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Abstract: Fungal pathogens pose amajor threat to coffee production, yet themolecularmechanisms underlying

these infections remain poorly understood. Omics data from fungal pathogens affecting coffee plants offer valu-

able but largely unexplored insights into host-pathogen interactions. In this study, we applied a computational

approach to analyze publicly available genomic and proteomic data from three coffee cultivars and three fungal

pathogens, includingHemileia vastatrix (coffee leaf rust fungus) and Colletotrichum higginsianum (anthracnose

fungus). We identified candidate genes involved in the plant’s defense response and potential fungal effector

proteins associated with pathogenesis, providing novel targets for disease monitoring andmanagement. Fungal

analysis revealed in H. vastatrix a total of 2,058 potential effectors and in C. higginsianum 4,475, these effec-

tors were categorized as cytoplasmic or apoplastic. Orthofinder analysis highlighted four informative groups,

clustered based on function, role in infection processes, and total count of positive parameters allowing the

identification of kinases, deacetylases, chitin-binding, recognition, GTP-binding, Ras, and Rho family proteins.

Our results provide the first set of computationally called proteomes for the analyzed species, contextualized to

coffee-fungi pathogenesis and provide a set of genes and proteins to further validate experimentally.
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1 Introduction

Plants’ molecular resistance to pathogens is intricately linked to the unique genetic information of each species

or variety [1]. Understanding these molecular interactions requires the systematic identification, mapping, and

functional annotation of genes and proteins involved in defense mechanisms. In recent years, significant efforts

have been made to sequence the genomes of agronomically important plants and fungal pathogens. How-

ever, genomic resources remain limited for rust (Hemileia vastatrix, coffee leaf rust fungus) and anthracnose-

causing (Colletotrichum higginsianum, anthracnose fungus) pathogens, particularly in several Latin American
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coffee-producing countries such as Brazil, Colombia, Costa Rica, and Guatemala [2, 3]. This scarcity of compre-

hensive genomic data hinders a deeper understanding of plant-fungal interactions and constrains the devel-

opment of effective molecular-based disease management strategies. To date C. higginsianum, has a publicly

available genome.

Coffee’s major fungal pathogens include Mycena citricolor [4–6], Colletotrichum kahawae [7], C. higgin-

sianum [8, 9], and the well-knownH. vastatrix [10, 11]. The plant immune system responds through its resistance

genes, known as R genes, which play a crucial role in the defense mechanisms and have been used to identify

and develop disease-resistant cultivars [12]. In coffee, this has been particularly implemented with the SH genes

[11, 13]. Although their molecular and functional characteristics have not been fully explored. While certain R

genes have been identified during infection with C. kahawae [14], there is limited information available regard-

ing their response toM. citricolor attack [15]; nonetheless, additional genes related to plant defensemechanisms

during H. vastatrix infection in coffee has been discovered [16].

During infection processes, the pathogenic fungi secrete specific proteins, termed secreted proteins [17],

that interact with the cascade of specific molecules from the coffee plant as a response to the infection pro-

cess [18, 19]. The success of the fungal invasion and its reproduction depends mainly on molecular mechanisms

that counteract the recognition of defense molecules or deactivate plant responses; some of these mechanisms

involve effector proteins. Genes that recognize these effector proteins have been identified in coffee, particu-

larly for H. vastatrix [20]. In the case of C. kahawae, only one effector protein has been reported [21]. However,

the unavailability of its genome creates a general deficiency in comparative genomic analysis for the species of

interest in this study. Fortunately, its closely related species, C. higginsianum, has a publicly available genome,

making it a suitable starting point for analysis.

Genomic data on coffee plant fungal pathogens in Latin America are limited; however, some studies have

been conducted in Brazil, which remains the leading producer and researcher in coffee pathogenesis, facilitat-

ing the provision of in silico data for identifying molecular markers and single-nucleotide mutations [12, 22, 23].

This approach is crucial to monitoring and promptly identifying potential fungal infections, which aids in pro-

tecting cultivars and tailors their agronomicmanagement to specific needs. Our study identified potential target

elements related to or involved with the pathogenic coffee-fungi interaction through an in-silico analysis to pro-

vide specific genes or proteins for its future experimental validation, facilitating variety selection and genetic

improvement studies.

