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The cacao crop spread throughout the world from its center of origin in South America. However, one of its main
diseases cacao swollen shoot disease (CSSD), which is caused by the complex of cacao-infecting badnaviruses,
was first detected in Africa. Here we investigate the relationship between the genetic diversity of the viruses that
cause CSSD and their geographical distribution, and the possible relationship between the genetic diversity of the
virus and the symptoms they trigger. We also sought to determine the evolutionary models that could explain this

relationship and evaluate the evolutionary history of the virus through ancestral state reconstructions and
temporality analyses. A high mutation rate was observed along with a clear phylogenetic signal in the geographic
distribution and in the symptoms associated with each viral species. The molecular clock provided new evidence
on the emergence and speciation of cacao-infecting badnaviruses, suggesting a possible American origin of these

viruses.

1. Introduction

The cacao (Theobroma cacao L.) plant, which is of South American
origin [1,2], is considered one of the main agricultural commodities [3],
and its peculiar physiology restricts its cultivation to hot and humid
climates, with optimal growth temperatures between 18 and 32 °C,
annual rainfall of 1500-2000 mm and relative humidity of 70-80 %.
Such specificity means that 75 % of commercial cacao plantations are
within of a band of latitude of 8 ° on both sides of the equator, although
over time it has been possible to expand its cultivation to higher lati-
tudes (20°N and 20°S) [4,5]. Both cartographic position (lat-
itude/longitude) and climatic conditions existing there (temperature,
relative humidity and rainfall) are the main reasons for the successful
introduction of cacao to the African continent during the 19th century
[6].

In 1922, however, diseased cacao plants were reported in Ghanaian
plantations with symptoms that had not been previously described [7].
The disease began with the appearance of red bands on the veins, fol-
lowed by a foliar fern-like pattern, chlorosis and leaf mosaic. In addition
to stem and root swelling, the fruits showed abnormalities, and the vigor
of the plant decreased. Defoliation, foliar necrosis and death were also

associated with this disease [8]. Subsequent analyses identified the
Cacao Swollen Shoot Virus (CSSV) as the causal agent of the pathology.
Characterization of CSSV showed that it is a double-stranded DNA
pararetrovirus classified within the Caulimoviridae family and Badnavi-
rus genus [9]. This genus is the most diverse of the family, and it is
composed mainly of emerging pathogens from tropical areas [10].

The rapid spread of the disease to several African countries, namely,
Ghana (1922), Nigeria (1944), Ivory Coast (1946) and Togo (1949) [7,
11-13], motivated the study of the genetic diversity of CSSV, and high
variability was detected within isolated populations [14-16]. Later, the
use of next-generation sequencing showed that CSSV is not simply a
virus but a complex of species that cause the so-called Cacao Swollen
Shoot Disease (CSSD) [17]. Today, seven species restricted to the African
continent are recognized within this viral complex: Cacao swollen shoot
CD virus (CSSCDV), Cacao swollen shoot CE virus (CSSCEV), Cacao swollen
shoot Ghana M virus (CSSGMV), Cacao swollen shoot Ghana N virus
(CSSGNV), Cacao swollen shoot Ghana Q virus (CSSGQV), Cacao swollen
shoot Togo A virus (CSSTAV), and Cacao swollen shoot Togo B virus
(CSSTBV) [18]. There are also three different species of badnavirus that
infect cacao: two American species, Cacao mild mosaic virus (CaMMV)
and Cacao yellow vein banding virus (CYVBV) [19]; and one species from
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Asia, particularly from Sri Lanka, Cacao bacilliform Sri Lanka virus
(CBSLV) [17].

Molecular studies of cacao-infecting badnaviruses have mainly
focused on sequencing, variability analysis and recombination [14,15,
17,18,20,21]. The absence of clear evidence on the association of ge-
netic diversity and geographic distribution [8,20] as well as discrep-
ancies and problems when trying to relate the diversity of symptoms and
CSSD associated viruses genetic diversity have been reported in various
studies [15,20,22,23]. Moreover, a great imbalance is observed in terms
of the number of genetic sequences, studies and analysis of African
badnaviruses with respect to Asian and American badnaviruses, which is
probably due to the enormous impact that these viruses have had on
plantations of cacao on the African continent, a scenario diametrically
different from that of Asia and America [24].

In fact, more than 50% of world cacao production is currently
concentrated in Ivory Coast and Ghana [3], although the devastating
effect of this disease has led to large losses in both countries, which leads
to an estimated reduction of 25 % in cacao plantation productivity one
year after infection and up to 100 % three years later [25]. Moreover, an
annual yield reduction of approximately 20,000-120,000 tons was
observed in the Eastern Region of Ghana as a result of this disease [26].
The impact of these viruses negatively affects cacao plantations and
severely impacts the quality of life of small farmers by considerably
reducing their well-being and increasing poverty rates in households
that are dedicated to this crop [27].

Consequently, despite several and repeated initiatives in the devel-
opment and application of control methods for this disease, there are
still no clear alternatives, moreover, issues relevant to the origin,
evolutionary history, interaction processes with the plant and the evo-
lution of the pathogenicity and virulence of the viruses are still unknown
[17,28,29]. In cases like this, where a priori information is almost nil,
the application of new bioinformatics tools, which combine phyloge-
netics and the use of metadata, besides being a widely used option, are
ideal, as they allow building bridges between theoretical and empirical
approaches, so that a broader and deeper approximation of the evolu-
tionary processes studied can be achieved [30].

