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Cacao and coffee are two tropical crops with an essential annual turnover. Alkaloid products like caffeine and theobromine show that these 

two species share related pathways in alkaloid metabolism. Genomic proteins of three coffee species, including Coffea arabica, C. canephora 

and C. eugenioides, and two cacao species, Theobroma cacao, and Herrania umbratica, were compared and analyzed based on protein 

clustering and GO terminology. A comparison of all five species showed orthologous proteins involved in stress, disease response, alkaloid 

biosynthesis, regulation and transport. Based on GO terms of orthologous proteins of 5 species, two proteins, including Tryptophan 

decarboxylase TDC2 and Perakine reductase, were disclosed that are involved in the biosynthesis of monoterpenoid indole alkaloids. In 

addition, enzymes including Caffeic acid 3-O-methyltransferase, Caffeoylshikimate esterase, Caffeoyl-CoA 3-O-methyltransferase and 

Fatty alcohol:caffeoyl-CoA acyltransferase were found as orthologous proteins of all five studied species. Proteins of H. umbratica and C. 

eugenioides were asymmetrically shared with other species as their proteins were not aligned with species of coffee for H. umbratica and 

species of cacao for C. eugenioides. Single-copy proteins common between 5 studied species showed functions related to growth and 

development, stress response, phytohormones, gene expression regulation and metabolite biosynthesis. Two proteins, including Vinorine 

synthase and Deacetoxyvindoline 4-hydroxylase (D4H), involved in indole alkaloid biosynthesis were found as single-copy proteins among 

five species. These results showed biological processes and molecular functions of proteins among cacao and coffee species. Wild species 

of cacao and coffee are valuable genetic resources for selection and breeding.  
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1 INTRODUCTION 

Cacao and coffee are two tropical crops with an annual 

turnover of more than 200 billion dollars in the agriculture, 

food and pharmaceutical industries. Production of cacao and 

coffee plays a key role in the economy of many countries in 

South and Central America, Central Africa and South Asia 

(Castro Pinacy and Barrezueta Unda, 2020). Production of 

cacao and coffee is more than 4 and 7 million tons per year, 

respectively. Cacao and coffee are used as beverages, 

medicine, pharmaceuticals, cosmetics and alimentation 

ingredients. 

 

 

 

 

 

Shared phytochemicals of cacao and coffee are phenolic acid 

derivatives and purine alkaloids, i.e., known mainly by 

caffeine and theobromine. These metabolites are used in 

human health and play essential roles as medicaments and 

treatments for diseases like neuropathology, 

neurodegenerative disorders, cardiovascular, physical and 

mental performance, mitigating stresses, antioxidant and anti-

inflammatory (Baroni et al., 2021; Hamer et al., 2006; 

Jazayeri et al., 2021).   
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Caffeine is a methylxanthine that has been the most widely 

studied and has apparent effects on neuronal network 

activity, promotes sustained cognitive performance and can 

protect neurons against dysfunction and death in animal 

models of stroke, Alzheimer’s disease and Parkinson’s 

disease (Camandola et al., 2019).   

It is essential to select and breed cacao and coffee with more 

yield and tolerance to climate change issues like drought, 

high temperature, rainfall, and precipitation fluctuation. 

Crop wild relatives (CWRs) are a strong genetic diversity 

resource for plant breeding, selection and crop improvement 

and have been utilized for major gene-disease and pest 

resistance and abiotic stress tolerance wild and close species 

to crops (Jazayeri et al., 2020; von Wettberg et al., 2020). 

For example, Elaeis oleifera (American oil palm) is a wild 

close relative of E. guineensis (African oil palm) and has 

been used as a genetic resource for hybridization and 

crossing with E. guineensis. Hybrids of both species are 

more tolerant to drought stress (Jazayeri et al., 2015) and rot 

bud disease (Avila-Diazgranados et al., 2016). Some oil 

palm hybrids have been used for different oil fatty acid 

compositions and QTL studies (Montoya et al., 2014). 

Coffee and cacao relatives are important for hybridization, 

breeding and improvement, as well as for biodiversity and 

physiological and biochemical analyses (Aikpokpodion, 

2012; Sousa Silva and Figueira, 2004).  

C. arabica is an allotetraploid (2n = 4x = 44) hybrid species 

whose ancestors are C. canephora and C. eugenioides that 

are diploid species (2n=2x=22) (Scalabrin et al., 2020; Tran 

et al., 2018). Two Coffea species, i.e., C. arabica and C. 

canephora, dominate 99% of the coffee industry (Damatta et 

al., 2018) and are known as coffee Arabica and coffee 

Robusta, respectively. Genomes of three Coffea species 

have been a source for plant breeding for high-quality coffee 

(Cenci et al., 2012; Merot-L’anthoene et al., 2019; Tran et 

al., 2018). Despite its importance in the evolutionary history 

of the main economic species of coffee, few genomic and 

molecular studies have been reported on C. eugenioides 

specifically and the publications have been studies on 

hybrids of other Coffea species with C. eugenioides (Cenci 

et al., 2012; Gartner et al., 2014; Lashermes et al., 1999; 

Merot-L’anthoene et al., 2019; Yuyama et al., 2016).  

The cacao crop belongs to T. cacao species and H. umbratica 

is Colombian coffee wild relative to T. cacao. There are 

several species of Theobroma, but they are not yet used as 

an alternative for T. cacao. The most closely related species 

of T. cacao with agronomic traits are Theobroma bicolor 

Humb & Bonpl. and Theobroma grandiflorum (Willd. ex 

Spreng.) K. Schum (González-Orozco et al., 2020). H. 

umbratica has been used to create intergeneric plants of 

cacao varieties (Doodnath, 2008). They are phylogenetically 

related (Whitlock and Baum, 1999). Despite its importance 

and potential genomic data analyses about H. umbratica is 

not available, only a few articles have been published about 

some species’ genes (Salamah and Rostina, 2019; Whitlock 

and Baum, 1999).  

Comparative genomic studies disclose similarities, 

differences and variations between different species. 

Sequence comparison of orthologous regions enables 

estimation of the divergence between genomes, analysis of 

their evolution and detection of particular features of the 

genomes, such as sequence rearrangements and transposable 

elements (Cenci et al., 2012).  

Also, synergism between Zn and Cd in plants and soil 

suggests that Zn directly affects Cd accumulation in cacao 

(Arévalo-Gardini et al., 2017). 

Comparative genomic studies generate valuable data for plant 

evolutionary and phylogenetic analyses and reveal 

biodiversity information used in plant selection and breeding. 

Plants that share genomic information are closer 

phylogenetically and genomic data similarities predict their 

characters like producing similar/same metabolites, stress 

tolerance level (e.g., stenothermal or eurythermal), vegetation 

type, ecological distribution, etc. (Mawalagedera et al., 2019; 

Polturak et al., 2022). Homology based on common genes 

from different species has provided huge information by 

which scientists can explain biological mechanisms and 

processes. Orthologs between different species determine 

linear descent inferred from phylogenies (Delaux et al., 

2019). However, gene copy numbers in different species are 

also determinative in phylogeny studies and can differentiate 

plants and explain their traits. Gene copy number determines 

gene expression and transcription level, consequently 

resulting in the gene-related trait (Weiße et al., 2015). On the 

other hand, single-copy genes are important as they are 

critical and responsible for certain biological mechanisms, 

processes, and diseases that only they manage. A single-copy 

gene mutation can affect living organisms’ life like sing-copy 

gene disorders in humans (Jackson et al., 2018). Single-copy 

gene families can be used as molecular markers for 

phylogenomic analysis in seed plants (Li et al., 2017a).  