2 Workflow

From the National Centre for Biotechnology Information (NCBI) RefSeq Database [24] we retrieved genome

sequences from three coffee species and three of its fungal pathogens (Supplementary Tables S1 and S2, respec-

tively) (Figure 1A). To determine potential genome improvements through re-assembly, we utilized MeDuSa v1

[25]. For coffee genomes, Solanum lycopersicum SL3.0 genome (RefSeq ID accession no. GCF_000188115.4) was

used as a reference, given the phylogenetic proximity between Rubiaceae (coffee) and Solanaceae (tomato) fam-

ilies, which share a common ancestor [26]. For fungal genomes, we employed as references Ustilago maydis

(RefSeq ID accession no. GCF_000328475.2) and Puccinia triticina (RefSeq accession no. ID GCF_026914185.1)

genomes. The former is amodel organism of plant-microorganism interactions, and its functional and structural

annotation is very well characterized [27], and the latter is another rust belonging to the Pucciniales order and

a well-studied microorganism as one of the main pathogens of wheat worldwide [28]. Following this, we evalu-

ated the quality of the assemblies with the Quality Assessment Tool for Genome Assemblies, QUAST v.4.6.0 [29]

(Figure 1.B). Once all genomeswere retrieved or re-assembled, we called for the corresponding proteins in those

whose proteomes were not available, corresponding to M. citricolor, H. vastatrix, Coffea arabica var. caturra

(now onwards defined as C. caturra), C. eugenioides, and Coffea canephora using AUGUSTUS v3.4.0 [30]. For this

protein-call process, we used U. maydis and S. lycopersicum as references for fungi and plants, respectively.

To search for effector proteins in fungal proteomes, we utilize Predector v1.2.6 [31]. and selected

10 different parameters related to pathogenicity, virulence, signal peptides, and effector proteins
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Figure 1: Schematic view for analysis of coffee and fungal genome sequences to identify molecules related to the pathogenic process. A)

Retrieval of sequences and gene-calling using Augustus v3.4.0. 2. B) Assembly improvement and quality assessment using MeDuSa v1.6

and Quast v.4.6.0, respectively. C) Identification of potential effector proteins in objective fungal genomes using 10 different parameters

from six tools within Predector v1.2.6 software. D). Identification of resistance genes in coffee genomes. D.1) establishment of a

resistance gene database for coffee plants. D.2) Retrieval of genes validated in the literature from PubMed NCBI. D.3) conversion

of genes into proteins using EMBOSS. E) Protein clustering using OrthoFinder v.2.5.4 output to identify potential orthologues to the

coffee resistance database and relevant proteins to fungal infection processes. F) Comparative analysis of targeted sequences

to determine informative regions with MEGA v.11 and iTOL [32] (https://itol.embl.de).

(Supplementary Table S3); all considering the pathogen-host-interaction (PHI-base) and the Carbohydrate-Active

Enzyme Annotation (dbCAN) databases [32–34] (Figure 1C).

On the other hand, coffee genomic and proteomic data were employed to identify resistance genes/proteins.

To achieve this, we created a database of 10 resistance genes for which literature reported experimental val-

idation (Supplementary Table S5); and translated these genes into proteins using EMBOSS/6.6.0 for further

comparison (http://emboss.sourceforge.net/) [35] (Figure 1.D.1–D.3).

For both approaches, coffee and fungal proteomes were clustered into informative groups of proteins with

OrthoFinder v.2.5.4 [36], to identify potential orthologues to the coffee resistance database (Figure 1E) and pro-

teins associated with fungal infection processes [37]. The orthologous groups (OG) were selected based on the

presence of the most virulence pathogenicity parameters and then through a secondary validation process

involving a manual review of their annotations in the NCBI and UniProt (The UniProt Consortium, 2023).

In the analysis of Coffee orthofinder outputs, only orthogroups (OGs) containing genes from the resistance

genes database were selected. Subsequently, these selections underwent manual functional annotation using

NCBI and Uniprot.

For both approaches, the trees selected for coffee and fungal final orthogroups were visualized with iToL

(https://itol.embl.de), and the corresponding alignments were visualized in MEGA [38] (Figure 1F) to determine

potential conserved and variable regions, or motifs across protein sequences. The schematic view of the process

is detailed in Figure 1.

3 Application

3.1 Genome re-assembly and quality assessment

Initially, C. canephora, C. caturra andC. eugenioides genomes’ consisted of 12, 2,833 and 3,530 contigs, respectively

(Supplementary Table S1). AfterMeDuSa [25] andQuast [29] processing, the contig countswere 12, 2,829 and 1,163,

respectively. Overall, only C. eugenioides exhibited a relevant reduction in gaps and contigs (data not shown),

whereas the other two only showed marginal or no improvement, compared to the original values. A similar

https://itol.embl.de/
http://emboss.sourceforge.net/
https://itol.embl.de
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patternwas observed forH. vastatrix,M. citricolor, and C. higginsianum fungal genomes, which reported 116,750,

12,462, and 25 contigs, respectively.