The “top-down” approach, for example, allows the establishment of
links between a robust phylogeny and various metadata, with the aim of
mapping on this new net, the points of interest and generating from it a
new set of hypotheses that can be subsequently tested in an appropriate
experimental setting [31-33]. This approach was chosen in the present
work as a referential framework, in the search for answers to some of the
previously cited questions, thus, by combining genetic data and various
metadata available for cacao-infecting badnaviruses, we sought to
answer the following questions: Are the geographical distribution and
symptoms of the viral species associated with their molecular phylog-
eny? What evolutionary models could explain this phenomenon? What
are the possible ancestral states of each species in relation to the
geographical distribution and symptoms? What is the oldest species? All
these questions are intended to contribute to drawing the evolutionary
history of a virus that remains unknown in many respects despite its
impact on the lives of millions of people.

2. Materials and methods
2.1. Genome sequence data

The genome sequences analyzed in the present study were down-
loaded from the National Center for Biotechnology Information (NCBI)
database (https://www.ncbi.nlm.nih.gov/) in June 2021. In total, 86
complete cacao-infecting badnaviruses genomes (Table 1), 58 genomes
of other badnaviruses (Supplementary material 1), and the Rice Tungro
Baciliform Virus genome (ID: X57924, used as an outgroup of badnavi-
ruses) were analyzed. The origin of all the genetic sequences of cacao-
infecting badnavirus used in the present study was verified in detail,
determining that according to what is described in the corresponding
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bibliographical references and the information provided in GenBank, all
the sequences come from field isolates, therefore none of the sequences
presents some type of attenuation due to continuous passages (for
detailed information, see Table 1).

2.2. Genetic diversity

A pairwise nucleotide sequence comparisons were performed using
Sequence Demarcation Tool (SDT) v.1.2 software [34]. For this analysis,
SDT aligned the 86 full-length cacao-infecting badnavirus genome se-
quences, using the NW algorithms implemented in MUSCLE [35], and
computed the identity score for each pair of sequences as 1-M/N, where
M is the number of mismatched nucleotides and N is the total number of
columns along the alignment where neither sequence has a gap char-
acter. In the next steep the program generated a rooted
neighbour-joining phylogenetic tree of sequences according to which
computed scores are rearranged so as to order sequences according to
their likely degrees of evolutionary relatedness. Finally, SDT generated a
frequency distribution of pairwise-identities using a color-coded matrix
which provides intuitive accessible insights into the overall relationships
between sequences.

2.3. Phylogenetic analyses

Three phylogenies were constructed in this work, and the dataset
was assessed for the presence of phylogenetic signals in each phylogeny
by applying the likelihood mapping analysis implemented in IQ-TREE
software version 1.6.6 [36]. For the first analysis corresponding to the
full cacao-infecting badnavirus phylogeny, 86 full-length cacao-infect-
ing badnavirus genome sequences were used. For the second analysis
corresponding to a partial phylogeny of cacao-infecting badnaviruses,
the sequences of cacao-infecting badnaviruses of Asia (CSLBV) and
America (CYVBV and CaMMV) were removed and only 80 sequences of
African cacao-infecting badnaviruses were used. For both the first and
second phylogenetic analyses, the sequences were aligned using the
MUSCLE multiple alignment algorithm [35], with the Commelina yellow
mottle virus (CoYMV, ID X52938) complete genome sequence used as the
outgroup. The reconstruction of the tree was based on the GTR + F +1+
G4 substitution model, where GTR is the generalized time reversible, F is
the empirical base frequencies, I is the proportion of invariant sites, and
G4 is the discrete gamma model. These models were identified through
the higher Bayesian information criterion score, obtained by the Mod-
elFinder tool [37], and implemented in the IQ-TREE software version
1.6.6 [36]. The consensus tree was built from the maximum likelihood
algorithm with 1000 replicates of standard nonparametric bootstrap
branch support, and the minimum bootstrap value accepted was 60. For
the third analysis corresponding to the phylogeny of the cacao-infecting
badnaviruses within the Badnavirus genus, 58 genomes of other bad-
naviruses (Supplementary material 1) were analyzed together with the
86 genomes of cacao-infecting badnaviruses using the Rice Tungro
Bacilliform Virus genome (RTBV, ID: X57924) as an outgroup. A total of
145 whole genome sequences were aligned using the MAFFT online
program [38]. The reconstruction of the tree was performed as described
above based on the GTR + F + R7 substitution model, where R corre-
sponds to the free rate model. Visualization of the trees was carried out
on the iTOL webserver (https://itol.embl.de) [39].