This study aimed to compare genomic protein datasets of 2 

cacao and three coffee species, as they share metabolites like 

caffeine, theobromine and other alkaloids and have familiar 

biological characteristics like tropical distribution, tree 

vegetation type, etc. Therefore, five species were compared 

together to find common proteins among species that can be 

of help and importance for further breeding, selection and 

evolutionary studies. In addition, two cacao species, 

including T. cacao and its CWR H. umbratica and three coffee 

species, including C. arabica, C. canephora and C. 

eugenioides, were compared separately, as it is critical to 

study close species comparatively to detail genome and 

genes.  

  

2 Methodology 

2.1 Genomic data of cacao and coffee species 

Genomic proteins of NCBI Release 100 annotation for two 

cacao species and three coffee species were downloaded. The 

RefSeq accession numbers were GCF_003713225.1 for C. 
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arabica with 67222 protein sequences, GCF_003713205.1 

for Coffea eugenioides with 38150 proteins 

GCF_000208745.1 for T. cacao with 30854 proteins, and 

GCF_002168275.1 for H. umbratica with 27748 proteins. In 

addition, the 25574 protein sequences of C. canephora were 

downloaded under GenBank accession number 

GCA_900059795.1.  

2.2 Comparisons between different species 

Five species were compared in three different analyses, 

including five species, two cacao, and three coffee species. 

The first comparison of all five species was analyzed. Then 

based on the OrthoVenn2 results, two cacao species, 

including T. cacao and H. umbratica and three coffee 

species, including C. arabica, C. canephora and C. 

eugenioides, were analyzed separately. These different 

comparisons were made to understand better how proteins 

are clustered among 5 species and when they are compared 

separately, considering orthology. OrthoVenn2 was used to 

compare genomic protein datasets. OrthoVenn2 is a web-

based program that can compare protein datasets by 

clustering the input proteins and generating Venn diagram, 

SwissProt (UniProt) data and GO enrichment for the 

compared datasets (Xu et al., 2019). The default parameters 

were employed except for E-value that was fixed at 1E-05. 

The SwissProt hits and protein/gene names were retrieved 

from UniProt (https://www.uniprot.org) database (Bateman 

et al., 2021)  again by mapping the UniProt identifier 

outputted by OrthoVenn2 for each cluster to Retrieve/ID 

mapping tool. 

2.3 Protein networks for orthologs of five species 

In order to analyze single-copy proteins between 5 species, 

a protein network approach was performed. UniProt protein 

IDs of single-copy protein cluster list between 5 species 

were submitted to WebGestalt (WEB-based GEne SeT 

AnaLysis Toolkit http://www.webgestalt.org/). WebGestalt 

uses different analysis methods and statistical approaches to 

analyze a list of genes or proteins for model organisms and 

Arabidopsis thaliana as a plant model. The basic parameters 

were Organism of Interest: Arabidopsis thaliana, Method of 

Interest: Network Topology-based Analysis (NTA), and 

Functional Database: network PPI BIOGRID. Advanced 

parameters were as default.  

2.4 GO classification for proteins of 5 species 

GOSlimViewer summarized the GO terms of OrthoVenn2 

results to facilitate interpretation of GO and protein 

functions of 5 species. GOSlimViewer is a web tool of 

AgBase (https://agbase.arizona.edu/cgi-

bin/tools/goslimviewer_select.pl) that lists the input GO 

terms in a high-level summary (McCarthy et al., 2006, 2007). 

It receives a list of GO terms and lists them based on the main 

GO terms of inputs, then generates a table of GO terms and 

their number counted in the input list. GOSlim set parameter 

of GOSlimViewer was Plant.  

  

3 Results and discussion 

3.1 Comparison of protein clusters of 5 species  

Five species of cacao and coffee were compared by clustering 

protein sequences based on OrthoVenn2 tool. In total, 189548 

protein sequences of 5 species were analyzed (Table 1). For 

all proteins sequences, 30792 protein clusters were formed, 

out of which 28520 were orthologous clusters, i.e., at least 

containing protein of two species and 2272 single-copy gene 

clusters, i.e., the clusters with five proteins belonging to 5 

species with one protein of each species. Single-copy proteins 

ranged from 3.38% for C. arabica to 8.88% for C. canephora 

while the other species were between these two species. In 

total, 25005 of all proteins in the study were not clustered and 

were assigned as singletons (Table 1). As the singleton 

number cannot show an exact estimation for comparing 

genes, each species’ singleton percentage of proteins was 

calculated. Singleton percentage of T. cacao and H. umbratica 

were less compared to coffee species and two cacao species 

shared more proteins with coffee species. 

On the other hand, C. canephora had the most singletons 

compared to coffee species suggesting that C. arabica has 

evolved differently from its ancestor C. canephora. If specie-

specific clustered proteins are added to singletons, the results 

are similar except for C. arabica whose species-specific 

proteins reached 24.26% close to C. canephora. When T. 

cacao and H. umbratica were pairwise compared with each 

other species-specific proteins were 2978 and 5744 for H. 

umbratica and T. cacao, respectively. A comparison of three 

Coffea species showed 17553, 6445 and 6343 species-

specific proteins for C. arabica, C. canephora and C. 

eugenioides, respectively. Therefore, these results showed 

that even though not close to family and species, cacao and 

coffee species shared more proteins than cacao or coffee 

species. These findings suggest that cacao and coffee are 

genetic resources for further studies compared to a whole 

dataset. However, this remains to be studied in more detail by 

functional genomic studies for specific common genes. 

Table 1. Protein number, clusters and singleton data of each protein dataset of 5 species. C. arabica possesses the most 

proteins, while C. canephora has the least number of proteins. Singleton percentage was calculated by the number of 

singletons divided by the whole protein number of each specie. The Singleton percentage of H. umbratica was the least and 

the most for C. canephora. Species-specific clustered proteins SSCP, species-specific proteins SSP. 

Species Proteins Clusters Singletons Singleton% SSCP SSP SSP% 

C_arabica 67222 24480 10436 15.52 5871 16307 24,26 

C_eugenioides 38150 22466 4266 11.18 1775 6041 15,83 
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T_cacao 30854 18860 2598 8.42 1521 4119 13,35 

H_umbratica 27748 17728 2061 7.43 552 2613 9,42 

C_canephora 25574 18258 5644 22.07 650 6294 24,61 

Protein clusters among all five species, 4,3 and 2-species 

comparisons and species-specific clusters are shown in 

Figure 1. Total common clustered proteins between all five 

species were 96249 (50.78% of 189548 all proteins) grouped 

in 12020 protein clusters distributed between 5 species as 

30023 (31.19% of 96249 common proteins of 5 species) 

belonged to C. arabica, 17881(18.58%) to T. cacao, 17861 

(18.56%) to C. eugenioides, 17762 (18.45%) to H. 

umbratica and 12722 (13.22%) to C. canephora. In addition, 

the percentage of shared proteins with other 4 species to the 

whole protein dataset of each species was calculated and 

orthologous proteins were 64.01% of H. umbratica proteins, 

57,95% of T. cacao, 49,75% of C. canephora, 46,82% of C. 

eugenioides and 44.66% of C. arabica. These results suggest 

that H. umbratica is a non-crop candidate species for further 

studies and can be a model for cacao and coffee. 

