsgrrgsri}g";‘:oﬁgf’b'”d'”g Arabidopsis thaliana  53%  7.00E-106 100.00% NP_173695.1 144

7 CLT2 gs:s(sggf)j fﬁgfr;i*;':fggfz Arabidopsis thaliana  53%  6.00E-91  100.00% NP_001190820.1 431
Adenine nucleotide alpha

8 PHOS34 hydrolases-like superfamily Arabidopsis thaliana ~ 30%  8.00E-105 100.00% NP_001328092.1 259
protein

9 FLS2 ;‘fgfe'?:;(ri'rf:s;efaergﬁ‘y’r:'r';‘iein Arabidopsis thaliana  81% 0.0 97.63% NP_001330009.1 1173

10 UMAMIT36 t"r'::'s‘gg‘ n“é':?aznl”/fzzgfe Arabidopsis thaliana ~ 44% 1.00E-85  94.44% NP_177183.2 375

11 RBK1 ROP binding protein kinases 1 Arabidopsis thaliana  53%  2.00E-151  90.08%  NP_568231.1 467

12 AT5G43930 %?_Z%”g;;;ﬂi{nﬂ;oﬁg /. Amsbidopsisthaliana  62% 0.0 86.87% NP_001190467.1 752

13 RPH1 Resistance to Phytophthora 1 Arabidopsis thaliana ~ 35%  5.00E-67 88.10% NP_001189776.1 201

14 CIT3 tfg:s(gg'r‘t’:r’)j fﬁ;‘fg’f\i‘;ﬁ:g Arabidopsis thaliana  44%  1.00E-106 66.33% NP_001078575.1 452
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Table 2 Protein sequences in Theobroma cacao L. homologous to protein sequences in Arabidopsis thaliana.

N° Symbol Description Scientific Name Query Evalue  Per.ldent Accession Ammo
Cover acids

1 RPH1 Efftzi'ﬂg%f&ﬂh;;;?e”Zed Theobroma cacao 72%  6.00E-86 82.88%  XP_0070507062 229

2 FLS2 gﬁpg;?egﬁzlézfte'” Theobroma cacao 98% 0.0 55.69%  KAK6268504.1 1167

3 LecRK-1.9 ESE@:S; Z?;t;é'f;';fgedloé“a'” Theobroma cacao 85% 0.0 50.96%  XP_017982159.1 675

4 BZIP6O faRcfoDr'ggED: bZIP transcription b omacacao 87%  3.00E-39  44.93%  XP 0179818231 315

5 NACO89 SEE@:S; ';Dérgéicn%%ma'“' Theobroma cacao 91%  7.00E-43  37.27%  XP_007015733.2 407

6 AT5G65600 E‘;gg:?::j'l'y” F)Ar;)"t';‘?n'ec“” Protein 1 obroma cacao 98% 0.0 53.04%  EOX91877.1 818

7 PHOS32 Efftzi'EITDEH%SU;Z'VE;Z';:;?S Theobroma cacao  89%  2.00E-101 74.36%  XP_017980543.1 222

8  AT1G22810 AP2/ERF domain - like 10 Theobroma cacao  90%  1.00E-47  53.42%  WRX30759.1 153

9 AT5G43930 ansducinfamily protein/WD-40 o, o a0 94% 0.0 55.10%  EOY06258.1 715

repeat family protein isoform 3

10 CLT2 g'éi?hoegggé;’“’te'” Theobroma cacao  86%  2.00E-162 68.18%  KAK6245797.1 425

11 UMAMIT36 g'éz‘zthoeot;:jégrme'” Theobroma cacao  99%  2.00E-165 62.47%  KAK6242061.1 368

12 RBK1 Eﬁ:tggd'”g proteinkinases 1, 1 oma cacao 94% 0.0 63.88%  EOX91923.1 464

13 PHOS34 Efftzi'EEEH%S“;Z'VEL?Z'::;T Theobroma cacao 90%  4.00E-98  71.67%  XP_017980543.1 222

14 CLT3 CRT-like transporter 3 isoform 1 Theobroma cacao  89% 4.00E-147 62.80% EOY32881.1 447

Comparative analysis: Arabidopsis thaliana vs. Theobroma cacao L. and Herrania umbratica

A total of 14 proteins from Arabidopsis thaliana associated with pathogen defense were compared. Thirteen
orthologous proteins were identified as shared among the three species. No exclusive sequences were detected
as shared only between Arabidopsis thaliana and Theobroma cacao, nor between Arabidopsis thaliana and
Herrania umbratica. However, Theobroma cacao and Herrania umbratica share 17 156 sequences, demonstrating
a high degree of similarity between these closely related species (Figure 1).