2.4. Discrete traits analyzed: geographic region and symptoms

Two discrete traits were evaluated in the cacao-infecting badnavirus
phylogenies and used for the tree graphic representation and model
evolution design (see §2.3): Geographic region and Symptoms. The
discrete trait data were obtained from the specific reference corre-
sponding to each genome (Table 1 and Supplementary material 1).
Based on the classifications proposed according to the intensity of
symptom expression of stem swellings and leaf symptoms [7,40], and
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Table 1
Cacao-infecting badnaviruses genomes, harvesting date and symptoms. Nd: non-determined.
Genome name/Acronym GenBank acession Size Harvesting Geographic region ~ Symptoms Source detail Reference
number (bp) date
Cacao swollen shoot TB virus/CSSTBV AJ534983 7242 1998 Togo Severe Field isolate/ [14]
Leaves
Cacao swollen shoot TB virus/CSSTBV AJ608931 7024 2000 Ghana Severe Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV AJ609019 7141 2000° Ghana Mild.Swelling Field isolate/
Leaves
Cacao swollen shoot virus complete genome,  AJ609020 7006 2000" Ghana Mild.Swelling Field isolate/
isolate N1A Leaves
Cacao swollen shoot Togo A virus/CSSTAV AJ781003 7297 2002 Togo Severe Field isolate/
Leaves
Cacao swollen shoot CD virus/CSSCDV JN606110 7203 2009 Ivory Coast Severe Field isolate/ [20]
Leaves
Cacao mild mosaic virus isolate/CaMMV KX276640 7533 2015 Trinidad and Mild.Not swelling Field isolate/ [19]
Tobago Leaves
Cacao yellow vein-banding virus/CYVBV KX276641 7454 2015 Trinidad and Severe.Not swelling  Field isolate/
Tobago Leaves
Cacao swollen shoot CE virus/CSSCEV KX592571 7020 2015 Ghana Severe Field isolate/ [16]
Leaves
Cacao swollen shoot CE virus/CSSCEV KX592572 7115 2015 Ghana Severe Field isolate/
Leaves
Cacao swollen shoot CE virus/CSSCEV KX592573 7172 2012 Ivory Coast Severe Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV" KX592574 7030 2012 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV" KX592575 7024 2015 Ghana Nd Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV" KX592576 6920 2012 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV" KX592577 7004 2012 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV" KX592578 7012 2012 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV" KX592579 7025 2012 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV" KX592580 7118 2012 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV” KX592581 7029 2012 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV" KX592582 7016 2012 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV" KX592583 7022 2012 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot CE virus/CSSCEV KX592584 7122 2012 Ivory Coast Severe Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV L14546 7161 1993° Togo Severe Field isolate [143]
Cacao swollen shoot Togo A virus/CSSTAV" MF642716 7229 2015 Ghana Nd Field isolate/ [17]
Leaves
Cacao swollen shoot TB virus/CSSTBV" MF642717 7005 2010 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot CD virus/CSSCDV” MF642718 7205 2015 Ivory Coast Nd Field isolate/
Leaves
Cacao swollen shoot CE virus/CSSCEV MF642719 7412 2010 Ivory Coast Severe Field isolate/
Leaves
Cacao swollen shoot CE virus/CSSCEV MF642720 7131 2013 Ghana Severe Field isolate/
Leaves
Cacao swollen shoot CE virus/CSSCEV MF642721 7167 2013 Ghana Severe Field isolate/
Leaves
Cacao swollen shoot CE virus/CSSCEV MF642722 7119 2014 Ghana Severe Field isolate/
Leaves
Cacao swollen shoot CE virus/CSSCEV MF642723 6994 2014 Ghana Severe Field isolate/
Leaves
Cacao swollen shoot Ghana M virus/ MF642724 7009 2015 Ghana Nd Field isolate/
CSSGMV" Leaves
Cacao swollen shoot Ghana N virus/ MF642725 7173 2015 Ghana Nd Field isolate/
CSSGNV" Leaves
Cacao swollen shoot Ghana Q virus/CSSGQV MF642726 7091 2015 Ghana Atypical Field isolate/
Leaves
Cacao swollen shoot Ghana Q virus/CSSGQV ~ MF642727 7343 2015 Ghana Atypical Field isolate/
Leaves
Cacao swollen shoot Ghana Q virus/CSSGQV ~ MF642728 7102 2015 Ghana Atypical Field isolate/
Leaves
Cacao swollen shoot Ghana Q virus/CSSGQV ~ MF642729 7186 1999 Ghana Atypical Field isolate/
Leaves

(continued on next page)
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Table 1 (continued)

Genome name/Acronym GenBank acession Size Harvesting Geographic region ~ Symptoms Source detail Reference
number (bp) date
Cacao swollen shoot Ghana Q virus/CSSGQV ~ MF642730 7155 2015 Ghana Atypical Field isolate/
Leaves
Cacao swollen shoot Ghana Q virus/CSSGQV MF642731 6996 2015 Ghana Atypical Field isolate/
Leaves
Cacao swollen shoot Ghana Q virus/CSSGQV ~ MF642732 7012 2015 Ghana Atypical Field isolate/
Leaves
Cacao swollen shoot Ghana Q virus/CSSGQV ~ MF642733 7097 2015 Ghana Atypical Field isolate/
Leaves
Cacao swollen shoot Ghana Q virus/CSSGQV ~ MF642734 6985 2015 Ghana Atypical Field isolate/
Leaves
Cacao swollen shoot Ghana Q virus/CSSGQV ~ MF642735 6990 2015 Ghana Atypical Field isolate/
Leaves
Cacao Bacilliform SriLanka Virus/CBSLV MF642736 7215 2015 Sri Lanka Mild.Swelling Field isolate/
Leaves
Cacao red vein-banding virus/CSSGMV MH029281 6869 2017 Nigeria Mild-Moderate. Field isolate/ [21]
Swelling Leaves
Cacao red vein-banding virus/CSSGMV MH029282 6820 2017 Nigeria Mild-Moderate. Field isolate/
Swelling Leaves
Cacao red vein-banding virus/CSSGMV MH785297 6839 2017 Nigeria Mild-Moderate. Field isolate/
Swelling Leaves
Cacao red vein-banding virus/CSSGMV MH785298 6868 2017 Nigeria Mild-Moderate. Field isolate/
Swelling Leaves
Cacao red vein-banding virus/CSSGMV MH785299 6890 2017 Nigeria Mild-Moderate. Field isolate/
Swelling Leaves
Cacao red vein-banding virus/CSSGMV MH785300 6846 2017 Nigeria Mild-Moderate. Field isolate/
Swelling Leaves
Cacao red vein-banding virus/CSSGMV MH785301 6885 2017 Nigeria Mild-Moderate. Field isolate/
Swelling Leaves
Cacao red vein-banding virus/CSSGMV MH785302 6880 2017 Nigeria Mild-Moderate. Field isolate/
Swelling Leaves
Cacao red vein-banding virus/CSSGMV MH785303 6852 2017 Nigeria Mild-Moderate. Field isolate/
Swelling Leaves
Cacao swollen shoot CE virus/CSSCEV MN433933 7314 2013 Ivory Coast Moderate.Swelling. Field isolate/ [18]
Leaves
Cacao swollen shoot CE virus/CSSCEV MN433934 6978 2013 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot CD virus/CSSCDV MN433935 7211 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot CD virus/CSSCDV MN433936 7212 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot CD virus/CSSCDV MN433937 7173 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433938 7090 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433939 7066 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433940 7055 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433941 7045 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433942 7045 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433943 7080 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433944 7055 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433945 7064 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433946 7063 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433947 7007 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433948 7027 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433949 7027 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433950 7031 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433951 7024 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433952 7018 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves
Cacao swollen shoot TB virus/CSSTBV MN433953 7023 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves

(continued on next page)
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Table 1 (continued)

Physiological and Molecular Plant Pathology 130 (2024) 102242

Genome name/Acronym GenBank acession Size Harvesting Geographic region ~ Symptoms Source detail Reference
number (bp) date

Cacao swollen shoot TB virus/CSSTBV MN433954 7041 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves

Cacao swollen shoot TB virus/CSSTBV MN433955 7023 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves

Cacao swollen shoot TB virus/CSSTBV MN433956 7040 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves

Cacao swollen shoot TB virus/CSSTBV MN433957 7030 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves

Cacao swollen shoot TB virus/CSSTBV MN433958 7035 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves

Cacao swollen shoot TB virus/CSSTBV MN433959 7022 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves

Cacao swollen shoot TB virus/CSSTBV MN433960 7018 2016 Ivory Coast Moderate.Swelling. Field isolate/
Leaves

Cacao swollen shoot TB virus/CSSTBV MN433961 7024 2016 Ghana Severe Field isolate/
Leaves

Cacao swollen shoot TB virus/CSSTBV MN433962 7072 2016 Ghana Severe Field isolate/
Leaves

Cacao mild mosaic virus/CaMMV MW052520 7514 2019 Puerto Rico Mild.Not swelling Field isolate/ [105]
Leaves

Cacao mild mosaic virus/CaMMV MWO052521 7520 2019 Brazil Mild.Not swelling Field isolate/
Leaves

Cacao mild mosaic virus/CaMMV MW052522 7524 2019 Brazil Mild.Not swelling Field isolate/
Leaves

# Data obtained through personal communication with the authors of the corresponding cited reference.
b Genome excluded from the analysis of ancestral character reconstruction and evolutionary model analysis.
¢ Genome without exact harvesting date; the date of sequence submission in GenBank was used as harvesting date.

the set of symptoms described for all genomes evaluated (referenced in
Table 1), the data were sorted into 7 symptom categories: Mild.Swelling,
Mild-Moderate.Swelling, Moderate.Swelling, Severe, Atypical, Mild.Not
swelling, Severe.Not swelling (Supplementary material 2).

2.5. Evolution models and phylogenetic signals

The mode of evolution of the two discrete traits was analyzed in R
version 4.0.3 [41] using the fitDiscrete function from the Geiger package
[42]. This function uses likelihood analyses to test how well the
observed discrete data and phylogeny fit models of evolution. Five
models were tested for each trait: i) equal rates (ER) model, where
transitions may occur between all possible combinations of states in any
direction, and the rates of transition are all equal; ii) all-rates-different
(ARD) model, where each rate is a unique parameter; iii) symmetric
model (SYM), where forwards and reverse transitions share the same
parameter; iv) Meristic standard model, where transitions occur in a
stepwise fashion and only occur between adjacent states and with an
equal rate; and v) all-rates-different Meristic model (Meristic_ ARD),
where the transition occurs in an ordered mode but where the transition
rate into adjacent states can be different and not necessarily equal. For
the last model, which was not available in the default models of the
fitDiscrete function, we developed a specific script containing a matrix
representing the transition classes between states (see R code in Sup-
plementary material 3). After model analysis, different tree trans-
formation types were tested: i) lambda type [43,44], which corresponds
to a common measure of the phylogenetic signal and fits the extent to
which the phylogeny predicts covariance among trait values for tips;
default bounds for lambda model are min = 0, max = 1, high values
representing high phylogenetic signal; ii) kappa type, which corre-
sponds to a punctuational (speciation) model of trait evolution [45] and
includes default bounds of min = 0, max = 1; iii) delta type that is a
time-dependent model of trait evolution [43,44], with default bounds of
min = 0, max = 3, where if delta is greater than 1, the recent evolution
has been relatively fast, and if delta is lesser than 1, the recent evolution
has been comparatively slow; and iv) the early-burst (EB) type [42],
which is where the rate of evolution increases or decreases exponentially
through time, with default bounds of min = —10, max = 10. The

corrected Akaike information criterion (AICc) and the log likelihood,
both supplied by the fitDiscrete function, as well as the delta AIC (AAIC)
and the AIC weight (AICw), both supplied by the package Geiger func-
tion aicw, were used to determine the models that best fit the studied
data (Supplementary material 3). The AICc was used instead of the AIC
because it is recommended for small sample sizes and is an overall more
robust comparative metric [46]. In the specific case of symptoms for
which some data were missing (genomes without information; Table 1),
phylogenetic tree tips were dropped using the function drop.tip from the
ape package version 5.4-1 [47] in R version 4.0.3 [41]. According to the
results of phylogenetic analysis and considering possible bias related to
disequilibrium in sample amount (80 African genome sequences vs. 6
non-African genome sequences; Supplementary materials 4 and 5) for
evolution model establishment [48], we focused the evolution analysis
on the 80 sequences of the African cacao-infecting badnaviruses.

