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Abstract
Background  Theobroma cacao seeds are the source of chocolate and other valuable products. Pathogens can 
damage cocoa beans, reducing yield and quality. This study examined viruses linked to chlorosis and leaf deformation 
in cocoa plants in Bahia, Brazil, using an integrative approach.

Results  Macroscopic and microscopic analysis of symptomatic T. cacao leaves revealed chlorosis and histological 
alterations consistent with viral infection, including cell and nuclear hypertrophy. Deep sequencing of small RNA 
(sRNA) from these tissues identified virus-derived sRNA (vsiRNAs) profile, which suggests that viral transcripts activate 
the antiviral RNA interference pathways. The vsiRNAs were used to assemble two viral sequences: one related to 
geminivirids and the other resembling a strain of the recently described Cacao swollen shoot Ghana S virus, a putative 
member of the family Caulimoviridae commonly found as an Endogenous Viral Element (EVE) in symptomless plants. 
The geminivirid was tentatively designated Citlodavirus theobromae, while the badnavirus isolate was named Brazilian 
cacao swollen shoot Ghana S virus Ilhéus. Mass spectrometry detected multiple viral peptides from coding genes 
from both viral genomes, supporting the potential occurrence of viral translation and replication. Notably, symptoms 
were observed only in association with the geminivirids. Although viral DNA from both viruses was present in 
symptomatic and asymptomatic leaves of the same plant, geminivirid RNA was exclusively detected in symptomatic 
tissues, suggesting a correlation between the citlodavirustranscript accumulation and symptom expression.

Conclusion  Our findings highlight the emergence of a new viral geminivirid threat that could affect cocoa 
production in South America.
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Background
The plant species Theobroma cacao L., native to the 
Amazon basin in South America, is an important neo-
tropical crop that belongs to the family Malvaceae, sub-
family Sterculioideae [48]. There are at least 22 different 
Theobroma species, but T. cacao is the primary source of 
cocoa [6]. Different varieties of T. cacao are used to pro-
duce cocoa and chocolate. The main ones include Criollo, 
which was utilized by the Aztec and Maya civilizations. 
Criollo accounts for only 5–10% of chocolate production 
and is considered the most aromatic of the cocoa beans. 
The Forastero cultivar, which has many sub-varieties, is 
responsible for 80% of the chocolate production and is 
often referred to as Brazilian cacao. The Trinitario culti-
var is a hybrid of Criollo and Forastero [19, 64].

Brazil, once a leading cocoa exporter, is currently the 
fifth-largest producer, contributing about 5% of global 
production, having produced approximately 300,000 
tons in 2023 [16, 30]. The state of Bahia, located in the 
northeast region of Brazil, is the country's largest cocoa 
producer, yielding 125,000 tons of beans. The southern 
part of the state is a traditional cocoa-growing area [15]. 
Nevertheless, despite the economic importance of cocoa 
for the state, the occurrence of diseases remains one of 
the primary obstacles to increasing productivity in plan-
tations across the country [51]. Many fungal pathogens 
have been identified infecting cocoa, reducing the pro-
ductivity of the crop by affecting the fruits and seeds 
[59, 71]. However, few cases of viral pathogens affecting 
cocoa plants have been reported in Brazil. Recently, the 
cotton leafroll dwarf virus (species Polerovirus CLDV), 
which is known to infect cotton plants, was also found 
in cocoa plantations in the state of Bahia [55]. Among 
viruses that infect cocoa trees, the badnaviruses (genus 
Badnavirus, family Caulimoviridae) represent the pre-
dominant group, as they can infect both cultivated and 
wild plant hosts worldwide [14, 56]. Badnaviruses have a 
circular, double-stranded DNA (dsDNA) genome ranging 
from 7 to 9.2 kbp and contain three to seven open read-
ing frames (ORFs) [72]. The genome is encapsidated in 
a non-enveloped bacilliform particle. Badnaviruses are 
transmitted by one or more species of mealybugs (Pseu-
dococcidae) and, in some cases, by aphids, in a non-
circulative, semi-persistent manner [56, 72]. To date, 
the International Committee on Taxonomy of Viruses 
(ICTV) recognizes 74 species of badnaviruses that infect 
cacao, of which at least eight are found in either West 
Africa or Asia and are believed to share African ende-
mism [72]. Cacao mild mosaic virus (CaMMV, species 
Badnavirus tessellotheobromae) and cacao yellow vein 
banding virus (CYVBV, species Badnavirus venatheobro-
mae) are the only two recognized to date whose mem-
bers are found in the tropical Americas [49]. Recently, 
two isolates of CaMMV were identified in Bahia, Brazil 

(CaMMV-BR321 and CaMMV-BR322), along with one 
isolate in Puerto Rico (CaMMV-PR) [56]. This virus was 
later also detected in cocoa trees in Bahia [42]. Further-
more, sequences related to the badnavirus cacao swol-
len shoot S virus (CSSV) were identified as Endogenous 
Viral Elements (EVEs) in most of the assessed clones 
available in the germplasm bank at the CIRAD in Mont-
pellier, France [50, 73]. Although few of these sequences 
are consistent with almost complete CDS represent-
ing viral genomes, no symptoms were observed in any 
of the evaluated varieties [50]. EVEs are fragments or 
near-to-complete viral genomes integrated into the host 
genome. Once integrated, they can be fixed in the popu-
lation through natural selection or drift. EVEs are found 
in different types of organisms and because of their wide-
spread presence, they allow us to explore the evolution-
ary relationship between viruses and their hosts [33, 61].

Many viral pathogens remain undiscovered [78]. 
These yet-to-be-discovered pathogens can cause numer-
ous diseases, posing a serious threat to food security in 
developing countries and potentially leading to signifi-
cant economic losses in important crops [60]. Various 
techniques for viral identification and detection can be 
employed. High-throughput sequencing (HTS) offers a 
non-biased improved identification of viruses infecting a 
plant, that is based on existing genomic data, and enables 
the assembly of partial or complete viral genomes [63].

One approach to HTS involves sequencing and analy-
sis of small RNAs (sRNAs) generated by the plant host. 
These sRNAs are produced by the RNA interference 
pathways, which play key roles in regulating gene expres-
sion and restricting the replication of viruses and mobile 
genetic elements [35, 45]. Among the different classes of 
sRNAs, virus-derived small interfering RNAs (vsiRNAs) 
are of particular interest. vsiRNAs originate from viral 
RNA during infection and constitute part of the plant`s 
antiviral defense mechanism. Upon recognition of viral 
RNA in the cytoplasm, RNA-dependent RNA poly-
merase 6 (RDR6) synthesizes complementary strands, 
forming double-stranded RNAs (dsRNAs), which are 
then cleaved into 21–24 nucleotide fragments by Dicer 
enzymes [31, 45]. These dsRNAs are then loaded into the 
RNA-induced silencing complex (RISC), triggering post-
transcriptional viral gene silencing [31, 45, 76].