This analysis confirmed the presence of 13 shared orthologous sequences between Arabidopsis thaliana and
T. cacao., indicating strong conservation of defense-associated proteins in both species. Following this analysis,
only the small group of 13 proteins was evaluated, and similar to the findings reported by Castro-Bustos (2023"),
no exclusive proteins were found outside this set, reinforcing the relevance of these sequences as central elements
in the conserved immune response.

Analyses between Arabidopsis thaliana and T. cacao, 13 shared orthologous proteins were identified, with no
proteins exclusive to either species within the analyzed dataset (Figure 2). The presence of these conserved proteins
suggests that several defense-related mechanisms identified in Arabidopsis thaliana may also be present in T.
cacao. This functional conservation supports the use of Arabidopsis as a reference model for identifying candidate
genes associated with defense responses in cacao. The conservation of orthologous proteins across plant species
is frequently associated with key immune signaling pathways involved in pathogen perception and downstream
defense responses (Ding et al., 2022). Therefore, the identification of these shared proteins provides a useful
framework for exploring resistance-related mechanisms in cacao through comparative bioinformatic approaches.

' Castro-Bustos, S. (2023). Caracterizacién de la interaccién de la proteina AtGRDP2 de Arabidopsis thaliana con proteinas implicadas en procesos post-
transcripcionales (Tesis para obtener el grado de Doctora en Ciencias en Biologia Molecular). San Luis Potosi, S. L. P., México: Instituto Potosino de Investigacién
Cientifica y Tecnoldgica, A.C.
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nia_L ;i A_rLab»dopsa_ iana_target_proteins

Number of elements: specific (1) or shared by 2, 3, ... lists

[ 17158 d

3(13) 1(058
(13) 2 (933

Figure 1. Venn diagram of the first comparative analysis between the studied
species: Arabidopsis thaliana, Theobroma cacao L. and Herrania umbratica.

Comparative Analysis: Theobroma cacao L. vs. Herrania umbratica

In the specific analysis of T. cacao proteins homologous to those identified in Arabidopsis thaliana and
compared with the Herrania umbratica genome, 13 shared proteins were identified, with no proteins exclusive to
T. cacao found within this group. Although this set represents a small percentage of the total proteins identified
in Herrania umbratica, its presence suggests the functional conservation of specific defense pathways between
these species of the same genus (Figure 3). This coincidence could indicate that key mechanisms associated
with pathogen perception and signal transduction remain evolutionarily stable among closely related species.

\rabidopsis_thaliana_target_proteins

Size of each list

Arabidopsis_thaliana_target_proteins Theobroma_cacao_L._target_proteins

Number of elements: specific (1) or shared by 2, 3, ... lists

[ 3 |

2

Figure 2. Venn diagram of the first comparative
analysis between the studied species: Arabidopsis
thaliana, Theobroma cacao L.
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Size of each list

4331

2190.5

Herrania_umbratica Theobroma_cacao_‘L _target_proteins_

Number of elements: specific (1) or shared by 2, 3, ... lists

é(IS)

1

Figure 3. Venn diagram of the comparative analysis
between the studied species: Theobroma cacao L. and
Herrania umbratical.

In fact, studies in tomatoes show that various proteins linked to defense signaling pathways, particularly MAPKs,
exhibit similar conservation patterns, reinforcing this hypothesis, that these regulatory modules fulfill essential and
highly preserved functions in higher plants (Téllez de Pablos, 20212).