2.6. Ancestral state reconstruction

The reconstruction of the ancestral state of Geographic region and
Symptoms was performed using the two maximum-likelihood (ML)
cacao-infecting badnavirus phylogenies described above (§2.3.),
through the PastMlI software v.1.9.30 [49]. PastML uses decision-theory
concepts to associate each node in the tree with a set of likely states. In
the easy regions of the tree (typically close to the tips), the program
predicts a unique state, whereas in the more challenging parts of the
tree, it may predict several likely states, thus reflecting the uncertainty
of the inferences. The options for running PastML in the current study
were the prediction method, marginal posterior probabilities approxi-
mation (MPPA) and Model Felsenstein 1981 (F81), which provide the
most accurate ancestral predictions [49]. The software provided two
graphical outputs: a large phylogeny with the ancestral states for each
node and a compressed representation of the ancestral scenarios where
only the main information was highlighted. Both outputs are presented
in the results section. As described above (§2.4), we focused on the
reconstruction analysis of the 80 sequences of the African
cacao-infecting badnaviruses (analysis with all 86 full-length cacao-in-
fecting badnaviruses genomes is shown in Supplementary materials 6
and 7).
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2.7. Temporal signal and molecular clock

To investigate the temporal signal, we regressed root-to-tip genetic
distances from the full cacao badnavirus maximum-likelihood (ML)
phylogeny described above (§2.3) against sample harvesting dates
(Table 1) using TempEst v.1.5.1 [50]. Here, the dataset was annotated
with sampling years between 1990 and 2019, except for genome
L14546, which did not have an exact collection date; in this last case, the
submission date of the sequence in GenBank was taken as the collection
date (Table 1). According to Navascués et al. [51], the significance of the
regression was assessed by random permutation of the sampling dates
over the sequences, with the correlation coefficient used as the test
statistic. Subsequently, 1000 replicates of the data were generated, with
the sampling dates randomly permuted, using the approach of Murray
et al. [52]. The p value of the root-to-tip regression was calculated using
the function rootToTipRegressionPlot from the package Treedater [53]
in R v.4.0.3 [41]. Furthermore, prior to fitting a dated-tip molecular
clock, we evaluated the possible problems of confounding temporal and
genetic structures using the Mantel confounding test developed in R by
Murray et al. [52]. In the absence of confounders, the molecular clock
analysis was carried out in MEGA X [54] using the RelTime method [55,
56] and the sampling dates (Table 1). Visualization of the tree was
performed using the iTOL webserver (https://itol.embl.de) [39].

3. Results
3.1. Genetic diversity in cacao-infecting badnaviruses

Differences in relation to genetic diversity were observed within each
of the CSSD associated species (Supplementary material 8). CSSGQV
contained two well-defined internal groups, one with a high percentage
of identity (90 %) and the other with less identity (70 %), and the
identity of the total group was 85.36 %. CSSGQV showed 60 % identity
with its closest neighbour CSSCEV. CSSTAV was represented by two
genomes that shared an identity greater than 86.94 %; with respect to
their closest neighbours CSSGQV and CSSCEV, the identity was
approximately 60 and 70 %, respectively. CSSCDV was a homogeneous
group with an internal identity greater than 90 %, and it shared 60, 70
and 77 % identity with CSSGQV, CSSCEV and CSSTAV, respectively.
CSSTBV was the group with the highest number of genomes; however, it
was a genetically very homogeneous group (93.3 % identity) that shared
60, 70, 78 and 77 % identity with CSSGQV, CSSCEV, CSSTAV and
CSSCDV, respectively. The isolate N1A (GenBank accession number
AJ609020), which was not previously classified, was grouped within the
CSSTBV species. CSSGMV, as CSSGQV, has two internal groups that
shared 91.64 % identity, which was higher than that found within the
CSSGQV species. CSSGMV shared 60 % identity with CSSGQV, 70 %
identity with CSSCEV and 75 % identity with CSSTAV, CSSCDV and
CSSTBV. CSSGNV, which was represented by a single genome, shared
60 % identity with CSSGQV, 70 % identity with CSSCEV and 75 %
identity with CSSTAV, CSSCDV, CSSTBV and CSSGMV. CSSCEV was the
least homogeneous group (78.26 %). When ordering the African CSSD
associated species according to the pairwise sequence comparisons
(percentage of genetic identity of the complete genome), the following
order was obtained from highest to lowest identity: CSSTBV, CSSCDV,
CSSGMV, CSSTAV, CSSGQV and CSSCEV. Finally, CaMMV presented
two well-differentiated groups with 93.75% identity, while CBSLV,
CaMMV and CYVBV were distant from the badnaviruses that infected
cacao in Africa, sharing only 60 % genetic identity with them (Supple-
mentary material 7).

3.2. Likelihood mapping
The phylogenetic signal from each dataset was investigated by

likelihood-mapping analysis [36]. Three datasets were evaluated: the
complete genomes of all cacao-infecting badnaviruses (86 sequences),
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the complete genomes of African cacao-infecting badnaviruses (80 se-
quences), and the complete genomes of badnaviruses (144 sequences).
The likelihood-mapping analysis for the cacao-infecting badnaviruses
revealed that the quartets from the dataset were primarily distributed in
the corners (92.6 %) rather than the sides (3 %) or center (4.3 %) of the
triangle. For the second and third datasets, the distribution patterns
were similar: 91.4 % in the corners, 3.3 % in the sides and 5.2 % in the
center and 95.8 % in the corners, 2.8 % in the sides and 1.4 % in the
center, respectively (Supplementary material 9). These results coincided
with the premise that robust phylogenetic signals translate into a high
number of resolved quartets and a low number of unresolved quartets.
Therefore, the likelihood mappings of the evaluated sequences indicate
that they have a strong tree-like phylogenetic signal and are suitable for
phylogenetic reconstruction.