3.2 Identification and in silico characterization of potential fungal effector proteins

Predector pipeline gave no prediction for M. citricolor proteome; therefore, it was not included in the analy-

sis. On the other hand, a total of 18,491 called proteins were analyzed, 3,842 from H. vastatrix and 14,649 from

C. higginsianum. Our Predector annotation within the PHI-base, resulted in 0.60 % of proteins annotated as

lethal effectors and 2.26 % as virulence effectors for H. vastatrix. The corresponding values in C. higginsianum

conveyed 1.04 % and 7.30 %, respectively.

When considering the total count of effector proteins and their most likely post-translational category

(apoplastic or cytoplasmic) determined by EffectorP, which is a Predector dependency, functioning like a clas-

sifier of effector proteins, trained on apoplastic and cytoplasmic effectors, implementing machine learning

algorithms [39]. These allowed us to identify in H. vastatrix a total of 2058 potential effectors, accounting for

53.6 % of its complete proteome. From these, 1984 was cytoplasmic and 74 apoplastic effectors. Regarding C. hig-

ginsianum, a total of 4,475 potential effectors were identified, accounting for 30.5 % of its complete proteome:

assigning 3,917 as cytoplasmic and 558 as apoplastic effectors. Interestingly, 52 proteins for H. vastatrix and 189

for C. higginsianum were assigned to both cytoplasmic and apoplastic locations.

On the other hand, complete proteomes for the fungal organisms were processed using Orthofinder. We

focused our analysis exclusively on OG with a positive assignment in either PHI-base or EffectorP. As a result,

we examined 40 OG, classified based on 10 parameters, including function, role in infection processes, and

total count of positive parameters (Supplementary Table S3). Following this second selection, OG00000054,

OG00000065, OG00000068, and OG00000226, were chosen and their OrthoFinder phylogenetic trees were visu-

alized (Figure 2). In OG0000054, most proteins were classified as kinases (Figure 2A, Supplementary Table S4).

In OG0000065, most proteins were classified as deacetylases, chitin-binding proteins, and recognition proteins

(Figure 2B, Supplementary Table S4). OG0000068 presented proteins related to the Ras family (Figure 2D, Supple-

mentary Table S4), whereas OG0000226, primarily corresponded to GTP-binding proteins, Ras family proteins,

andRhoproteins (Figure 2C, Supplementary Table S4). Ras andRhoproteins are a type of small GTPases, acting as

molecular switches by the activation/inactivation of their GTP [40]. This activation interacts with specific effec-

tors and triggers cell responses, such as those involved in pathogenicity, by the formation of virulence structures

and the production of ROS species [41, 42].

Finally, alignments were conducted for the chosen OGs. Also, conserved motifs were absent in most of the

proteins within these OGs, except for OG0000068, where the DTAG (Q/T) (E/D) motif was identified (Figure 3).

3.3 Identification of coffee proteins associated with resistance and pathogen
susceptibility

A database of 10 validated genes (Supplementary Table S5) associated with plant responses to phytopathogens

was created through a literature review. It was used in addition to the coffee proteomes to be processed

with OrthoFinder. A total of 40,109 OGs were identified. However, only four of these (OG0004334, OG0005261,

OG0006253 and OG0010612) were related to the resistance genes database, comprising 17 genes with reported

functional annotations, while four lacked annotations. As each OG comprised an unannotated protein, phyloge-

netic relationships were determined to understand its potential function (Figure 4).

4 Discussion

4.1 Genome re-assembly and quality assessment

Incontiguous genomes dramatically reduce the efficacy of algorithms employed in genomic comparisons; there-

fore, reassembly improvements yielding contiguous genomes are significant in facilitating the identification of
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Figure 2: Panoramic display

of OrthoFinder gene trees

for fungal orthologue groups. A)

OG54, B) OG65, C) OG226, and D)

OG68 gene trees with a focus

on protein members distinguished

by their functional significance

(virulence or lethality), subcel-

lular localization (cytoplasmic

or apoplastic), the presence

or absence of a signal peptide,

and pertinent annotations sourced

fromNCBI. Additional data regard-

ing the reported function for each

protein entry is available at the

Supplementary Table S4.

pertinent genetic elements [43, 44]. On the other hand, the notable scarcity of well-assembled public genomes

poses challenges for key genes in silico identification, which is usually used in molecular approaches aimed at

molecular breeding programs and pathogen detection mechanisms. Our results highlight that coffee genomes

exhibited superior original assembly compared with fungal genomes. This is because the original assembly of

coffee genomes displayed the highest N50 and lowest L50 values, which were consistently upper 38 mpb, in

contrast to fungal genomes,where the highest N50 valuewas approximately 10,000 bp (Supplementary Table S1).
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Figure 3: Amino acid sequence section for orthogroup OG0000068 protein members. In red color the conserved DTAG-Q/T motif is

observed throughout the sequence.