Due to the biogenesis mechanism of these vsiRNA 
molecules, it has been successfully applied for the identi-
fication of viral sequences in many organisms [21, 24, 77]. 
In conjunction with sRNA deep sequencing, proteomics 
can also serve as an important strategy for virus identifi-
cation and characterization, as it allows for the explora-
tion of differential protein expression and the presence of 
viral-encoded proteins [68]. Here, we employed an inte-
grative multiomics strategy to identify and characterize 
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a mixed viral infection associated with symptomatic T. 
cacao plants.

Methods
An overview of the different approaches employed in our 
study for the identification and characterization of Theo-
broma cacao viruses can be found in Figure S1. Details 
about each section are described below. The experiments 
performed in this study were conducted using different 
plant samples.

Plant material, RNA extraction
Leaves from Theobroma cacao plants of the clones 
PC-209, CCN51, CEPEC2002, and BN34—showing 
symptoms such as chlorosis and leaf deformation, as 
well as asymptomatic leaves (used as negative control)— 
were collected at the Executive Committee of the Cocoa 
Farming Plan (CEPLAC) (14°45′35.8''S, 39º13′49.09''W), 
in Ilhéus, Bahia, Brazil. Total RNA was extracted using 
the TRIzol reagent (Thermo Fisher Scientific, USA). The 
quality and quantity of the extracted RNA were measured 
using a NanoDrop spectrophotometer (Thermo Fisher 
Scientific), with 260/280 ratios ranging from 1.95 to 2.15.

Light microscopy
Fragments of leaf tissue from PC-209 genotype –both 
chlorotic and asymptomatic samples—were fixed in a 
solution of 2% glutaraldehyde and 2.5% paraformal-
dehyde in 0.05 M cacodylate buffer (pH 7.2) for 24 h at 
room temperature. To enhance the fixative penetration, 
the tissues were subjected to vacuum (approximately 0.1 
mm Hg) for 10–15 min. Subsequently, the samples were 
dehydrated and infiltrated with historesin, as described 
previously [43]. After polymerization, cross-sections 
of 5–8 μm were made using the Leica RM2355 rotary 
microtome and stained with 0.05% toluidine blue in 
phosphate-citrate buffer (pH 4.5) [65]. Phenolic com-
pounds were detected using 1% ferric chloride [22]. Tis-
sue sections were mounted on Entellan® and analyzed 
using a Zeiss Axioskop light microscope. The images 
were captured using 20 × and 100 × objective lenses, cor-
responding to total magnifications of 200 × and 1000 ×, 
respectively.

Transmission electron microscopy
Leaf tissue samples were cut into small sections (approxi-
mately 1 mm2) and immediately fixed in 2.5% glutar-
aldehyde in 0.1 M phosphate buffer (pH 7.2) at 4 °C for 
24 h. After fixation, the samples were rinsed in the same 
buffer and post-fixed in 1% osmium tetroxide for two 
hours at room temperature. The tissues were then dehy-
drated through a graded ethanol series (30% to 100%) 
and embedded in epoxy resin. Ultrathin Sects.  (70–90 
nm) were obtained using an ultramicrotome, collected 

on copper grids, and stained with uranyl acetate followed 
by lead citrate. The sections were examined using a trans-
mission electron microscope operating at an accelerating 
voltage of 80–120 kV.

Small RNA deep sequencing and bioinformatics analysis
The sRNA library from leaves of the PC-209 genotype 
was prepared using approximately 100 ng of the total 
RNA extract. sRNA fraction was enriched using the 
Magnetic Bead Purification Module and the library was 
constructed using the Ion Total RNA-Seq Kit v2 (Thermo 
Fisher Scientific). The protocol was partially developed 
using the Ion Chef System and the library was sequenced 
on the Ion GeneStudio S5 (Thermo Fisher Scientific, 
USA).

Raw sequenced reads were submitted to a quality filter 
and adaptor trimming using Cutadapt v1.12 [44], dis-
carding sequences with low Phred quality (< 20), ambigu-
ous nucleotides, and/or with length shorter than 15 nt. 
Pre-processed reads were submitted to a pipeline for 
viral sequence identification previously published by our 
group [3]. Briefly, pre-processed sequences were mapped 
to the reference T. cacao genome (GCA_000208745.2) 
using Bowtie v1.1.2 [36], allowing one mismatch. 
Sequences that did not match the host genome were 
compared to all bacterial reference sequences avail-
able on the National Center for Biotechnology Informa-
tion (NCBI) (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/) using ​B​o​w​
t​i​e​​, allowing one mismatch. Unmapped reads were used 
for contig assembly using SPAdes 4.0.0 [10]. Assembled 
contigs larger than 200 nt were analyzed by sequence-
similarity searches using the Blast tool [5] against NCBI 
NT and NR databases. Contigs that displayed matching 
regions with viral sequences were submitted to redun-
dancy removal and contig extension using CAP3 [28]. To 
stretch non-redundant viral contigs, and possibly merge 
some of them, a second round of assembly was done 
using SPAdes, providing the parameter –trusted-contigs 
and giving as input the previously assembled contigs that 
matched viral sequences in public databases, accord-
ing to a previously published methodology [29]. Finally, 
the resulting contigs from the second round of assem-
bly were submitted to sequences-similarity searches and 
assessed for the presence of conserved domains using 
CDBlast [79] and Phmmer (hmmer.org) tools.

The profile of the sRNAs derived from putative viral 
contigs was assessed using in-house scripts developed 
using Perl v5.16.3, BioPerl library v1.6.924, and R v3.3.1. 
Plots were made in R using ggplot2 v2.2.0 package. Three 
primer pairs were designed according to the presence of 
conserved domains identified in putative viral contigs 
using Primer3 [74]. The coordinates and approximate size 
of PCR amplicons are provided in Figure S2. Each primer 
pair was then tested in the OligoAnalyzer tool (IDT, ​h​t​t​p​​

https://www.ncbi.nlm.nih.gov/
https://www.idtdna.com/pages/tools/oligoanalyzer
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s​:​/​​/​w​w​w​​.​i​​d​t​d​​n​a​.​​c​o​m​/​​p​a​​g​e​s​​/​t​o​​o​l​s​/​​o​l​​i​g​o​a​n​a​l​y​z​e​r) to check 
the melting temperature, and the presence of hairpins, 
self- and heterodimers. We used the software SnapGene 
(www.snapgene.com) to visualize primer alignments and 
their flanking regions.