3.3. Cacao-infecting badnavirus phylogeny in the context of geographic
region and symptoms

To evaluate the quality of the phylogenetic signal of the studied traits
(Geographic region and Symptoms) throughout the molecular phylog-
eny built with the complete genomes of cacao-infecting badnaviruses,
Pagel’s lambda test was performed [43,44]. Pagel’s lambda is a measure
of the phylogenetic signal, and its degree represents the influence of the
phylogenetic history on the distribution of the traits observed at the tips.
As observed in the tree, the two evaluated traits Geographic region (A =
1) and Symptoms (A = 1) presented high values of lambda, indicating a
strong phylogenetic signal between the given traits and the built phy-
logeny. Non-African badnavirus species (CBSLV, CYVBV and CaMMV)
that were present at the base of the phylogenetic tree were genetically
distant from African species (Fig. 1). However, the CaMMV species had a
different ancestor to CYVBV, although the two species are from Trinidad
and Tobago in America. In fact, CaMMYV shared a common ancestor
much closer to Africa’s badnaviruses than CYVBV, which appeared in
another group alongside CBSLV (Fig. 1). The badnavirus identified in Sri
Lanka (CBSLV) generated mild symptoms in cacao, whereas the bad-
naviruses CaMMV and CYVBV identified in America had the capacity to
generate mild and moderate symptoms, respectively, and did not
generate the typical swelling identified in Africa (Fig. 1, Table 1). The
most basal cacao-infecting African badnavirus species was CSSGQV
(Fig. 1), and it was subdivided into two genetically well differentiated
groups. However, all available genomes of this species share the same
Geographic region (Ghana) and generated the same Symptoms (atypical,
they were only able to coinfect, they did not infect alone; Fig. 1, Table 1).
The CSSGNV species, for which only one genome and no symptom in-
formation were available (Table 1), originated from Ghana and
appeared at the base of the branch containing the CSSGMV species,
which seems to indicate a genetic proximity between these two species
(Fig. 1). The CSSGMV species showed two genetically differentiated
subgroups, and it was mostly present in Nigeria (only one genome was
identified in Ghana) and the plant symptoms caused by all members of
this species were mild-moderate with swelling (Fig. 1, Table 1). CSSCEV
was identified in Ghana and Ivory Coast and formed a phylogenetically
compact group that showed severe symptoms for most of the available
genomes (Fig. 1, Table 1); moreover, this species was associated with
rapid death syndrome in cacao trees. The CSSTAV isolates that also
corresponded to a genetically homogeneous group were collected in
Ghana and Togo, with the Togo isolates generating severe symptoms in
cacao trees (Fig. 1, Table 1). The CSSCDV isolates were phylogenetically
close to the CSSTAV isolates and previously identified in the Ivory Coast,
and most of them (except one isolate that generates severe symptoms)
led to moderate swelling symptoms (Fig. 1, Table 1). At the upper end of
the phylogenetic tree, and farther from the ancestors, CSSTBV species
were found, and they were identified in three countries: Ghana, Ivory
Coast and Togo (Fig. 1, Table 1). Isolates originating from Togo had the
ability to generate severe symptoms in cacao plants; isolates from the
Ivory Coast were less pathogenic, generating moderate symptoms with
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Fig. 1. Maximum likelihood phylogenetic tree based on alignment of the complete genomes of 86 cacao-infecting badnaviruses. The tree reconstruction was obtained
using the GTR + F + I + G4 substitution model with 1000 bootstrap repetitions. Grey circles represent the bootstrap values for each branch (from 60 to 100). The two
columns on the right of the figure represents the Geographic region and the Symptoms (left and right columns, respectively; color legend at the bottom of the figure).
The accession number precedes the species abbreviation: CBSLV, Cacao bacilliform Sri Lanka virus; CaMMYV, Cacao mild mosaic virus; CYVBV, Cacao yellow vein banding
virus; CSSCDV, Cacao swollen shoot CD virus; CSSCEV, Cacao swollen shoot CE virus; CSSGMV, Cacao swollen shoot Ghana M virus; CSSGNV, Cacao swollen shoot Ghana
N virus; CSSGQV, Cacao swollen shoot Ghana Q virus, CSSTAV, Cacao swollen shoot Togo A virus, and CSSTBV, Cacao swollen shoot Togo B virus. Commelina Yellow Mottle

Virus (CoYMV) was used as an outgroup.

swelling; and isolates from Ghana generated both severe symptoms and
mild symptoms with swelling (Fig. 1, Table 1). As observed in the dis-
tance matrix (Supplementary Material 8), the N1A isolate, without
previous identification, was robustly grouped within the CSSTBV spe-
cies, suggesting that N1A could be a member of this species. Ghana had
the greatest diversity of CSSD associated species with six different spe-
cies, followed by Ivory Coast with three, Togo with two and Nigeria with
a single species (Table 1, Fig. 1, Supplementary material 10). In America
and Asia, one species of cacao-infecting badnavirus was recorded per
country with the exception of Trinidad and Tobago, where two species
have been recorded (Table 1, Fig. 1). Ghana is also the country that
presented the greatest diversity of Symptoms, which may be due to the
diversity of species existing in the territory. In relation to the
cacao-infecting badnavirus species, those with the greatest distribution
were CSSTBV (present in three African countries) and CaMMYV (present

N

in three American countries), followed by CSSCEV, CSSGMV and
CSSTAV (each present in two African countries). The remaining species
were registered in a single country (Fig. 1).