Figure 4: Maximum likelihood analysis of orthogroups resulting from the analysis of coffee proteomes and genes associated with plant

responses to pathogens. The tree represents orthogroups clustered with key fungal pathogenic proteins, color-coded according to their

functions, yellow represents non-specific disease resistance proteins, green is for proteins related to stress responses and involved

in antagonistic functions of salicylic acid (SA) and jasmonic acid, red denotes proteins related to the CaPR1b gene, and blue signifies

proteins related to the CaLOX gene. The name of each protein is shown beneath each organism.

4.2 In silico identification and characterization of potential fungal effector proteins

Our classifications evidenced higher lethal and virulence protein counts in C. higginsianum compared to H.

vastatrix, aligning with the reported hemibiotrophic and obligate biotrophic nature of both fungi, respectively

[45, 46].

In silico effector protein (EP) identification exhibits differences in amino acid sequences that do not resem-

ble the model used by the computational gene prediction program (s), reducing homology [47, 48]. However,

through genomic comparisons between fungal species, signal peptides (short amino acid sequences that guide

protein localization) and other features used for EP identification [49] have revealed significant instances of

uncommon homology or orthology relationships among proteins from distantly related pathogenic species, sug-

gesting potential lateral gene transfer or significant virulence function [48]. This integrative approach demon-

strated that C. higginsianum has an overall higher count for effector proteins (regardless of the classification)

than H. vastatrix. This disparity could arise from the chromosome-level assembly of the former in contrast to

the contig assembly of the latter, or possibly from some yet undiscovered biological interaction.

Experimental validation is a must after computational predictions; for example, in this study a total of 2058

potential effectorswere annotated, including orthologues toHvEC_050, HvEC_051, HvEC_054, HvEC_072 (data not
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shown). Nonetheless only 516 secreted proteins in H. vastatrix [45, 50, 51] have been reported experimentally.

These Hv genes have been described by Maia et al. [20] as promising effector candidates with potential essential

roles in H. vastatrix-coffee interactions, influencing plant resistance mechanisms. These reported experimen-

tal findings suggest that there may be an interplay between the pathogen and the host during the early stages

of infection, specifically during urediniospore germination. This implies the existence of pre-haustorial resis-

tance, which is attributed to the abundance of cysteine residues in the amino acid sequences encoded by most

HvECs genes. Cysteine-rich proteins are often implicated in recognition and specificity mechanisms, making

them strong candidates for involvement in pre-haustorial resistance during early host-pathogen interactions.

Recognition typically serves as a reliable indicator of pre-haustorial resistance [20]. The establishment and

assessment of the Protein Interaction Network betweenH. vastatrix and coffee have, for the first time, revealed

a set of interactions with significant potential involvement in the plant resistance process.

Selected orthogroups OG00000054, OG00000065, OG00000068, and OG00000226, were categorized based on

their function, role in infection processes, and the total count of positive parameters (Supplementary Table S3).

Of the 22 proteins within OG00000054, the majority belonged to C. higginsianum [21], classified as kinases, with

a unique protein from H. vastatrix lacking functional annotation at the NCBI (Figure 2A). Interestingly, proteins

XP_ 018151833.1 and XP_018154747.1 from C. higginsianum were annotated as virulent and lethal effectors but

showed no cellular location. Proteins XP_ 018162,640.1 and XP_ 018157405.1 presented a cytoplasmic location;

however, only the former was classified as a virulence effector. On the other hand, protein XP_018153248.1 was

the only C. higginsianum protein effector assigned as both virulent and lethal with a cytoplasmic location. ForH.

vastatrix annotated protein (PHNK01023549.1.g1094.t1) we could only classify its cellular location as cytoplasmic,

notably from theOGwas the only onewith a signal peptide. Proteins from thisOGmight be a good target to exper-

imentally identify potential or significant differential expression during the infection process with compatible

and incompatible interactions with coffee, understanding its effect as lethal or virulent.

The 19 proteins from OG0000065 corresponded solely to C. higginsianum and were mainly classified as

deacetylases, chitin-binding proteins, and recognition proteins (Figure 2B).