The remained protein clusters were shared between 4, 3 or 2 

species, while species-specific clusters were 2074 for C. 

arabica, followed by C. eugenioides with 664, T. cacao with 

526, C. canephora with 252 and finally, H. umbratica with 

218 clusters (Figure 1). A cacao genome report has shown 

that T. cacao species-specific genes were 2053 when 

compared to Vitis vinifera, A. thaliana, Populus trichocarpa 

and Glycine max (Argout et al., 2011). Comparing these 

results with these results, more similarity between studied 

species was seen by Argout et al. 2011 than our results of 

comparing T. cacao with coffee species. This is due to 

phylogenetic relativeness between cacao and the studied 

species in Argout et al. (2011) publication; the studied 

species belonged to the close families to cacao, while in this 

current study, cacao species was compared with the coffee 

family that belongs to the Rubiaceae family and Gentiales 

order that is farther to T. cacao and H. umbratica in the 

phylogenetic tree. 

 

Figure 1. Venn diagram of comparison between 5 species. 

12020 clusters were common among all 5 species. “?” signs 

are the cluster numbers that are not displayed because of 

space limits. They are 4102 for T. cacao and H. umbratica, 

240 clusters for C. canephora and C. eugenioides and 111 

for C. arabica, C. eugenioides and T. cacao. 

Pairwise comparisons (Figure 2) confirmed the highest 

similarities between T. cacao and H. umbratica with common 

22039 protein clusters and C. arabica and C. eugenioides with 

21882 clusters. However, a comparison of C. canephora and 

C. arabica (18744 clusters) and C. canephora and C. 

eugenioides (18267 clusters) showed fewer proteins 

similarities between C. arabica and C. eugenioides. Pairwise 

comparisons between cacao and coffee species gave lower 

common clusters between the two species. However, T. cacao 

and C. arabica shared 18130 clusters more than common 

clusters of T. caca with the other two coffee species 18054 

and 18045 C. canephora and C. eugenioides, respectively. On 

the other hand, H. umbratica with C. arabica had 18062 

clusters in common, while 18036 and 18042 with C. 

canephora and C. eugenioides, respectively. These pairwise 

comparisons showed a relative contribution between cacao 

species and coffee species, indicating how distant cacao and 
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coffee species are.  

 

Figure 2. HeatMap of pairwise comparison between 5 

species. H. umbratica and T. cacao showed the 22039 

protein clusters. Between proteins of C.arabica and C. 

eugenioides 21882 clusters were commons. 18744 clusters 

were shared between C. canephora and C. arabica. 18267 

clusters C. canephora and C. eugenioides. 

In common protein overlap between only two-species 

(shared proteins between two species specifically), C. 

arabica shared 3855 clusters of 10906 proteins with C. 

eugenioides (5802 proteins of C. arabica and 5104 proteins 

of C. eugenioides) and 717 clusters of 2203 proteins with C. 

canephora (1437 proteins of C. arabica and 766 proteins of 

C. canephora). C. eugenioides and C. canephora shared 240 

clusters of 612 proteins (256 proteins of C. canephora and 

356 proteins of C. eugenioides) (Figure 3). C. arabica is a 

hybrid of C. canephora and C. eugenioides (Yuyama et al., 

2016) and these results indicate that C. canephora and C. 

eugenioides have not contributed in the same way to C. 

arabica. Probably during the speciation of C. arabica, 

evolutionary events such as duplication and deletion 

happened that changed the gene proportion of two ancestors 

in C. arabica. However, C. eugenioides had more shared 

proteins with C. arabica suggesting it played an important 

role in the coffee selection and improvement programs and 

needs further studies to reveal its influence on coffee 

varieties as less genomic data is available for it than C. 

arabica and C. canephora. Different factors of GxE effects 

(environment and genetics) are responsible for these 

variations among three species of Coffea. GxE effects might 

come from deforestation, fragmentation and natural 

selection on Coffea populations from one side, gene 

drifting/drafting, and other genetic effects from another. The 

strength of gene drift during speciation processes affects 

mutations and their interactions among populations and 

determines parental and hybrid fitness (Dagilis et al., 2019). 

One study showed that C. canephora populations with low 

allelic diversity from Itwara and Kibale of Uganda were 

genetically distinct, likely implying inbreeding combined 

with random genetic drift. The authors suggested that 

because of a low proportion of constrained variance of the 

environmental variables,  gene flow and genetic drift or 

bottlenecks that probably result from deforestation and 

fragmentation affect the genetic diversity and structure of 

Uganda’s wild C. canephora populations (Kiwuka et al., 

2021). Both forest fragmentation and forest degradation can 

cause increased genetic drift, reduced gene flow, and 

alteration of mating patterns that result in increased 

inbreeding and, finally, a negative impact on the genetic 

diversity of forest plant species (Aerts et al., 2013). 

Accordingly, three coffee species shared asymmetrical 

proteins and C. canephora role in C. arabica breeding and 

improvement needs further studies to understand how C. 

eugenioides might have been a more dominant parent of 

Arabica hybrids. 

Pairwise comparisons that showed higher similarities 

between species were the comparison of C. arabica and C. 

eugenioides and H. umbratica and T. cacao with 10906 and 

11005 proteins, respectively (Figure 3). Three species of 

Coffea showed 18525 common proteins clustered in 3676. A 

comparison of three Coffea and T. cacao with 4753 common 

proteins of 749 clusters and comparison including C. arabica, 

C. eugenioides, T. cacao and H. umbratica with 700 clusters 

of 4693 proteins were the highest in 4-species comparisons. 

On the other hand, only 9 clusters of proteins were found 

between H. umbratica and C. canephora. These findings 

suggest different distribution of orthologs of H. umbratica 

with Coffea species and C. canephora with other coffee 

species as they share fewer proteins among other species. C. 

eugenioides, therefore, is the species that share more proteins 

with two other Coffea species and H. umbratica and T. cacao 

suggesting it as a genetic source for further studies. 

Between 3 species of Coffea 3676 clusters were formed 

covering 18525 proteins, while 8783 (47.41%) belonged to 

C. arabica, 4098 (22.12%) to C. canephora and 5644 

(30.47%) to C. eugenioides. On the other hand, protein 

clusters shared between two cacao species were 4012, 

including 11005 proteins, of which 5588 (50.78%) and 5417 

(49.22%) to T. cacao and H. umbratica, respectively. 

These comparisons based on 4, 3 and 2 species suggest that 

C. canephora proteins contributed in a different pattern to 

coffee speciation and/or breeding programs of coffee need 

deeper crossing and selection studies to understand why this 

behavior has happened while C. arabica is s sibling of both C. 

canephora and C. eugenioides and the distance between cacao 

and coffee species are similar, but C. canephora showed 

different genetic contributions. 
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Figure 3. Cluster and protein count and their distributions 

for 5 species. The most counted clusters were between 5 

species followed protein count for comparison of three 

Coffea species, two cacao species and C. arabica and C. 

eugenioides. 