Pairwise comparison of viral sequences
To compare the viral sequences identified with those 
previously deposited in databases, we performed a 
nucleotide similarity analysis using BLAST on the NCBI 
platform, using the non-redundant nucleotide database 
(nr/nt). For each sequence, we analyzed the top six hits 
from distinct species, considering only the first hit in 
cases where multiple entries corresponded to different 
isolates of the same species (Table S1). Pairwise com-
parisons were made with the BLAST tool with the blastn 
subprogram. Identity and coverage values were used to 
assess pairwise comparisons between closely related spe-
cies. Plots were made in R using ggplot2 v2.2.0 package.

Phylogenetic analysis
Phylogenetic analyses for each of the putative viral 
sequences were performed to taxonomically assign the 
identified contigs. Sequence alignments were made in 
MAFFT tool (​h​t​t​p​​s​:​/​​/​m​a​f​​f​t​​.​c​b​​r​c​.​​j​p​/​a​​l​i​​g​n​m​​e​n​t​​/​s​e​r​​v​e​​r​/​i​n​d​
e​x​.​h​t​m​l) [34]. The best-fit model for amino acid or ​n​u​c​l​e​
o​t​i​d​e was selected in ModelTest-NG [18] for each group. 
Phylogenetic inferences were performed using the Maxi-
mum likelihood method on the CIPRES Portal ​(​​​h​t​t​p​s​:​/​/​w​
w​w​.​p​h​y​l​o​.​o​r​g​/​​​​​) [46]. Clade robustness was assessed using 
1000 replicates of bootstrap and the trees were edited 
using iTOL version 5.7 (https://itol.embl.de/) [38].

Viral amplification and Sanger sequencing
Total RNA was isolated using a modified CTAB method 
[73] followed by purification by SV Total RNA Isolation 
System kit (Promega, USA) according to the manufactur-
er’s instructions. Total RNA (500 ng) was converted into 
cDNA using GoScript™ Reverse Transcription System. 
Applied Biosystems QuantStudio® Real-Time PCR Sys-
tems was used for real time RT-PCR. GoTaq® qPCR Mas-
ter Mix, SYBR® Green I, was used in RT-qPCR.

The presence of each identified virus in T. cacao sam-
ples was confirmed by PCR amplification using spe-
cific primers in other clone varieties. Leaves from the 
infected cocoa genotypes—Colección Castro Naranjal: 
CCN-51, Centro de Pesquisa do Cacau: CEPEC-2002 
and BN34—were collected at CEPLAC, Ilhéus, Bahia, 
Brazil. Negative controls consisted of samples from an 
asymptomatic cocoa tree. Twenty-five milligrams of each 
sample were macerated in liquid nitrogen, and DNA was 
extracted using the CTAB protocol [20]. DNA integrity 
and concentration were analyzed on a 1.5% agarose gel 
stained with GelRed™ and quantified using a NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific, 
USA). Amplifications were performed with GoTaq® Flexi 
DNA Polymerase kit (Promega) using specific primers 
(Table 1) following the manufacturer's recommendations. 
In total, four primer pairs were designed and tested to 
amplify badnavirus and geminivirid sequences from the 
plant material.

PCR products were analyzed by electrophoresis on 
a 1.5% agarose gel in TAE buffer stained with GelRed™. 
The 1Kb Plus DNA Ladder molecular weight marker was 
used, and the amplicons were visualized under UV light. 
The amplicons generated from the positive sample of the 
CCN-51 genotype were selected and Sanger sequenced 
(https://actgene.com.br/).

Detection and amplification of a Geminivirid in T. cacao 
samples
Leaf samples from symptomatic CCN51 variety were col-
lected. The leaves were flash-frozen in liquid nitrogen and 
subsequently freeze-dried. Approximately 100 mg of the 
dried plant material was ground and subjected to DNA 
extraction using the CTAB method, as described previ-
ously [20]. Following extraction, samples were tested for 
the presence of the geminivirid by PCR using the GoTaq® 
G2 Hot Start Master Mix kit (Promega, USA), according 
to the manufacturer's instructions, with specific prim-
ers targeting the viral capsid (Cap) and replicase (Rep) 
regions (Table 2).

Once the presence of the virus was confirmed, one 
sample was selected for full genome amplification (3.7 
kb), which was carried out in two steps. In the first step, 
a 3.049 kb fragment (~ 3 kb) was amplified using prim-
ers A and B (Table 1), incorporating restriction sites for 

Table 1  Oligonucleotides used for viral sequences amplification
Primer name Sequence (5’−3’) Tm 

(°C)
GC 
con-
tent 
(%)

Am-
plicon 
size 
(nt)

Rep_Gemn—F GCAGGAGATCGTAGTGGTTCG 60 57  ~ 150
Rep_Gemn—R ACATCATCAGAACGGCGACC 60 55
Cap_Gemn—F AGCCTTCGAGAAGAATGAGT 60 45  ~ 600
Cap_Gemn—R CTTGAGCAGGATCAGTTACAG 60 47.6
Ctrl_Badn—F AGCTAACATGGCTCCAGTGG 60 55  ~ 150
Ctrl_Badn—R GTTCCTGTGCCCTTGTTGTG 60 55
Mid_Badn—F CTAAACGACTGCAAGCGAGC 60 55  ~ 1500
Mid_Badn—R GCGAAGGCTTACTCGTGAGA 60 55
Tub_Theo—F TGCAACCATGAGTGGTGTTCA 60 60.4  ~ 100
Tub_Theo—R CAGACGAGGGAAGGGAATGA 60 58.8
Surv_Badna—F AACCTTCTCGTGTACGCTGG 56,2 55 150
Surv_badna—R CCCGGCATTCTGAAGTGAT 53,7 52
Gemn Geminivirid, Rep Replication-associated protein, Cap Capsid, Badn 
Badnavirus, Ctrl Control group (polyprotein gene), Mid Region between contigs 
(primers designed to close this gap)

https://www.idtdna.com/pages/tools/oligoanalyzer
http://www.snapgene.com
https://mafft.cbrc.jp/alignment/server/index.html
https://mafft.cbrc.jp/alignment/server/index.html
https://www.phylo.org/
https://www.phylo.org/
https://itol.embl.de/
https://actgene.com.br/
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HindIII and PstI enzymes. In the second step, a 1.445 kb 
fragment (~ 1.4 kb) was amplified using primers C and 
D (Table 1), incorporating a restriction site for the EcoRI 
enzyme. PCR assays were performed using the Platinum™ 
High Fidelity Taq DNA Polymerase kit, following the 
manufacturer's guidelines.