The 19 proteins from OG0000065 were exclusive to C. higginsianum and were mainly classified as deacety-

lases, chitin-binding proteins, or recognition proteins (Figure 2B). In contrast to OG00000054, most OG0000065

proteins contained a signal peptide, except for three (XP_018160721.1, XP_018160722.1 and XP_018151073.1)

within this same group. In addition, none were annotated as lethal effectors, and only four (XP_018153540.1,

XP_018153780.1, XP_018153670.1, and XP_018151904.1) were classified as virulent effectors.

It is noteworthy that proteins from this OG are targeted to the apoplast, indicating that their mechanisms

operate between the plant cell wall and the plasma membrane [52, 53] with XP_ 018153540.1 being the only

exception as it is directed to the cytoplasm; this might indicate a potential dual function or a misannotation.

OG0000068 included members from the three fungal species studied and consisted primarily of proteins

associated with the Ras family (Figure 2C) targeting the cytoplasm; these align with cytoplasmic effectors hav-

ing a higher proportion of positively charged amino acids. In contrast, apoplastic effectors are enriched for

cysteine residues [39]. Interestingly, the identified conserved DTAG (Q/T) (E) motif (Figure 3), associated with

protein kinases [54], might have a relationship between OG0000068 proteins interaction with the coffee molec-

ular machinery response. On the other hand, from the 18 proteins within the group, only XP_018152077.1,

PHNK01064265.1, XP_018154,439.1, XP_0181158221.1, and XP_018151,277.1 were assigned as both lethal and viru-

lent effectors; withM. citricolor protein lacking functional annotation from NCBI. This OG clustered with a Rab

GTPase family 11 from C. higginsianum. This is interesting as Rab GTPase family is associated with vesicle trans-

portation from endosomes to the plasma membrane [55] and markers of organelle identity [56]; however, from

the 18 proteins, only XP_018160591.1 reports a signal peptide. Nonetheless, proteins within this group might be

useful to monitor potential combinatorial behavior regulating membrane traffic [57].

OG0000226 comprises nine proteins, the smallest group from the analysis, predominantly composed of GTP-

binding, Ras family, and Rho proteins (Figure 2C). From this group, the majority presented both virulent and

lethal effector annotations, targeting the cytoplasm, except for four proteins (Figure 2D). As observed for other

OGs,M. citricolor proteins lack functional annotation. However, g.203.t1 presented a guanylate cyclase domain

and g.216.t1 was related to Sen54 protein, both related to splicing and signaling processes [58, 59]. Proteins from
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this OG might offer insights into novel infection roles and serve as potential candidates for early resistance

detection, given their potential involvement in signaling pathways often activated in the early stages of infection.

4.3 In silico identification of coffee proteins associated with resistance
and pathogen susceptibility

OG0004334, OG0005261, OG0006253, and OG0010612 were concatenated, and the corresponding tree was color-

coded according to their functionality as follows: yellow comprised proteins related to non-specific disease

resistance of race 1 (NDR1), which are involved in the activation of the family of resistance proteins with leucine-

rich repeats (CC-NB-LRR). Green OG consists of WRKY proteins related to stress response and plays antagonistic

roles with salicylic acid (SA) and jasmonic acid (JA)/ethylene (ET). Red OG comprises proteins related to the

CaPR1b genes, which have been used as markers for salicylic acid-mediated disease resistance, and the blue OG

is associated with the CaLOX gene, which encodes linoleate 13S-lipoxygenase and is correlated with pest resis-

tance. Subsequently, WRKY motifs were identified in some proteins from the OG (Supplementary Figure S1).

This is particularly associated with the kinase signaling network [60], which aligns with some of the proteins

identified for the fungal pathogens.

5 Conclusions

The lack of high-quality genomes in public repositories has hindered the development of molecular markers for

the early identification of fungal pathogens in coffee cultivation. Despite being limited to available and incom-

plete genomes, our work provides a list of key 21 resistance genes and 68 potential effector proteins involved in

pathogenic fungi-coffee interaction by an in silico computational study that can support experimental validation

tomonitor early stages fungal infections through plant-pathogen interaction. This can contribute to the selection

and genetic improvement of coffee varieties, particularly benefitingmajor producers like Costa Rica, in aligning

productionwith global sustainability standards.Moreover, future effortswill greatly benefit from the integration

of artificial intelligence to accelerate effector discovery and enhanceprediction accuracy.Machine learningmod-

els trained on known fungal effectors, combined with experimental data and environmental parameters, could

uncover novel, biologically relevant patterns in large protein datasets [61], potentially revealing mechanisms

tailored to local conditions such as soil characteristics and temperature.
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