Between 5 species, there were 2272 Single-copy protein 

clusters. Among them, 458 clusters were unknown proteins 

and 491 clusters were no assigned GO terms or functions 

and clustered based on their sequences. Single-copy clusters 

are interesting as they possess only one protein of each 

species that can show how species are related evolutionarily. 

The more common single-copy clusters exist, the closer 

species are considered single-copy genes that have not 

duplicated and transferred between different species and 

ancestors. In one study, 2,156 single-copy genes in 34 

angiosperms were identified and a high-resolution 

phylogenetic tree was established, indicating that single-

copy genes are useful and adequate tools in plants (Li et al., 

2017b). Single-copy proteins or genes show ungiven 

evolutionary events in which species have received only one 

gene copy from ancestors, deleted copies during evolution 

or even gene isoforms evolved to other different genes. 

Whatever event happened, it seems that function of genes 

might be determinative for gene quantity depending on plant 

needs to gene product or processes that it manages. In 

angiosperms, single-copy genes have been reported to be 

located in organelles generally with binding and catalytic 

activity, preferentially. Single-copy genes are expressed 

higher than non-single-copy genes. Single-copy genes 

indicate more conservation (Han et al., 2014).   

3.2 Annotation of top common proteins between 5 
species 

The proteins of 12020 common clusters were analyzed for 

their function by UniProt database and annotation based on 

GO term (Table 2). Interestingly, the top clusters involved 

transport, resistance, defense and stress response. However, 

other functions like organelles and regulation were listed on 

the top common clusters between 5 species. The most 

counted cluster belonging to Q949G3 UniProt protein with 

230 proteins was the PDR1 gene, a transporter protein. 

Pleiotropic drug resistance (PDR) genes are identified only in 

fungi and plants. The molecular function of PDR1 is ABC-

type transporter activity and ATP binding functioning in 

hormone transport and regulation of secondary shoot 

formation. The expression of members of this family have 

been reported in response to various biotic and abiotic 

stresses. They transport a diverse array of molecules across 

membranes and play important roles in detoxification 

processes, preventing water loss, transport of phytohormones, 

and secondary metabolites (Nuruzzaman et al., 2014). PDR1 

confers the resistance of Nicotiana attenuata against fungal 

pathogen Alternaria alternata (Xu et al., 2018). NpPDR1 (N. 

plumbaginifolia) is involved in resistance to pathogens like 

the fungus Botrytis cinerea, and the bacteria Pseudomonas 

syringae pv tabaci, P. fluorescens, and P. marginalis pv 

marginalis via both constitutive and jasmonic acid-dependent 

induced defense (Stukkens et al., 2005). PDR members are 

involved in shoot and root,  growth regulator-mediated 

signaling and phytohormone transport (Migocka et al., 2012). 

Interestingly, in Saccharomyces cerevisiae, PDR members 

have been reported that may play a potential role in caffeine-

hyperresistance (Sürmeli et al., 2019) and mediate caffeine 

efflux (Tsujimoto et al., 2015). As mechanisms and roles of 

PDR1 in plants are not well-known and documented, the 

hypothesis is that it can be a candidate gene for further study 

between cacao and coffee in caffeine biosynthesis, transport 

and accumulation. 

The second most abundant protein among 5 species was 

UniProt Q39214 protein named RPM1. RPM1 plays a role in 

the restriction of pathogen growth and triggers a defense 

system, including the hypersensitive response (HR) (Boyes et 

al., 1998). In a cacao gene expression study between tolerant 

and susceptible genotypes of Phytophthora palmivora, 

expression of RPM1 was induced by P. palmivora confirming 

its role in disease resistance (Baruah et al., 2022). In coffee, 

the Non-race specific Disease Resistance 1 (NDR1) function 

depends on RPM1 resistance gene. NDR1 is a key regulator 

initiating hypersensitive signaling pathways. In C. arabica 

NDR1 genes have been reported as likely targets for 

manipulating the coffee innate immune system and achieving 

broad-spectrum resistance to pathogens (Cacas et al., 2011). 

Therefore, RPM1 is another candidate gene for improving 

plant resistance in cacao and coffee. Further functional 

genomic studies will clarify its function and mechanism in 

pathogen resistance/tolerance in cacao and coffee as a 

common resistance process. 
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The third top common clustered protein of all 5 species was 

Q9LRR4 or Putative disease resistance RPP13-like protein 

1 (RPPL1) and the subsequent proteins also belonged to this 

Putative disease resistance RPP13-like protein family such 

as RPP13L3 (Q9STE7). Like the first and second proteins in 

the list in Table 2, GO term for this protein suggests that it 

might be involved in defense and stress response. A family 

member of RPP13-like protein in maize has been shown that 

is involved in abscisic acid-mediated resistance to heat stress 

(Yang et al., 2021). The authors found ZmRPP13-LK3 has 

three conserved catalytic adenylyl cyclase (AC) centers. AC 

synthesizes (cAMP), an essential second messenger with 

diverse functions. In Arabidopsis, RPP13 bestows resistance 

to Peronospora parasitica (causal agent of downy mildew) 

and encodes an NBS-LRR type R protein with a putative 

amino-terminal leucine zipper (Bittner-Eddy et al., 2000). 

Few reports on this protein family make it enjoyable to 

scrutinize further between cacao and coffee. 

The next clustered proteins like O81832 (G-type lectin S-

receptor-like serine/threonine-protein kinase At4g27290) 

and Q8LGU1 (ABC transporter C family member 8 

ABCC8) are also involved in salt stress response processes 

(Sun et al., 2013) and transport of varied molecules like 

metals and heavy metal tolerance (Chen et al., 2019). 

Interestingly, many shared proteins found among 5 species 

of coffee and cacao like P92555 (Uncharacterized 

mitochondrial protein AtMg01250) are not well-known and 

well-documented, making them candidate genes for 

resistance and adaptation to stress and disease in cacao and 

coffee as well as other functions like alkaloid accumulation 

and biosynthesis. Moreover, they help find novel 

mechanisms, study biodiversity and evolution, and employ 

them in plant selection and improvement. 

In Table 2, Callose synthase 5 CALS5 was listed with a high 

protein count among the 5 studied species. CalS5 is involved 

in forming a callose-rich subintinal layer (SL) and inner cell 

wall and interestingly, caffeine inhibits the deposition of 

callose and cellulose an was id cell wall formation (Rivas-

Sendra et al., 2019). Accordingly, these proteins might have 

multifunctional characters and be involved in varied 

processes where caffeine (and likely other similar-structured 

metabolites like theobromine) play roles like stress tolerance 

and consequently interact with other proteins in caffeine 

biosynthesis. 

GO terms of common 12020 clusters were searched for 

“alkaloid”. Two GO terms were found as GO:0009820 

alkaloid metabolic process and GO:0035835 indole alkaloid 

biosynthetic process assigned to UniProt proteins as Q3L181 

and P93083, respectively. Q3L181 is Perakine reductase 

enzyme and converts raucaffrinoline to perakine (Sun et al., 

2008). It has been reported that is involved in biosynthesis of 

monoterpenoid indole alkaloids (MIAs) in Catharanthus 

roseus (Murata et al., 2008). P93083 is Tryptophan 

decarboxylase TDC2, a cytosolic enzyme that catalyzes an 

early step of the terpenoid indole alkaloid biosynthetic 

pathway by decarboxylation of l-tryptophan to produce the 

protoalkaloid tryptamine. Melatonin or 5-Methoxy-N-

acetyltryptamine content increased in overexpression of TDC 

of transgenic rice seed (Byeon et al., 2014). The biosynthesis 

of melatonin starts from tryptophane, an alkaloid biosynthesis 

starter. It belongs to protoalkaloid tryptamine compounds and 

is an antistress agent in plants whose quantity increases upon 

stress in plants. In addition, it is involved in the circadian 

cycle, growth and development regulation, rhizogenesis, and 

photosynthesis (Arnao and Hernández-Ruiz, 2019). 