Amplified products were analyzed by electrophoresis 
on a 1% agarose gel. Bands corresponding to the expected 
sizes were excised and purified directly from the gel 
using the Wizard® SV Gel and PCR Clean-Up System kit 
(Thermo Fisher Scientific, USA), according to the manu-
facturer's instructions.

Proteomics assay
Protein extraction and quantification
Total protein extraction was performed following the 
protocol described previously [52]. Lyophilized leaf bio-
mass (200 mg) from four T. cacao scion/rootstock com-
binations (CCN-51/CCN-51, CCN-51/BN-34, CCN-51/
PS-1319, and CCN-51/PH-16) was used. Protein quan-
tification was carried out using the 2D Quant Kit (GE 
Healthcare Life Sciences), according to the manufactur-
er’s instructions.

Peptide digestion and desalting
Protein digestion followed the in-solution protocol devel-
oped by the National Biosciences Laboratory (LNBio, 
BRA) (​h​t​t​p​​s​:​/​​/​l​n​b​​i​o​​.​c​n​​p​e​m​​.​b​r​/​​w​p​​-​c​o​​n​t​e​​n​t​/​u​​p​l​​o​a​d​​s​/​2​​
0​1​2​/​​1​1​​/​p​r​​o​t​o​​c​o​l​o​​_​d​​i​g​e​s​t​a​o​_​s​o​l​u​c​a​o​.​p​d​f; accessed on 
12/03/2022). For each sample, 100 µg of protein was 
digested. The resulting tryptic peptides were desalted 
using C18 resin tips (10 µL; Agilent Bond Elut OMIX®) 
following the manufacturer’s recommendations. Peptides 
were eluted in 50 µL of a solution containing 50% aceto-
nitrile, 49.9% water, and 0.1% formic acid, and stored at 
4 °C until mass spectrometry analysis.

Peptide separation and mass spectrometry (MS)
Peptide analysis was performed using an Agilent 1290 
Infinity II HPLC system coupled to an Agilent 6545 
LC/QTOF mass spectrometer. Each sample was ana-
lyzed in three technical replicates (5 µL injection each). 

Peptides were separated on a reversed-phase C18 column 
(AdvanceBio Peptide Mapping, 2.1 × 250 mm, Agilent) 
at 55 °C using a 20-min gradient with mobile phases A 
(H₂O + 0.1% formic acid) and B (acetonitrile + 0.1% for-
mic acid). The gradient profile was as follows: 5–35% B 
(1–10 min), 35–70% B (11–14 min), 70–100% B (16–18 
min), and 100% B (16–20 min), followed by 5 min for col-
umn re-equilibration.

Peptides were ionized by electrospray and analyzed 
in AutoMSMS mode, selecting up to 10 precursors per 
cycle. Selection criteria included a threshold of 1000 
counts/spectrum, 100% purity stringency, 30% purity 
cutoff, and peptide isotopic model, with charge states 
2, 3, > 3, and unknown. Collision energy was calculated 
using the formula: (slope)(m/z)/100 + offset, with slope 
and offset ranging from 3.1 to 5 and −4 to 10, respec-
tively, depending on charge state. Ion source settings 
were gas temperature 325 °C, gas flow 13 L/min, capillary 
voltage 4000 V, skimmer voltage 56 V. Nitrogen was used 
as the collision gas. Instrument control and data acqui-
sition were managed using Agilent MassHunter Acquisi-
tion software (see Table S2).

Peptide identification against protein database
Spectral data were analyzed in triplicate using Spectrum 
Mill software (Rev B.06.00.203 SP1; Broad Institute). 
Parameters for spectral extraction included: MS noise 
threshold of 10 counts, fixed carbamidomethylation (C), 
precursor mass range of 200–6000 Da, ± 60 s retention 
time tolerance, ± 1.4 m/z tolerance, and automatic pre-
cursor charge detection.

Searches were conducted against T. cacao protein 
sequences from UniProt (downloaded 25/03/2021) and 
a custom viral ORF database. Parameters included: up to 
2 missed cleavages; fixed modification: carbamidometh-
ylation (C); variable modifications: oxidized methionine 
(M), pyroglutamic acid (N-terminal Q), deamidation (N), 
and phosphorylation (S, T, Y); minimum matched peak 
intensity: 10%; precursor mass tolerance: ± 10 ppm. Iden-
tifications were filtered using a false discovery rate (FDR) 
threshold of < 1%. Results were exported in MPP APR 
format using protein–protein comparison mode.

Table 2  Primer sequences used for detection and amplification of the viral genome
Primer Sequence 5'−3' Tm Restriction enzyme Amplicon size (bp)
Rep—F GCAGGAGATCGTAGTGGTTCG 60°C - 150
Rep—R ACATCATCAGAACGGCGACC -
Cap—F AGCCTTCGAGAAGAATGAGT 60°C - 600
Cap—R CTTGAGCAGGATCAGTTACAG -
Primer A—R ataAAGCTTATGCTTCTCGCGTTAAATCC 60°C HindIII 3.049
Primer B—F aaCTGCAGCTGTGAATCATGCTGGTGCT PstI
Primer C—F cgGAATTCTGAGGGATGGAATATCCTGTT 60°C EcoRI 1.445
Primer D—R CACTACCTGGGCGTCTATCTTT -
*The bolded region in the sequence indicates the recognition site for the restriction enzymes

https://lnbio.cnpem.br/wp-content/uploads/2012/11/protocolo_digestao_solucao.pdf
https://lnbio.cnpem.br/wp-content/uploads/2012/11/protocolo_digestao_solucao.pdf
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Identification of differentially abundant proteins
Differential abundance analysis was performed using 
Mass Profiler Professional 15.1 (MPP; Agilent). Protein 
abundance was calculated as the mean peptide abun-
dance per protein. Comparative analysis between pro-
teins identified in the T. cacao database and those in the 
viral ORF database was conducted. Proteins were fil-
tered based on peptide frequency, retaining only those 
detected in at least 66% of replicates under at least one 
condition.