Common Proteins in Comparisons

In comparisons between Arabidopsis thaliana, T. cacao, and Herrania umbratica, several conserved proteins
were identified that could represent key components in defense mechanisms against Phytophthora spp. Among
the proteins present in the three comparative analyses, the following stand out: WAT 1-related protein At1g70260,
Universal stress protein PHOS32, bZIP transcription factor 60, Receptor-like cytosolic serine/threonine-protein
kinase RBK1, Protein CLT2 (chloroplast), NAC domain-containing protein 89 (NAC089), Protein RESISTANCE
TO PHYTOPHTHORA 1 (RPH1, chloroplast), and the LRR-like receptor FLS2. Their conservation suggests an
evolutionarily established function in the response to biotic stress (Table 3).

Some key regulators of the endoplasmic reticulum stress response linked to plant immunity or involved in
programmed cell death induced by Phytophthora signals (Ai et al., 2021) suggest that cellular homeostasis and
internal stress responses are also part of the conserved defense system. Taken together, these results indicate
that the three species share core signaling components for the recognition, transduction, and management of
infection-associated stress.

Intracluster Phylogeny of Proteins Involved in Pathogen Defense Mechanisms

Phylogenetic analysis of protein sequences compared between Arabidopsis thaliana, T. cacao, and Herrania
umbratica revealed clusters that reflect both conserved and divergent evolutionary relationships among these
species. In the first analysis (Figure 4), clades were identified as group orthologous proteins with varying levels of
divergence. For example, the Arabidopsis thaliana protein NP_001330322.1 showed high divergence (0.30724)
from orthologous proteins in T. cacao and Herrania umbratica, while the latter showed low evolutionary distance
from each other (<0.042), indicating recent evolution. Other clades, such as those grouped by NP_173695.1,
NP_001190820.1,and NP_174998.1, reflect similar patterns of moderate conservation or pronounced divergence.

2 Téllez de Pablos, J. (2021). La proteina quinasa YODA regula respuestas de inmunidad y la resistencia a patégenos de Arabidopsis thaliana y tomate (Solanum
lycopersicum). Tesis para obtener el grado de Doctor. Escuela Técnica Superior de Ingenieria Agronémica, Alimentaria y de Biosistemas. Universidad Politécnica
de Madrid. Disponible en https://oa.upm.es/68842/
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Table 3. Comparison of proteins obtained in clusters related to pathogen tolerance.

Comparative Analysis 1 Comparative Analysis 2 Comparative Analysis 3

Swiss- N° Protein Swiss- Ne Protein Swiss- N° Protein
Prot Hit proteins ote! Prot Hit  proteins oteins Prot Hit otemns
cLi-;ﬁaeirlwesg:t—ainin lc_i—(t)ﬁ:ir:esgr?{ainin L-type lectin-domain
Q9LXA5 7 . 9  QoLsLs 2 . 9  Q9LXA5 containing receptor kinase
receptor kinase receptor kinase
X1
X1 IX.2
WAT1-related WAT 1-related WAT 1-related protein
F4ISDS 6 broteinAtlg70260 P 2 oroteinAt1g70260 419D At1970260
Universal stress Universal stress Universal stress protein
QBVYNY > protein PHOS32 QBVYNY 3 protein PHOS32 QBVYNY PHOS32
Q9C750 5 DZPtranscription  ho0pgq  ,  bZIPtranscription 6056, bZIP transcription factor 60
factor 60 factor 60
focopire Coeoperiie
Q8H1D6 5 yiosol . Q8HID6 2 yioso . Q8H1D6 serine/threonine-protein
threonine-protein threonine-protein Kinase RBK1
kinase RBK1 kinase RBK1
ATLAXO 3 ProteinCLI2, Allaxo 2 FroteinCL2 ATLAXO Protein CLT2, chloroplastic
chloroplastic chloroplastic
Protein Protein .
Protein RESISTANCE
RESISTANCE TO RESISTANCE TO
Q97U82 3 PHYTOPHTHORA Q9zU82 2 PHYTOPHTHORA Q97U82 TO PHYTOI?HTHORA 1,
: - chloroplastic
1, chloroplastic 1, chloroplastic
NAC domain- NAC domain- NAC domain-containin
Q94F58 3 containing protein ~ Q94F58 2 containing protein ~ Q94F58 ) 9
89 89 protein 89
LRR receptor-like LRR receptor-like LRR receptor-like serine/
Q9FL28 3 serine/threonine- Q9FL28 2 serine/threonine- Q9FL28 threonine-protein kinase
protein kinase FLS2 protein kinase FLS2 FLS2
I}:St?:-zlsnl;-at?/npe L-type lectin- Probable L-type lectin-
QIM1G3 3 containin Q9LSR8 2 domain containing  Q9M1G3 domain containing
g receptor kinase 1.9 receptor kinase 1.6
receptor kinase 1.6
Ethylene- Ethylene-
responsive responsive Ethylene-responsive
Qoo 3 transcription factor 080542 2 transcription factor 080542 transcription factor ERF019
ERF020 ERF019