Melatonin can increase biosynthesis of alkaloids like 

galanthamine and lycorine in Leucojum aestivum (Ptak et al., 

2019). In rats, melatonin and caffeine showed an interaction 

and essential role of caffeine in reducing teratogenic effects 

and also reducing oxidative stress (Yilmaz et al., 2020). 

Therefore, Perakine reductase and Tryptophan decarboxylase 

TDC2 are candidate enzyme that can be considered for 

further studies in cacao and coffee for subsequent alkaloid 

biosynthesis and mechanisms in biological processes like 

antistress, hormonal activity.  

Table 2. Top 20 Clusters of 5-species comparison. The Swiss-Prot hit. The protein and gene names obtained from UniProt 

database. Gene names are bold. 

Protein 

Count 

Swiss-

Prot Hit 

Protein and gene name  GO Annotation 

230 Q949G3 Pleiotropic drug resistance protein 1 PDR1 GO:0006952; P:defense response; 

IEA:UniProtKB-KW 

201 Q39214 Disease resistance protein RPM1 GO:0009626; P:plant-type hypersensitive 

response; IDA:TAIR 

119 Q9LRR4 Putative disease resistance RPP13-like 

protein 1  RPPL1 

GO:0006952; P:defense response; 

IEA:UniProtKB-KW 

103 O81832 G-type lectin S-receptor-like 

serine/threonine-protein kinase At4g27290 

GO:0048544; P:recognition of pollen; 

IEA:InterPro 

103 P92555 Uncharacterized mitochondrial protein 

AtMg01250 

GO:0005739; C:mitochondrion; 

IEA:UniProtKB-SubCell 

101 Q9LRR4 Putative disease resistance RPP13-like 

protein 1  RPPL1 

GO:0006952; P:defense response; 

IEA:UniProtKB-KW 

87 Q9STE7 Putative disease resistance RPP13-like 

protein 3 RPP13L3 

GO:0006952; P:defense response; 

IEA:UniProtKB-KW 
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83 Q8LGU1 ABC transporter C family member 8 

ABCC8 

GO:0055085; P:transmembrane transport; 

IBA:GO_Central 

82 Q3B724 Callose synthase 5 CALS5 GO:0080092; P:regulation of pollen tube 

growth; IMP:TAIR 

74 Q60EW9 FT-interacting protein 7 FTIP7 GO:0005886; C:plasma membrane; 

IEA:UniProtKB-SubCell 

71 Q84JM4 Topless-related protein 3 TPR3 GO:0006355; P:regulation of 

transcription, DNA-templated; 

IEA:InterPro 

67 Q9LV11 ATPase 11, plasma membrane-type AHA11 GO:0051453; P:regulation of intracellular 

pH; IBA:GO_Central 

67 Q7XA40 Putative disease resistance protein RGA3 GO:0006952; P:defense response; 

IEA:UniProtKB-KW 

66 Q940A6 Pentatricopeptide repeat-containing protein 

At4g19440, chloroplastic At4g19440 

GO:0009507; C:chloroplast; 

IEA:UniProtKB-SubCell 

64 Q9FZ87 Indole-3-acetic acid-amido synthetase 

GH3.17 

GO:0009733; P:response to auxin; 

IMP:TAIR 

62 F4I460 Myosin-8 XI-B GO:0030048; P:actin filament-based 

movement; TAS:TAIR 

56 Q9LRA7 Probable alpha,alpha-trehalose-phosphate 

synthase [UDP-forming] 9 TPS9 

GO:0070413; P:trehalose metabolism in 

response to stress; IBA:GO_Central 

55 Q9XGW1 Protein argonaute 10 AGO10 GO:0035019; P:somatic stem cell 

population maintenance; IMP:UniProtKB 

53 Q7XA42 Putative disease resistance protein RGA1 GO:0006952; P:defense response; 

IEA:UniProtKB-KW 

53 Q8W4P9 Protein TRANSPARENT TESTA 9 TT9 GO:0016192; P:vesicle-mediated 

transport; IMP:TAIR 

The UniProt ID of 12020 common genes was submitted to 

UniProt Retrieve/ID mapping tool to get their functionality. 

This mapping generated 8890 entries from 

UniProtKB/SwissProt database. “Caffe” key word was 

searched among the list, and 8 proteins were assigned to the 

keyword (Table 3). Five EC codes were assigned to eight 

proteins and enzymes, including Caffeic acid 3-O-

methyltransferase, Caffeoylshikimate esterase, Caffeoyl-

CoA 3-O-methyltransferase and Fatty alcohol:caffeoyl-CoA 

acyltransferase was mapped to UniProt IDs. Caffeic acid 3-

O-methyltransferase, Caffeoylshikimate esterase, Caffeoyl-

CoA 3-O-methyltransferase enzymes are involved in 

phenylpropanoid and lignin biosynthesis (Saleme et al., 

2017; Vanholme et al., 2013) and convert caffeic acid to 

CaffeolyCoA (). Fatty alcohol:caffeoyl-CoA acyltransferase 

is a member of clade Va of the BAHD family of 

acyltransferases and is involved in root wax biosynthesis in 

Arabidopsis (Kosma et al., 2012). BAHD family Play roles 

in regulating plant metabolites, cell stability, response to 

Phytophthora megakarya fungi and 27 non-redundant 

putative tcBAHD genes have been reported in T. cacao 

(Abdullah et al., 2021). Interestingly, these enzymes have 

not been reported in cacao and coffee species in the literature 

except the article by Abdullah et al., 2021. Therefore, they 

are candidate genes for further studies in cacao and coffee 

for their function in stress response, metabolite biosynthesis 

and growth and development. 

 

Table 3. Proteins mapped to UniProtKB/SwissProt database 

and assigned to Caffe keyword. The proteins are enzymes 

involved in biosynthesis of diverse metabolites like lignin, 

waxes, alkaloids. 