Statistical significance was assessed using an unpaired 
t-test (treatment vs. control), with asymptotic p-val-
ues. Multiple testing correction was applied using the 
Benjamini–Hochberg method. Proteins were consid-
ered differentially abundant if they met both criteria: 
p-value < 0.05 and fold change > 1.5.

Results
T. cacao leaves show virus infection characteristics
We observed chlorotic spots unevenly distributed along 
the leaf blade in many adult individuals from at least nine 
different genotypes from the collection area (Fig.  1 and 
Figure S3). These symptoms were observed on leaves of 
different developmental stages and appeared as irregu-
lar spots, sometimes next to veins (Fig.  1). These leaves 
usually had uneven unilateral growth due to wrinkling 
and chlorotic spots that never progressed to necrosis. 

The analysis of cross-sections of chlorotic regions of the 
leaves revealed the occurrence of variations in the cells 
of the adaxial surface epidermis, palisade, and spongy 
parenchyma (Fig.  2A). Hypertrophy was observed in 
some of the epidermis cells on the adaxial surface of 
chlorotic leaves (Fig. 2B). Changes in the palisade paren-
chyma are characterized by hyperplasia of the palisade 
and spongy parenchyma cells, in addition to hypertrophy 
in the spongy parenchyma cells, leading to a reduction of 
intercellular spaces (Fig. 2B, C). Nuclei of infected spongy 
parenchyma cells showed a considerable increase in their 
size (Fig. 2D and E). Affected tissue also presented phe-
nolic compound accumulation (black arrow) in both 
spongy and palisade parenchyma (Fig. 2G-H).

Identification of viral sequences using small RNA
Leaf chlorosis and microscopy inspections indicated the 
potential presence of viral infection in T. cacao individu-
als. Therefore, we performed sRNA sequencing to inves-
tigate the presence of viral agents infecting the cocoa 
plants. Deep sequencing of the library constructed from 
symptomatic T. cacao PC-209 genotype leaves (Fig.  1) 
generated 6,299,243 reads. After quality processing and 
host RNA subtraction, a total of 3,545,851 reads were 
used as input in the viral sequence identification pipeline. 
Contig assembly yielded 317 contigs, ranging from 50 
nt to 3,889 nt, with an average length of 213 nt. Contigs 

Fig. 1  T. cacao leaves exhibit virus-like symptoms of chlorotic spots and wrinkling. A Cacao tree of a genotype of the PC genotype, with arrows pointing 
to a healthy, asymptomatic leaf (black), and affected leaves, showing chlorosis in patches mainly distributed along the leaf midrib (white) and wrinkling 
(red). B New leaves of the genotype PC-209 exhibiting chlorosis and wrinkling. C Branch of the genotype TSH 1188, with arrows pointing to developed 
leaves exhibiting virus-like symptoms, such as chlorosis (white), uneven unilateral growth due to wrinkling (red), and the premature leaves falling, short-
ening of internodes and proliferation of lateral branches characteristic of the ‘engurruñadera’ (black). D Branch of unidentified genotype originated from 
somatic embryogenesis, with arrows pointing to developed leaves with chlorosis as small spots (black) and in patches distributed along the leaf midrib 
(white), and distant from it (red). Scales: 50 mm
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longer than 200 nt were subjected to sequence-similarity 
searches against public sequence databases, which identi-
fied six putative viral sequences. Half of the contigs (three 
contigs each and identity above 69%) showed signifi-
cant similarity to viruses from the Caulimoviridae fam-
ily, while the remaining sequences (identity above 76%) 
were related to sequences of viruses from family Gemi-
niviridae. Table S3 shows the size, coverage, identity, and 
e-value of each contig against its best hit. We enhanced 

the assembly with a contig extension process, resulting in 
four viral contigs: three similar to caulimovirids and one 
related to geminivirids species. The details of each contig 
are described in Table S3, 2nd assembly.

Genome structure of T. cacao-associated viruses
The genome reconstruction using gap-driven oligonucle-
otides and Sanger sequencing resulted in two genomes of 
8,117 and 3,718 nt, corresponding to tentative badnavirus 

Fig. 2  Light micrographs of toluidine blue-stained (A–D) and ferric chloride-tested (E–F) cross sections of cacao leaves in regions healthy (A, D, G) and 
virus- like symptoms of chlorosis (B, C, E, F). A) Healthy region, with arrows pointing at the SP with irregularly shaped cells (black arrows) and intercel-
lular spaces (red arrows). B Symptomatic region, with arrows pointing the Ead with hypertrophic cells (white arrows), PP with hyperplastic cells (black 
arrows) and SP with reduced, obliterated intercellular spaces (red arrows). C Symptomatic region, with arrows pointing the SP with hypertrophic cells 
(black arrows) and reduced intercellular spaces (red arrows). D Healthy region, with arrows pointing the SP with cell normal nuclei (black arrows), and with 
intercellular space (red arrow). E) Symptomatic region, with arrows pointing the SP with bulky nuclei in the cells (black arrows) and obliterated intercel-
lular spaces (red arrow). F Symptomatic region, with arrows pointing the SP cells stained with toluidine blue (black arrows), evidencing the presence of 
phenolic compounds. G Healthy region, with arrows pointing the Ead and Eab (black arrows), PP (white arrow) and SP (red arrows) with little evidenced 
phenolic compounds. H Symptomatic region, with arrows pointing the Eab (black arrow), PP (white arrows) and SP (red arrow) with phenolic compound 
depositions. Genotypes: unidentified, originated from somatic embryogenesis (A, C–E), TSH 1188 (B, G, H) and PC 209 (F). Ead – Adaxial surface epidermis; 
Eab – Abaxial surface epidermis; PP—Palisade parenchyma; SP—Spongy parenchyma. Scales: A–C, F–H = 50 µm; D and E = 10 µm. Images A–C and F–H 
were taken at 1000 × magnification, while images D and E were taken at 200 × magnification
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and geminivirid, respectively (Figures S2 and S4 and 
Table S4). The badnavirus sequence showed high iden-
tity (100%, Table S4) with cacao swollen shoot Ghana S 
virus, likely representing a new strain. Ghana S virus is 
one of several distinct badnaviruses that can cause cacao 
swollen shoot disease (CSSD), indicating that it belongs 
to a broader group of phylogenetically related, yet indi-
vidually distinguishable, viruses that are all capable of 
causing the disease [7]. The identity matrix revealed 
that the genome assembled in this study shares 100% 
nucleotide identity with CSSD isolates, indicating a close 
genetic relationship (Table S4). Indeed, both the length 
and genomic structure are consistent with a described 
full-length badnavirus previously described [14], which 
typically ranges from six to nine kb, encoding two pro-
teins: RNA-dependent RNA polymerase (RdRp) and a 
polyprotein (Fig. S2). We observed that the contig related 
to the reverse transcriptase gene associated with Long 
Terminal Repeats (RT-LTR) exhibited a high nucleotide 
sequence identity (over 99%) with the reference badnavi-
rus genome. However, while the RT-LTR region showed 
only two mismatches and 100% coverage, the polyprotein 
segment (contig 7) accumulated 242 mismatches and 14 
gaps, resulting in 46% coverage of the respective segment 
(Table S3).