In the second analysis (Figure 5), which exclusively compares Arabidopsis thaliana and T. cacao, greater

diversity in evolutionary relationships was observed. Some clades, such as those grouped by NP_001190820.1 and
KAK6245797.1, reflect high conservation (divergence ~0.18), while others, such as those containing NP_173695.1,
exhibitolderdivergences(>0.4). Recentgene duplications are evidentinT.cacao, asin WRX30759.1 and EOX91923.1,
with divergences close to zero. Internal distances within clades range from high to moderate conservation.

In the third analysis (Figure 6), between T. cacao and Herrania umbratica, high conservation between pairs of
orthologous proteins was evident. Notable examples include XP_021283978.1 and XP_021283979.1 in Herrania
umbratica with no divergence, and their orthologs in Theobroma cacao with divergences <0.04. Subclades
with recent gene duplications and low evolutionary divergence were identified, such as those including
XP_021278361.1, XP_021288329.1, and XP_021284387.1 for Herrania umbratica and their counterparts in
T. cacao. Internal distances generally reinforce high conservation between homologous proteins.

In this study, 91 nucleotide sequences were identified in Arabidopsis thaliana, of which 20 showed potential
involvementin defense mechanisms against Phytophthora spp. Using BLASTX similarity analyses, these sequences
were translated and found to exhibit high identity percentages (greater than 65%, reaching up to 100%), suggesting
functional homology with previously characterized genes. Extremely low E-values support the relevance of these
matches, confirming the accuracy of the methodology used. These findings are consistent with previous studies
in T. cacao and other species that have employed BLAST as a key tool for identifying conserved defense-related
genes (Mucherino-Munoz, de Melo, Santana, Luz, and Corréa, 2021; Winters et al., 2024).
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Figure 4. Intra-cluster phylogeny of the first comparative analysis: Arabidopsis thaliana vs.
Theobroma cacao L. and Herrania umbratica.
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Figure 5. Intra-cluster phylogeny of second comparative analysis: Arabidopsis thaliana vs. Theobroma cacao L.

The similarity analysis between Arabidopsis thaliana and T. cacao enabled the identification of relevant
orthologs, with coverages ranging from 72% to 99% and E-values that reinforce confidence in their biological
significance. The observed identity values, although variable (37%-88.10%), reflect both functional similarity and
evolutionary divergence, which is expected between distantly related species. Tools such as BLAST also allowed
the detection of homologies with proteins from Phytophthora nicotianae and other pathogenic species (Armitage
etal. 2018; Yuan et al. 2021).

The comparison through ortholog clustersamong Arabidopsis thaliana, T. cacao, and Herrania umbratica yielded
13 shared proteins, showing evolutionary conservation in genes associated with responses to oomycetes. Among
them, the WAT 1-related protein At1g70260, Resistance to Phytophthora 1 (RPH1), and the kinase RBK1 stand out,
all of which take part in plant defense pathways. The WAT1 protein, for instance, negatively regulates tolerance to
biotrophic pathogens; its silencing enhances resistance, while its overexpression reduces it (Gao et al. 2023; Pan
etal. 2016). WAT1 in defense responses may still be relevant in the context of Phytophthora infection, particularly
during the early stages of host colonization when the pathogen behaves in a biotrophic manner (Truman, Bennett,
Kubigsteltig, Turnbull, and Grant, 2013). RBK1 functions as a receptor-like kinase that becomes activated during
infection, triggering immune signaling cascades (Ménesi, Klement, Ferenc, and Fehér, 2021; Molendijk et al. 2008).
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Figure 6. Intra-cluster phylogeny of the third Comparative Analysis: Theobroma cacao L. vs. Herrania umbratical.