UniProt ID Protein names 

Q9XGP7 Tricin synthase 1 (EC 2.1.1.175) (Caffeoyl-CoA 

3-O-methyltransferase ROMT15) 

Q9C5D7 Probable caffeoyl-CoA O-methyltransferase 

At4g26220 (EC 2.1.1.104) (Trans-caffeoyl-CoA 

3-O-methyltransferase) (CCoAMT) 

(CCoAOMT) 

Q9C942 Caffeoylshikimate esterase (EC 3.1.1.-) 

(Lysophospholipase 2) (LysoPL2) 

Q43609 Caffeic acid 3-O-methyltransferase (CAOMT) 

(COMT) (EC 2.1.1.68) (S-adenosysl-L-

methionine:caffeic acid 3-O-methyltransferase) 

Q9FFQ7 Fatty alcohol:caffeoyl-CoA acyltransferase (EC 

2.3.1.-) (Fatty alcohol:caffeoyl-CoA caffeoyl 

transferase) 

Q43095 Caffeoyl-CoA O-methyltransferase (EC 

2.1.1.104) (Trans-caffeoyl-CoA 3-O-

methyltransferase) (CCoAMT) (CCoAOMT) 

P46484 Caffeic acid 3-O-methyltransferase (CAOMT) 

(COMT) (EC 2.1.1.68) (S-adenosysl-L-

methionine:caffeic acid 3-O-methyltransferase) 

Q9C9W3 Putative caffeoyl-CoA O-methyltransferase 

At1g67980 (EC 2.1.1.104) (Trans-caffeoyl-CoA 

3-O-methyltransferase) (CCoAMT) 

(CCoAOMT) 



Ronald Villamar-Torres et al: Comparative computational genomic analysis between wild and domesticated species of cacao and coffee  

 

 

 

 

 

 

 

 

 

 

 

         Journal of Pharmaceutical Negative Results ¦ Volume 13 ¦ Issue 3 ¦ 2022 543 

 
 

 

3.3 Annotation for single-copy common proteins 

Single-copy protein clusters were assigned to many various 

functions. However, as no statistical analysis could 

differentiate them, only some of them were scrutinized for 

more details. For example, stress-related GO terms were 55 

among 2272 protein clusters mainly with salt, oxidative 

stress response activity as GO:0006979 response to 

oxidative stress, GO:0009651 response to salt stress, 

GO:0097501 stress response to the metal ion, GO:0006970 

response to osmotic stress, GO:0061408 positive regulation 

of transcription from RNA polymerase II promoter in 

response to heat stress, GO:0031098 stress-activated protein 

kinase signaling cascade and GO:0034976 response to 

endoplasmic reticulum stress. 

Single-copy proteins revealed several functions Q70PR7 

and O04847 were found under alkaloid metabolic process. 

Q70PR7 activity is Vinorine synthase based on UniProt. 

Vinorine synthase is an enzyme of Acetyltransferase that 

catalyzes the formation of vinorine (Bayer et al., 2004). 

Vinorine is a precursor of the antiarrhythmic monoterpenoid 

indole alkaloid ajmaline. Deacetoxyvindoline 4-

hydroxylase (D4H) enzyme generates vindoline (Bose 

Mazumdar and Chattopadhyay, 2015). These two enzymes 

are involved in the indole alkaloid biosynthesis pathway 

(KEGG map 00901). The final product of Vinorine is 

Ajmaline and vindoline reaches vincristine. However, these 

alkaloids are not directly involved in metabolism pathways 

of caffeine and theobromine but might be indirectly 

involved in alkaloid conversion. Few research publications 

are available on their relevance to purine alkaloid 

metabolism, making them interesting proteins for further 

studies in cacao and coffee.   

The proteins related to GO term regulation of transcription, 

DNA-templated (GO:0006355) were the most counted 

among single-copy proteins of all 5 species with 41 hits 

followed by a translation (GO:0006412) with 31 proteins, 

RNA modification (GO:0009451) with 26, protein 

ubiquitination (GO:0016567) with 25, protein 

phosphorylation (GO:0006468) with 24, response to 

oxidative stress (GO:0006979) with 22, protein transport 

(GO:0015031) with 21, an integral component of membrane 

(GO:0016021) with 20, response to salt stress 

(GO:0009651) with 20, and metal ion binding 

(GO:0046872) with 20. Mostly the proteins assigned to 

these GO terms were transcription factors (like MYB98, 

Scarecrow-like protein 15, Zinc finger protein, Auxin-

induced protein, TCP11, Homeobox-leucine zipper protein 

GLABRA, ILR3, BHLH, MAGPIE, PHD finger protein 

Alfin), ribosomal proteins, etc. They involve growth and 

development, stress response, phytohormones, gene 

expression regulation, and metabolite biosynthesis. 

These functionalities suggest that single-copy genes/proteins 

are important to reveal specific functions of genes and 

proteins and might be determinative for pathways that are 

involved in and in the organisms that have them. As only one 

copy of single-copy genes exists in each species, biological 

reaction or process might be specific to the species and/or 

close species. In addition, it might handle certain biological 

functions that other genes/proteins cannot. For example, 

interestingly, none of these two alkaloid enzymes, i.e., 

Vinorine synthase and D4H, have not been found in A. 

thaliana. D4H has been reported only in some alkaloid plants 

including Catharanthus roseus and Cannabis sativa and few 

species Vigna angularis, Vitis vinifera, Gossypium arboreum, 

Mucuna pruriens and Vinorine synthase has been found only 

in A. lyrata and few plant species (data retrieved from NCBI). 

This suggests the specific role and existence of single-copy 

genes/proteins in plants and further studies on cacao and 

coffee to reveal how they function. 

3.4 GO enrichment of common proteins between 
all 5 species  

GO enrichment for 5 studied species outputted by 

OrthoVenn2 revealed 36 GO terms (Table 4). Go enrichment 

showed a relation between common clustered proteins of 5 

species and responses to stresses and biosynthesis of 

alkaloids and secondary metabolites as well as other 

biological processes like signaling, protein modification, and 

regulation. As expected, Alkaloid metabolic process, indole 

glucosinolate metabolic process, UDP-glucosyltransferase 

activity GO terms that are involved in alkaloid metabolism 

directly or indirectly were among enriched GO terms among 

5 species. In addition, UDP-glucosyltransferase (UGT) 

glycosylate many secondary metabolites like alkaloids 

(Speeckaert et al., 2020). The GO terms counted were RNA 

modification, defense response, rRNA processing, plasma 

membrane, protein serine/threonine kinase activity, protein 

autophosphorylation, zinc finger binding and signal 

transduction, indicating regulatory and signaling function. 

These suggest that cacao and coffee species are a good model 

for each other to be compared for stress responses, signaling 

and regulatory activities. However, functional genomics and 

further comparative studies are required to target and list the 

genes/proteins between cacao and coffee species to 

understand how similar they respond to stresses, manage 

regulatory processes and signaling and in what biological 

mechanisms their common genes are involved. 

Table 4. GO enrichment for common protein clusters of all 5 species. They showed various activities like enzymatic activity, 

response to stresses, signaling and regulation. 