On the other hand, the geminivirid-related sequence 
was fully assembled and encodes the canonical proteins 
expected for this viral family, including two hypothetical 
proteins, capsid, movement, and replication-associated 
proteins (Figure S2B). We identified an intronic region 
between the replication-associated proteins after anno-
tating the viral contigs (Figures S2 and S4). This region, 
previously described in some geminivirids, is spliced dur-
ing viral replication [47].

Phylogenetic characterization of newly identified viral 
sequences
After performing the complete assembly of both viral 
genomes, we evaluated their relationship with closely 
related viruses by analyzing their genomic information. 
The badnavirus-related sequence showed high nucleotide 
similarity (identity values range from 91.7 to 99.88%) to 
viruses of the cacao swollen shoot virus complex (CSSV) 
(Table S3), which has previously been associated with 
a severe disease in T. cacao, known as CSSD [1]. A pre-
vious study conducted a phylogenetic analysis using 
different CSSV ORF3 gene sequences (RT RNase H), 
identifying 12 subgroups based on differences in their 
sequence information [50]. Following this classifica-
tion and using a similar analysis, we were able to assign 
the badnavirus identified in our study to Type VI CSSV 
(Fig. 3). As a result, we classified it as an isolate of cacao 
swollen shoot Ghana S virus (CSSGSV) and named it the 

Brazilian cacao swollen shoot Ghana S virus Ilhéus iso-
late to reflect its host origin.

The sequence related to geminivirids showed nucleo-
tide identity ranging from 24 to 75.9% to previously 
described species (see blast result described in Table S3). 
Our phylogenetic reconstruction placed the assembled 
sequence within the Citlodavirus genus, alongside camel-
lia chlorotic dwarf-associated virus (species Citlodavi-
rus camelliae), citrus chlorotic dwarf-associated virus 
(Citlodavirus citri), passion fruit chlorotic mottle virus 
(Citlodavirus passiflorae), and Myrica rubra citlodavi-
rus 1 (Citlodavirus myricae) (Fig.  4). The percentage of 
identity at nucleotide level with public sequences (~ 76%, 
ICTV criteria < 78%) indicates it is likely a new viral spe-
cies (Figure S6 and Table S3). The novel viral genome 
identified in Brazil was named Theobroma citlodavirus 
(ThCTV), and we suggest Citlodavirus theobromae as the 
binomial name to the tentative new species.

Small RNA-mediated antiviral defense distinguishes viral 
sequences in Theobroma cacao
We leveraged our sRNA deep sequencing data to investi-
gate the sRNAs produced by plant PTGS pathways. Our 
results revealed a distinct vsiRNA profile derived from 
the putative viral sequences, which is consistent with 
PTGS activation. This profile comprised a symmetric 
accumulation of 20–24 nt-long reads, without any clear 
enrichment of a specific 5' base (Fig. 5A).

The sRNAs profiles from the badnavirus CSSGSV dis-
played a distinct pattern from that observed for the cit-
lodavirus ThCTV, demonstrating distinct molecular 
signatures. While CSSGSV showed an sRNA size distri-
bution and base enrichment typical of exogenous RNAs 
targeted by the PTGS pathways, ThCTV exhibited a pro-
file analogous to the processing of endogenous RNAs 
(Fig. 5A) [24]. However, it is important to highlight that 
ThCTV codes for a V2-like protein similar to the V2 pro-
tein of citrus chlorotic dwarf-associated virus that was 
shown to suppress plant RNA silencing [9, 37, 81].

The sRNA coverage also differed between sequences 
derived from the badnavirus and the citlodavirus. 
CSSGSV-derived sRNAs displayed symmetrical and 
uniform coverage along the segment in coding regions, 
whereas the contig related to the geminivirid showed 
uneven sRNA density, with high abundance at the 3' end 
of the genome, predominantly covering the replication-
associated genes (Fig. 5B). Similar to other citlodaviruses, 
we also observed a lack of RNAs between the replication-
associated proteins, suggesting that this region is likely 
excised after transcription [62, 67] (Fig. 5B).
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Identification of virus-derived peptides suggests active 
infection
Proteomics analysis was conducted on lyophilized leaf 
biomass from T. cacao scion/rootstock combinations 
(CCN-51/CCN-51, BN-34, PS-1319, and PH-16) to 
confirm the viruses detected by sRNA sequencing and 
evaluate viral protein translation and viability. Gel-free 

proteomics experiments allowed us to identify 105 (47 
unique) virus-derived peptides that showed exclusive 
similarity to the viral proteins of the viruses identified in 
this study (Fig.  5C). The peptides ranged from 13 to 47 
amino acids, with an average length of ~ 23 amino acids, 
and exhibited 100% identity to those deduced from the 
sequenced genomes (Table S2). Notably, in at least two 

Fig. 3  Maximum likelihood tree analysis of viral sequence related to members of the family Caulimoviridae. The phylogeny used sequences of 92 cacao 
swollen shoot Ghana S virus (CSSGSV) publicly available, and the new strain identified in our study, based on nucleotide sequence of the ORF3 gene. 
Twelve subtypes of CSSGSV are shown. The badnavirus genome recovered in this study is in red letters with subtype VI
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out of the four experiments, we were able to identify two 
or more distinct peptides for each of the viral genomes, 
reinforcing that these viral sequences are transcribed and 
translated into proteins (Fig. 5C and Table S2).

Chlorotic symptoms are linked to the citlodavirus presence
Since both viruses produce proteins and potentially 
establish active infections, we aimed to investigate 
whether both CSSGV and ThCTV are associated specifi-
cally with symptomatic leaves. Leaf samples from three 
T. cacao varieties—CCN51, CEPEC 2002, and BN34 —
were analyzed under different conditions (Figs. 6 and S6). 
For CCN51, we examined symptomatic leaves, asymp-
tomatic leaves from symptomatic plants, and asymp-
tomatic leaves from entirely symptomless plants (Fig. 6). 