3.4. Evolution models for geographic region and symptoms of cacao-
infecting badnaviruses

Regarding the Geographic region trait for African cacao-infecting
badnaviruses, the evolution model that presented the best overall fit,
i.e., the lowest AICc and AAIC and highest AICw were symmetric model
with EB transformation (SYM_EB model) (Table 2, Fig. 2A). In this
model, forward and reverse transitions between the trait states shared
the same parameter and occurred exponentially over time because the
EB transformation was associated with exponential changes (increases
or decreases) in the evaluated trait over time. According to this model,
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Table 2

Results of likelihood models and transformation fitting analyses of Geographic region and Symptoms
over complete genome phylogenies of cacao-infecting African badnaviruses. Models: ARD: All Rates
Different; ER: Equal-Rates; SYM: Symmetric; Meristic: Standard; Meristic. ARD: All Rates Different Meristic.
Transformation: Delta, Kappa, Lambda; EB: Early-burst model. Df: Degrees of freedom. AICc: Corrected
Akaike Information Criterion. AAIC: Delta AIC. AICw: AIC weight. Best fitting model is highlighted in grey.

Trait Model / Transformation df log-likelihood AlC Parameter
AICc | AAIC AICw value
ER 1 -50.155 102362 | 3.27E+00 | 8.64E-02 -
ARD 12 -50.155 108.703 | 9.62E+00 |  3.63E-03 -
SYM 6 -49.329 104222 | 5.13E400 |  3.41E-02 -
Meristic 3 -49.640 110.097 | 1.10E+01 |  1.81E-03 -
Meristic ARD 12 -49.254 108.703 | 9.62E+00 |  3.63E-03 -
ER_Lambda 2 -40.023 104.466 | 5.38E+00 | 3.02E-02 1
ER_Kappa 2 -40.023 102.813 | 3.73E+00 | 6.90E-02 0.635871
ER_Delta 2 -38.979 103.437 | 4.35E+00 | 5.05E-02 0.006738
ER_EB 2 -37.550 102.664 | 3.58E+00 |  7.43E-02 -4.14282
ARD_Lambda 13 -36.705 111561 | 1.25E+01 |  8.69E-04 1
ARD Kappa 13 -45.536 109.473 | 1.04E+01 | 2.47E-03 0.681943
ARD Delta 13 -45.536 106.615 | 7.53E+00 | 1.03E-02 2.999999
Geographic  ARD_EB 13 -43.764 104.925 | 5.84E+00 |  2.40E-02 6.727492
Teglon  SYM Lambda 7 -44.636 106.627 | 7.54E+00 |  1.02E-02 1
SYM Kappa 7 -41.766 103.084 | 4.00E+00 |  6.02E-02 0.546664
SYM Delta 7 -51.890 104.828 | 5.74E+00 | 2.52E-02 0.006738
SYM EB 7 -51.890 99.087 | 0.00E+00 |  4.44E-01 -7.784358
Meristic_ Lambda 4 -50.936 112314 | 1.32E+01 | 5.96E-04 1
Meristic_Kappa 4 -51.206 110.406 | 1.13E+01 |  1.55E-03 0.716159
Meristic_Delta 4 -48.045 110.946 | 1.19E+01 | 1.18E-03 0.006738
Meristic EB 4 -40.023 104.623 | 5.54E+00 | 2.79E-02 -7.334638
ﬁ?ﬁg:—ARD— 13 -40.023 111.561 | 1.25E+01 |  8.69E-04 1
Meristic ARD_Kappa 13 -38.979 109.473 | 1.04E+01 |  2.47E-03 0.68194
Meristic ARD_Delta 13 -37.550 106.615 | 7.53E+00|  1.03E-02 2.999999
Meristic. ARD EB 13 -36.705 104.925 | 5.84E+00 |  2.40E-02 6.728158
ER 1 -46.096 94256 | 8.96E+00 |  4.56E-03 -
ARD 20 -46.096 121.244 | 3.59E+01 | 6.29E-09 -
SYM 10 -41.964 99.999 | 1.47E+01 |  2.58E-04 -
Meristic 4 -45.686 88.647 |3.35E+00 |  7.54E-02 -
Meristic. ARD 20 -45.294 121.244 | 3.59E+01 |  6.29E-09 -
ER_Lambda 2 -31.077 96.386 | 1.11E+01 |  1.57E-03 1
ER_Kappa 2 -31.077 88.122 | 2.83E+00|  9.80E-02 0.35984
Symptoms ~ ER_Delta 2 -30.336 95.565 | 1.03E+01 |  2.37B-03 0.006738
ER_EB 2 -30.954 94.781 | 9.49E+00 |  3.51E-03 -3.992553
ARD_Lambda 21 -30.351 125.642 | 4.03E+01 | 6.98E-10 1
ARD Kappa 21 -37.962 124.160 | 3.89E+01 | 1.46E-09 0.578325
ARD _Delta 21 -37.357 125397 | 4.01E+01 | 7.89E-10 1.865971
ARD_EB 21 -35.440 124.191 | 3.89E+01 | 1.44E-09 -5.715725
SYM_ Lambda 11 -36.416 101.695 | 1.64E+01 | 1.11E-04 0.953592
SYM_Kappa 11 -34.628 97.861 | 1.26E+01 |  7.52E-04 0.406031
SYM Delta 11 -39.990 99.812 | 1.45E+01 |  2.84E-04 0.006738
SYM_EB 11 -39.990 96.238 | 1L.O9E+01 |  1.69E-03 -7.946074
Meristic_ Lambda 5 -37.395 90.997 | 5.70E+00 |  2.33E-02 1
Meristic_Kappa 5 -38.840 85.807 | 5.12E-01 |  3.12E-01 0.397547
Meristic_Delta 5 -37.139 88.698 | 3.40E+00 |  7.35E-02 0.019973
Meristic EB 5 -31.077 85.295 | 0.00E+00 |  4.03E-01 -7.697864
LMa‘;lrisg;—ARD— 13 -40.023 111.561 | 2.63E+01|  7.97E-07 1
Meristic ARD_Kappa 13 -38.979 109.473 | 2.42E+01 |  2.26E-06 0.68194
Meristic. ARD_Delta 13 -37.550 106.615 | 2.13E+01 | 9.45E-06 2.999999
Meristic ARD_EB 13 -36.705 104.925 | 1.96E+01 | 2.20E-05 6.728158
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Fig. 2. Schemes of the transitions between trait states reconstructed for cacao-infecting African badnaviruses. A. Best fitted evolution model for the Geographic
region trait. B. Best fitted evolution model for the Symptoms trait. Models: SYM: symmetric; Meristic: standard. Transformation: EB: Early-burst model.