GO ID Count Name GO category p-value 

GO:0016705 23 oxidoreductase activity, acting on paired 

donors, with incorporation or reduction 

of molecular oxygen    

MF  1.8668986312064635e-23 

GO:0009820 6 alkaloid metabolic process  BP 5.25505878754441e-18 
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GO:0006952 87 defense response    BP 9.57508966212676e-17 

GO:0009626 10 plant-type hypersensitive response  BP 1.7666248443478174e-16 

GO:0006364 81 rRNA processing   BP 4.895344355105526e-12 

GO:0016758 5 transferase activity, transferring hexosyl 

groups   

MF  1.2768206373961726e-11 

GO:0004674 58 protein serine/threonine kinase activity    MF  1.175103804599375e-10 

GO:0016491 43 oxidoreductase activity   MF  2.9689846165511735e-09 

GO:0046777 49 protein autophosphorylation       BP 4.122247150585193e-09 

GO:0009791 2 post-embryonic development  BP 2.5287573158387284e-08 

GO:0050832 9 defense response to fungus  BP 3.749207848181802e-08 

GO:0035251 5 UDP-glucosyltransferase activity    MF  1.1766324859875054e-07 

GO:0019748 2 secondary metabolic process       BP 1.9768578195130687e-07 

GO:0009451 159 RNA modification    BP 3.43693935704881e-07 

GO:0007018 25 microtubule-based movement  BP 4.295515902035284e-07 

GO:0045735 10 nutrient reservoir activity       MF  8.859932494596022e-07 

GO:0042343 2 indole glucosinolate metabolic process    BP 9.103780183400925e-07 

GO:0016747 4 transferase activity, transferring acyl 

groups other than amino-acyl groups       

MF  3.014296461342774e-06 

GO:0048046 6  apoplast    CC 1.4589348257422275e-05 

GO:0007166 2 cell surface receptor signaling pathway   BP 1.8374204242546806e-05 

GO:0005886 77 plasma membrane   CC 2.592606768634989e-05 

GO:0000272 8 polysaccharide catabolic process    BP 3.290283090942899e-05 

GO:0042254 16 ribosome biogenesis       BP 6.949379962074648e-05 

GO:1900994 2 (-)-secologanin biosynthetic process      BP 7.995745893382696e-05 

GO:0009607 21 response to biotic stimulus       BP 0.00014482738927661313 

GO:0009826 46 unidimensional cell growth  BP 0.00017690416475511168 

GO:0009734 12 auxin-activated signaling pathway   BP 0.00027606450123583264 

GO:0019252 19 starch biosynthetic process       BP 0.00028453079430714373 

GO:0008270 46 zinc ion binding    MF 0.00034460315362313534 

GO:0007165 41 signal transduction       BP 0.0003449461817400814 

GO:0009407 6  toxin catabolic process   BP 0.0003808870044474163 

GO:0008194 14 UDP-glycosyltransferase activity    MF 0.0003883476405828039 

GO:0010182 24 sugar mediated signaling pathway    BP 0.000401550353235148 

GO:0006310 2 DNA recombination   BP 0.0005429696370070311 

GO:0005634 31 nucleus   CC 0.0005665636542377944 

GO:0045454 28 cell redox homeostasis    BP 0.0006628074143379066 

3.5 GO analysis for all shared proteins and single-
copy proteins of 5 species 

GO GOSlimViewer classified terms of shared proteins 

between all 5 species. The results for BP, MF and CC, are 

shown in Figure 4. Each category's first top GO terms were 

general terms, including biological_process, 

molecular_function and cellular_component. Forty-five GO 

terms were classified for BP, 22 for MP and 23 for CC. 

Metabolic and biosynthetic process, stress response, 

transport, and cell-related GO terms were the most assigned 

GO terms of BP category. For MF category, binding terms 

related to nucleic acids (DNA, RNA) and proteins and 

metabolite-related GO terms were mainly GO terms. GO 

terms of CC category at the top of the list were membrane, 

mitochondrion and plasma membrane. These results indicate 

proteins of cacao and coffee are similar in metabolite 

biosynthesis and transport activities, suggesting their 

similarity in biological processes and functions. However, 

further analyses on specific genes shared between different 

species are needed to reveal the exact similarity function 

between cacao and coffee species. 
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Figure 4. GO analysis for common proteins between all 5 

species. The top GO terms for each category were used. 

Another category for BP is the sum of all GO terms with 

less than 200 assigned numbers. 

GO terms for single-copy proteins were analyzed by 

GOSlimViewer. The first three most abundant GO terms for 

the BP category were general terms followed by biosynthetic 

process, nucleobase-containing compound metabolic 

process, response to stress, transport, cellular component 

organization, and catabolic process (Figure 5). For the MF 

category, binding-related GO terms were the most abundant 

and enzymatic activity terms, including transferase activity 

and hydrolase activity, were also among the first most 

abundant GO terms. Considering BP, CC and MF categories, 

main terms belonged to organelles, catalytic, binding 

activities. This is following the report that single-copy genes 

in angiosperms mainly bind and are catabolic (Han et al., 

2014). However, our results showed stress response, 

biosynthesis and transport activities among most abundant 

GO terms of single-copy genes of 5 studied species. Copy 

number of genes has been shown that is critical for stress 

response in A. halleri and A. thaliana. A. halleri has more 

copies of genes involved in heavy metal tolerance and 

accumulation (Jazayeri et al., 2019; Suryawanshi et al., 

2016). Therefore, these GO terms for single-copy proteins 

showed that they might be responsible for key processes by 

which cacao and coffee respond to stresses in cacao and 

coffee. 

Interestingly, signaling-related terms were not only two 

among all GO terms between cacao and coffee, suggesting 

that signaling genes possess more than one copy and isoform. 

This is because of the ubiquitous character of signaling genes 

and their involvement in varied processes simultaneously, 

like photosynthesis and stress response networks where a 

rapid reaction is required to protect the plant (Kollist et al., 

2019). However, comparative studies will remain to disclose 

how cacao and coffee single-copy genes and proteins are 
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involved in signaling and stress responses. 

 

 

 

Figure 5. GO analysis for single-copy proteins of 5 species 

for 3 categories of BP, MF and CC. The first most 

abundant GO terms were general terms. The terms more 

than 50 were used and GO terms less than 50 were grouped 

as others. For CC category all terms were used to create the 

figure. 

3.6 Protein network of single-copy protein 
orthologs of 5 species  

Single-copy proteins of all 5 species were distributed in 2272 

clusters that, after filtering of N/A clusters, formed a list of 

1751 proteins. This list was submitted to WebGestalt tool to 

create a gene network. Only plant data of WebGestalt to 

create a gene network was A. thaliana. Using 1751 UniProt 

proteins as input, 1280 proteins were identified as network 

seeds with Arabidopsis gene identifier. Out of 1280 

Arabidopsis seeds, 638 were mapped in the selected network 

and finally, 360 proteins were used for creating the expanded 

sub-network (Figure 6), top-ranking genes of the main sub-

network (Table 5) and GO enrichment (Table 6). Seven sub-

networks were assigned from which the main sub-network 

(PNC: principal network component) contained 10 top-

ranking gene neighbors and were chosen for further analyses. 

These top-ranking neighbors are the genes based on which 

the sub-network was formed (Table 5). These genes belong 

to TFs, degradation and regulation functions and transport 

and are involved in varied plant processes like growth and 

development, stress tolerance and signaling. Interactions 

between these top ten protein seeds of the PNC were 75 edges 

for UBQ3 followed by GRF members with 62, NTL9 with 

22, as the highest ones.  

The first gene with the greatest edges of the PNC was UBQ3, 

encoding ubiquitin attached to proteins destined for 

degradation and is a universal gene involved in many 

processes. This high number of edges for UBQ3 might be due 

to its ubiquitous and omnipresent character. However, it is 

expressed in higher levels in vegetative tissue and modulated 

by UV-B and light/dark treatments (Brosché et al., 2002; 

McNeilly et al., 2018). Another ubiquitin-related gene of the 

PNC was SMALL UBIQUITIN-LIKE MODIFIER 3 

SUMO3 and its family members SUMO1 and SUMO2. They 

belong to the SUMO family that shows remarkable sequence 

conservation and have been used to diversify plant species, 

including tomato, potato, strawberry, grape vine, papaya, 

cacao and sweet orange (Hammoudi et al., 2016). 