Geminivirid sequence was detected in both symptom-
atic and asymptomatic leaves from symptomatic plants; 
however, it was absent in leaves derived from asymp-
tomatic individuals. In contrast, badnavirus sequences 
were detected in all samples tested, suggesting that the 
geminivirid presence is specifically associated with symp-
tomatic individuals. To further evaluate this association, 
we analyzed other T. cacao varieties. Similar to CCN51, 
citlodaviruses were detected in both symptomatic and 
asymptomatic leaves from symptomatic plants of the 
CEPEC 2002 clone. Conversely, the geminivirid was not 
detected in leaves from a completely asymptomatic plant 
of the BN34 variety (Table S5). These results support a 
specific linkage between the presence of this virus and 
symptom expression in susceptible cacao varieties. Since 

Fig. 4  Maximum likelihood tree of the viral sequence related to family Geminiviridae. The phylogenetic analysis of the new geminivirid was conducted 
based on the protein sequence of the replicase gene. Sequences from members from all genera of the Geminiviridae family were included
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both symptomatic and non-symptomatic leaves from the 
same plant at the same development stage were initially 
found to harbor the virus, we next investigated whether 
chlorotic symptoms correlate with ThCTV RNA abun-
dance. Viral RNA was detected exclusively in symptom-
atic leaves, whereas all asymptomatic leaf samples (n = 3) 
tested negative for viral presence (Fig.  6). This finding 
suggests a strong association between symptom manifes-
tation and active viral replication.

Discussion
The state of Bahia, located in the northeastern region 
of Brazil, is the leading producer of cocoa in the coun-
try, with over 400,000 hectares of plantations distributed 
across 81 municipalities. Cocoa cultivation in Bahia is 
predominantly carried out under the ‘cabruca’ agrofor-
estry system (accounting for 60% of total cultivation), 
which involves growing cocoa trees beneath the canopy 

of native Atlantic Forest species, typically along rivers, 
valleys, and hillsides. This system contributes signifi-
cantly to the conservation of the Atlantic Forest biome. 
Cultivation is based on clonal cocoa varieties released 
and recommended by the Comissão Executiva do Plano 
da Lavoura Cacaueira (CEPLAC). These clones are 
selected for their high productivity, favorable fruit size 
and number, and resistance to witches’ broom and other 
common cocoa diseases in the region [41]. Currently, 
18 clonal varieties are officially recommended for plant-
ing, including CCN51, CEPEC2002, and BN34, which 
show notable resistance to witches’ broom disease [4, 
13]. In this study, we identified two DNA viruses infect-
ing T. cacao belonging to two distinct families, Cauli-
moviridae and Geminiviridae. In both cases, we found 
evidence of their active replication by analyzing their 
sRNA profiles, which indicated that the PTGS antiviral 
response was triggered by the host cells, and presence of 

Fig. 5  Small RNA and peptides profile derived from T. cacao-associated virus. Small RNA size distribution and 5' base preference (A), distribution of small 
RNAs from viral genomes (B), and location of peptides identified (C) for CSSVGS (left panel and ThCTV (right panels). Positive and negative values in A and 
B reflect sequences that matched the sense and antisense strands of the viral genome, respectively
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viral translational products was confirmed by proteomic 
assays. PTGS is a mechanism used by plants to silence 
the expression of both host and viral genes, thereby nega-
tively impacting their translation. Our results indicate 
that both viruses are actively replicating in cacao cells and 
trigger an immune response [3]. As described in previous 
studies, the vsiRNA signature (nucleotide base distribu-
tion and peaks) is specific to each virus species. When 
the signatures differ, it is assumed that the virus profiles 
are from different viral species [2, 3]. According to our 
phylogenetic analysis, the virus belonging to the family 
Caulimoviridae was assigned to the genus Badnavirus. 
Caulimovirids can integrate into their host genome, and 
their presence may not be associated with viral infec-
tions. The genome identified in our study has not been 
recognized as a badnavirus species by ICTV yet. Indeed, 
the CSSGSV has recently been considered an Endog-
enous Viral Element (EVE) present in the genome of T. 
cacao [50]. More recently, a complete badnavirus-like 
genome integrated into the genome of cacao germplasm 
has been reported [73]. Nevertheless, EVEs derived from 
badnaviruses can give rise to episomal viral infections 
when the host is subjected to different stress conditions 
[53]. In some cases, systemic viral infections can occur 
due to induction by abiotic stresses, such as temperature 
changes, lack of water, and nutritional deficits [39].

In our study, the genome of the cacao swollen shoot 
Ghana S virus (CSSGSV) was assembled from a sRNA 
library, and its presence was confirmed in leaf tissues 
from multiple T. cacao genotypes through the detection 
of both viral-derived sRNAs and peptides by mass spec-
trometry. These findings suggest that the viral genome 
is transcriptionally and translationally active. However, 
despite this molecular evidence, we cannot conclusively 
determine whether the activity originates from an exog-
enous, replicating virus or from an Endogenous Viral Ele-
ment (EVE) integrated into the host genome. Attempts 
to recover the circular viral genome using amplification 
with high fidelity enzyme were unsuccessful, and trans-
mission electron microscopy (TEM) did not reveal the 
presence of viral particles—likely due to sample con-
straints. These limitations argue against the presence of 
a systemic, actively replicating virus and support the pos-
sibility that the badnavirus-like sequences correspond to 
transcriptionally active EVEs, as previously reported in 
T. cacao [50, 73]. Given that EVEs derived from badna-
viruses can be transcriptionally activated under abiotic 
stress conditions [39, 53], further investigation—such as 
in situ hybridization or quantification of viral RNA and 
DNA across environmental conditions—is necessary 
to elucidate whether the observed transcription reflects 
latent EVE activation or active viral infection (episomal).