In turn, RPH1 is localized in chloroplasts, where it participates in the production of reactive oxygen species (ROS)
and in the regulation of defense-related gene expression; its absence increases susceptibility to Phytophthora
brassicae (Belhaj, Lin, and Mauch 2009).

The phylogenetic analysis provided a complementary evolutionary perspective. Clades were observed
contain highly conserved orthologous proteins between T. cacao and Herrania umbratica, which were more
divergent relative to Arabidopsis thaliana. For example, the cluster of the NAC089 protein showed an evolutionary
separation between A. thaliana and the Malvaceae species. NAC089 is crucial for regulating programmed
cell death (PCD) under endoplasmic reticulum stress and is essential for containing Phytophthora infections
(Aietal.,2021; Yang et al. 2014).

Another relevant case is CLT2, a chloroplastic protein involved in glutathione homeostasis, essential for
antioxidant defense and ROS detoxification. The lower divergences between its orthologs in T. cacao and
Arabidopsis thaliana suggest strong functional conservation (Maughan et al. 2010; Noctor et al. 2012).
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In contrast, some Arabidopsis thaliana proteins, such as NP_174998.1, showed significant divergence,
reflecting species-specific adaptations. On the other hand, Herrania umbratica proteins XP_021283978.1 and
XP_021283979.1 exhibit recent gene duplication and high similarity to XP_017981823.1 from T. cacao, within
the cluster of the bZIP60 transcription factor. This factor participates in the response to misfolded proteins in
the endoplasmic reticulum during infection, helping manage cellular damage induced by Phytophthora (lwata,
Fedoroff, and Koizumi, 2009; Qiang et al. 2021).

Although the present study provides insights into proteins potentially involved in resistance mechanisms
against Phytophthora spp., it is important to recognize the limitations of in silico analyses. The identification of
candidate proteins was based on sequence similarity and orthology inference, which represent computational
predictions rather than direct evidence of biological function. Therefore, the roles proposed for these proteins
should be experimentally validated through functional studies such as gene expression analyses or transgenic
approaches in T. cacao (Gabaldén and Koonin, 2013).

Nevertheless, it is noteworthy that cacao genotypes exhibit cross-resistance to different Phytophthora species,
suggesting the existence of shared immune mechanisms that act broadly against this group of pathogens (Ali et
al. 2017). This property reinforces the importance of studying conserved genes, not only to understand immune
responses in cacao but also for their potential application in breeding programs for other species (Jazayeri, Cruzatty,
and Villamar, 2019; Villamar-Torres, Oviedo, Torres, Zambrano, and Jazayeri, 2022; Villamar-Torres et al., 2024, 2025).

CONCLUSIONS

The sequence similarity analysis using BLAST revealed high identity among proteins, with values exceeding
65% and exact matches of 100%, supporting their biological relevance. The comparative study among Arabidopsis
thaliana, Theobroma cacao, and Herrania umbratica allowed the identification of 13 key orthologous proteins,
highlighting significant evolutionary conservation against pathogens such as Phytophthora spp. Among these,
the roles of proteins such as WAT1-related, Resistance to Phytophthora 1 (RPH1), and RBK1 in plant immune
responses stand out.

The phylogenetic analysis complemented these findings by revealing both divergence and functional
conservation among species, suggesting species-specific adaptations to different types of biotic stress. Proteins
such as NAC089 and CLT2 showed high structural and functional conservation, while bZIP60 was identified as
an essential regulator in the adaptive response to endoplasmic reticulum stress during infection. These results
provide valuable insights for future breeding strategies aimed at strengthening resistance to Phytophthora in
cultivated species.
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