SUMOylation is a biological reaction that refers to the 

covalent attachment of SUMO to target proteins that alters 

their function, location, and protein-protein interactions (Hu 

et al., 2022). Copy number of SUMO genes and its increased 

levels activate immunity and alter flowering time in 

Arabidopsis, suggesting this protein family is a key gene in 

protein regulation of immunity. Furthermore, SUMO3 is 

involved in SA-induced defense gene expression and 

sumoylates NPR1 which play important roles to biotic and 

abiotic stresses and has been reported in cacao and coffee  

(Backer et al., 2019). Therefore, SUMO family members are 

candidates for studying cacao and coffee diversification and 

stress response. 
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Growth-regulating factors (GRFs) are highly conserved 

transcription factors. GRF target genes showed broad 

regulatory functions in plant growth and development, 

phytohormone biosynthesis and signaling, and the cell cycle 

GRFs regulate many developmental processes and plant 

responses to biotic and abiotic stimuli and growth-defense 

antagonism and modulate the levels of defense- and 

development-related hormones in opposite directions (Piya 

et al., 2020). GRFs and miR396 modulate in various plant 

mechanisms and processes like growth and development, 

drought, salinity, cold, and UV stress. In T. cacao species 10 

members of GRF have been reported (Omidbakhshfard et 

al., 2015). RAE1 belongs to nucleoporins and is involved in 

unction in mRNA export and spindle assembly (Tamura et 

al., 2010). In the generated sub-network, UBQ3 and 

SUMO3 had interactions with all GRFs suggesting an 

involvement in same processes. However, as GRFs are TF, 

they might regulate UBQ3 and its target genes or UBQ3 

might be involved in GRF activation/suppression. This 

remains for further functional genomic studies as no 

evidence is available for this hypothesis in the literature. 

AT4G30840 is a member of Transducin/WD40 repeat-like 

protein family that controls seed germination, growth and 

biomass accumulation (Gachomo et al., 2014), cell wall 

formation (Guerriero et al., 2015). Transducin/WD40 

repeat-like superfamily protein and a member of E3 

ubiquitin-protein ligase have been reported in cacao 

genotypes induced in Phytophthora palmivora infection that 

triggers tolerance to this pathogen (Baruah et al., 2022). As 

seen in cacao, this gene and UBQ3 might manage disease 

resistance in coffee. 

Of note, as they are single-copy genes found in 5 compared 

species, they might play key roles in the processes they are 

involved in, as mentioned above. However, the network was 

formed based on Arabidopsis data and further studies on 

them in both cacao and coffee species will be useful to reveal 

the functions of these genes in mechanisms and processes 

like disease and stress tolerance and to find how they interact 

with other single-copy genes and genes with higher copy 

number in cacao and coffee. 

 

Figure 6. The main sub-network or Principal network 

component PNC of single-copy proteins of 5 studied species 

created by WebGestalt. It contained 10 top-ranking proteins 

as the main edges based on which the PNC was constructed. 

This network was created based on single-copy proteins 

showing their importance of comparison between different 

species. 

Table 5. Top ranking neighbors of single-copy proteins of all 5 species. WebGestalt listed these 10 genes based on orthologs 

of Arabidopsis for UniProt IDs for single-copy proteins. 

Gene Symbol Annotation Interaction edge Random Walk Probability 

UBQ3 POLYUBIQUITIN 3 75 1.50E-02 

GRF3 GROWTH-REGULATING 

FACTOR 3 

23 4.00E-03 

GRF1 GROWTH-REGULATING 

FACTOR 1 

21 3.58E-03 

GRF8 GROWTH-REGULATING 

FACTOR 8 

18 2.23E-03 

NTL9 NAC TRANSCRIPTION FACTOR-

LIKE 9 

22 1.99E-03 

AT1G68185 Ubiquitin-like superfamily protein 14 1.98E-03 

AT4G30840 NUP43 Transducin/WD40 repeat-like 

superfamily protein 

11 1.98E-03 

MPK10 MAP KINASE 10 15 1.93E-03 

SUMO3 SMALL UBIQUITIN-LIKE 

MODIFIER 3 

17 1.84E-03 

AT1G80670 RAE1, RNA EXPORT FACTOR 1 12 1.75E-03 
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The GO enrichment for single-copy proteins of 5 species 

showed almost all GO terms for metabolite transport and 

only one GO term indicated regulation of DNA 

transcription. This might be due to different steps done by 

WebGestalt to reach a final list based on Arabidopsis data, 

while many UniProt proteins outputted by OrthoVenn2 were 

assigned to other plants. However, considering statistical 

analyses to get the final GO enrichment results as proof for 

data analysis, this result is interesting as single-copy 

orthologs were involved in one biological process category, 

transport (Table 6). This suggests that single-copy proteins 

are specific among cacao and coffee species but their exact 

function remains to be disclosed further.  

Table 6. GO enrichment for single-copy proteins of 5 species generated by WebGestalt. Almost all are related to metabolite 

transport. WebGestalt listed them based on raw and adjusted p-value. 

GO ID GO Name 

Gene 

number in 

GO 

category 

Gene 

number of 

input in 

GO 

category 

Raw P-

value 

Adjusted 

P-value 

GO:0015713 phosphoglycerate transmembrane transport 6 4 0 0.0513 

GO:0015717 triose phosphate transport 6 4 0 0.0513 

GO:0035436 triose phosphate transmembrane transport 6 4 0 0.0513 

GO:0042873 aldonate transmembrane transport 6 4 0 0.0513 

GO:0015718 monocarboxylic acid transport 11 5 0 0.0513 

GO:1901264 carbohydrate derivative transport 26 7 0.0001 0.0647 

GO:2000142 

regulation of DNA-templated transcription, 

initiation 17 5 0.0005 0.2526 

GO:0015849 organic acid transport 69 10 0.0006 0.2526 

GO:0046942 carboxylic acid transport 69 10 0.0006 0.2526 

GO:0015711 organic anion transport 95 12 0.0006 0.2526 

4 Conclusions  

Protein comparisons between species of cacao and coffee 

showed highly shared proteins. The orthologs of 5 species 

are involved in transport, regulation, and metabolite 

biosynthesis. Single-copy proteins of 5 studied species 

revealed that these proteins are of help for further functional 

studies due to their specific function related to plant species. 

Two cacao species shared almost more than half of their 

genes with coffee species. This is of special interest as these 

species grow in tropical zones under similar ecological 

conditions and produce the same metabolites as caffeine and 

theobromine. As an interesting finding, transport-related 

proteins were common among 5 studied species, especially 

single-copy proteins. Therefore, further comparative 

functional genomic studies can reveal more details about 

their similarities, common biological mechanisms and 

pathways involved in transport, biosynthesis of metabolites 

and their function in stress response. Comparison between 3 

Coffea species showed that C. eugenioides share more 

proteins with C. arabica and C. canephora as crop coffees. 

This suggest that C. eugenioides is still a natural wild source 

for coffee breeding programs. Proteins involved in 

resistance and stress responses were highly overrepresented 

among the studied species suggesting that they may be 

candidates for further studies for breeding and selection of 

cacao and coffee using the data from wild species.  
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