Fig. 6  Amplification of ThCTV and CSSGSV in symptomatic and asymptomatic T. cacao leaves. A Schematic representation of symptomatic and non-
symptomatic leaves collected from T. cacao. B, C Agarose gels showing the amplification of the cacao swollen shoot Ghana S virus (CSSGSV) polyprotein 
and polymerase (Pol) genes (B) and capsid and replicase genes of Theobroma citlodavirus (ThCTV) (C) in plant with leaves with and without (-) chlorotic 
areas. D Agarose gel showing the cDNA amplification of capsid, replicase, and tubulin (endogenous control) genes in symptomatic (+) and asymptomatic 
(-) leaves (E) RNA levels of the ThCTV replicase gene normalized by tubulin gene in symptomatic and asymptomatic leaves of T. cacao
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The second virus sequence identified in our study 
grouped with other species from the genus Citlodavirus 
within the family Geminiviridae. To support the taxo-
nomic assignment of ThCTV to the genus Citlodavirus, 
we performed a comparative genomic analysis with rep-
resentative geminivirids. The assembled genome exhib-
ited the typical organization observed in members of 
genus Citlodavirus, including the presence of conserved 
ORFs encoding the replication-associated protein (Rep), 
coat protein (CP), and movement protein (MP), arranged 
in the characteristic bidirectional orientation. A con-
served sequence motif at the origin of virion strand rep-
lication, such as the nonanucleotide sequence 5`-​T​A​A​T​
A​T​T​A​C-3` was identified. Other motifs involved in roll-
ing circle replication (RCR), such as FLTY (motif I) and 
HLH (motif II) were identified in the Rep-associated 
genes, further supporting its classification. In addition, 
we identified putative viral suppressor of RNA silenc-
ing (VSR), which are known to play key roles in evading 
PTGS and promoting systemic infection. The V2 pro-
tein has also been implicated in facilitating viral move-
ment and enhancing the spread of the virus throughout 
the plant [25, 40, 80]. Viruses in this family are classified 
into 15 different genera ​(​​​h​t​t​p​s​:​/​/​i​c​t​v​.​g​l​o​b​a​l​/​v​m​r​​​​​) based 
on their genomic organization, host range, and vector 
insects (such as leafhoppers, aphids, and whiteflies) [23]. 
Members of this group are important pathogens, causing 
diseases in economically relevant plant species world-
wide, and are considered the viruses that most impact 
crops [23, 82]. However, although geminivirids have been 
identified in numerous plants, to date, no member of 
the family has been found to infect T. cacao. This report 
enhances our understanding of the host range of this 
viral family and expands the number of diseases that may 
be caused by its members.

In the cacao genotypes analyzed, both viral genomes—
badnavirus and geminivirid—were detected. However, 
in asymptomatic plants, only the badnavirus was pres-
ent (episomal badnavirus was not detected). This pattern 
suggests that the geminivirid (ThCTV) is the primary 
agent associated with the chlorotic symptoms observed. 
Although ThCTV likely drives symptom expression, the 
contribution of the badnavirus cannot be excluded, as 
members of this genus can cause similar symptoms in 
plants, such as chlorotic spots, mosaic patterns, leaf mal-
formations, and curling [32, 55] —which closely resemble 
those observed in cacao plants from Ilhéus, Bahia, Bra-
zil, with the exception of leaf curling. Moreover, mixed 
infections involving distinct viruses have been reported 
to exacerbate disease symptoms due to synergistic inter-
actions, such as enhanced viral replication or suppres-
sion of host defenses [66, 70]. Although our study did 
not directly assess this possibility, we recognize that co-
infection with CSSGSV and ThCTV could synergistically 

intensify symptoms. Future experimental approaches 
involving single and combined inoculations will be 
important to clarify the extent of such interactions.

One limitation of our study was the absence of 
sequencing data from asymptomatic leaves. Nonethe-
less, the amplification results obtained from leaves of dif-
ferent T. cacao genotypes consistently indicate that only 
ThCTV was detected under chlorotic conditions.

The viruses assembled and detected in our study may 
pose emerging hazards for cocoa cultivation in the 
tropical Americas. For instance, badnaviruses are eco-
nomically important to cocoa plants worldwide [56], par-
ticularly in West Africa, where infection by CSSD leads to 
a decrease in seed quality and production [1, 8]. Badnavi-
ruses are known for their potential for intra- and inter-
specific recombination, an important factor in generating 
genomic variability and, consequently, species diversity 
[57]. Furthermore, the establishment of mixed viral infec-
tions in host plants is crucial for the genetic recombina-
tion of different species and strains [12, 17, 26, 27, 54, 
56]. Geminivirids are known to reduce the fruit and seed 
production of various crops. The new species identified 
in T. cacao may hinder the plant's development and com-
promise cocoa production. The prevalence, damage, and 
economic importance of this virus in cocoa crops are still 
unknown, and Kochs postulates need to be applied to 
confirm a new plant pathogen. Recently, there has been 
an increase in the number of new geminivirid species and 
genera described in both cultivated and non-cultivated 
plant hosts through metagenomics-based approaches 
[75].

The anatomical alterations observed in the leaf blades 
of infected tissues can be attributed to viral invasion and 
replication, as well as to the plant’s defense responses 
aimed at limiting the spread of the infection to other tis-
sues. We observed histopathological effects caused by the 
viruses, detected through molecular analysis of chlorotic 
leaves, such as hyperplasia and hypertrophy of the pali-
sade and spongy parenchyma cells, as well as alterations 
in nuclear volume The anatomical alterations associated 
with geminivirids in Althea rosea (Althea rosea ena-
tion virus – [AREV]) and Papaver somniferum (Agera-
tum enation virus – [AEV]) were different from those 
reported in our study, with changes in vascular tissues 
(disorganized vascular bundles, highly lignified xylem 
cells, and collapsed phloem cells) in leaves and stems, 
along with cell death. However, hyperplasia in the leaf 
blade cells and hypertrophy of the cortical parenchyma 
cells of P. somniferum were observed [11, 69]. Regard-
ing the phenolic compound accumulation, it has been 
observed that it is a regular defense against pathogens, 
as observed in the palisade parenchyma of grape leaves 
infected with Phakopsora euvitis [58].

https://ictv.global/vmr
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In summary, we identified two viruses associated with 
cacao plants in Ilhéus, Bahia, Brazil. One of them is a 
new viral genome from the Geminiviridae family, and 
the other is a new strain of CSSGSV (genus Badnavirus). 
These findings are significant in the agricultural context 
since cocoa cultivation has relevant economic impor-
tance worldwide. Furthermore, the emergence and estab-
lishment of new pests, particularly viruses, can cause 
serious harm to crops, including the potential cessation 
of cultivation in certain regions and a decrease in pro-
duction. Therefore, it is necessary to carry out new assays 
to identify which symptoms are caused by each species 
of virus and to understand the course of the symptoms 
to assess the real impact of those viruses on T. cacao 
production.
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