the main source of the virus in Africa was Ghana, and from there, the better fit the Meristic_EB model (Table 2, Fig. 2B). This model is char-
virus spread to Nigeria, Togo and the Ivory Coast (Fig. 2A). The Symp- acterized by the fact that transitions occur in an orderly manner, and as
toms differences between the African cacao-infecting badnaviruses in the previous case, the transitions occur exponentially over time (EB
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Fig. 3. Ancestral state reconstruction of Geographic region of cacao-infecting African badnaviruses. The tree and compressed visualizations were obtained using
PastML with MPPA + F81 option (see §2.6). Different colors correspond to different geographical regions as shown in the legend in the bottom left corner. CSSCDV,
Cacao swollen shoot CD virus; CSSCEV, Cacao swollen shoot CE virus; CSSGMV, Cacao swollen shoot Ghana M virus; CSSGNV, Cacao swollen shoot Ghana N virus; CSSGQV,
Cacao swollen shoot Ghana Q virus; CSSTAV, Cacao swollen shoot Togo A virus; CSSTBV, Cacao swollen shoot Togo B virus.
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transformation). According to the model with the best fit, a possible
evolution of Symptoms of CSSD associated viruses would start from vi-
ruses that were only capable of coinfection, and then mild-moderate
symptoms would appear, followed by moderate and severe symptoms
(Fig. 2B).

3.5. Ancestral state reconstruction of geographic region and symptoms in
cacao-infecting badnaviruses

The reconstruction of the ancestral states of Geographic region
allowed us to identify as possible regions of cacao-infecting badnavirus
origin the countries Ghana and/or Ivory Coast (Fig. 3). From one of these
regions, a possible early dispersal event towards Nigeria and/or Togo
could have occurred, which may have generated an ancestor that gave
rise to the endemic species of Nigeria (CSSGMV). On the other hand, the
analysis suggested that an ancestor from Togo and/or Ivory Coast could
have given rise to the CSSTVB species distributed in Ghana, Ivory Coast
and Togo (Fig. 3). While the most recent ancestor of the CSSCDV species
could be located in Ghana, Ivory Coast or Togo, the most recent ancestor
of CSSTAV was limited to Togo or Ghana. The most recent ancestor of
CSSCEV was clearly located in Ghana or the Ivory Coast; these countries
are also possible CSSGQV centers of origin (Fig. 3). Despite the great
imbalance in the number of sequences for each geographic region, the
reconstruction of ancestral states for all the available genomes of cacao-
infecting badnaviruses was performed (Supplementary material 6). In

([ ]
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. Severe _ Mild-Moderate.Swelling D Coinfects

[l Moderate. Swelling [] Mild.Swelling

Mild-Moderate.Swelling 9
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the case of CaMMYV, its most recent ancestor could have come from
Brazil (Supplementary material 6). Regarding the Symptoms trait for
African cacao-infecting badnaviruses, the reconstruction carried out
suggested a first ancestor causing Severe or Moderate.Swelling symp-
toms that would give rise to two intermediate ancestors (Fig. 4). One of
them caused Severe or Atypical symptoms and would give rise to the
CSSGQV species, and they all present atypical pathogenicity since they
only coinfect. A second intermediate ancestor causing medium to severe
symptoms (Mild-Moderate Swelling, Moderate.Swelling or Severe) that
could have originated the CSSGMV species (causing Mild-Moderate.
Swelling symptoms) and an intermediate ancestor causing Moderate.
Swelling or Severe symptoms, which would give origin to could have
given rise to CSSCEV, CSSTAV, CSSCDV and CSSTBV (Fig. 4).

3.6. Cacao-infecting badnaviruses in the badnavirus context

The phylogenetic relationships between cacao-infecting badnavi-
ruses and the available genomes of other badnaviruses showed that
CBSLV and CYVBV presented a large distance from the cacao-infecting
badnavirus pool (Fig. 5). CAMMYV, although appearing distant, was
considerably closer to the other cacao-infecting badnaviruses (Fig. 5), as
also observed in the phylogenetic analysis (Fig. 1). Interestingly, the
CSSGQV species was completely separated from the other cacao-
infecting badnavirus species and clustered with Mulberry badnavirus-1
(MBV-1) (Fig. 5). Other cacao-infecting badnavirus species clustered
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Fig. 4. Ancestral state reconstruction of Symptoms of cacao-infecting African badnaviruses. The tree and compressed visualizations were obtained using PastML with
MPPA + F81 option (see §2.6). Different colors correspond to different symptoms as shown in the legend in the bottom left corner. CSSCDV, Cacao swollen shoot CD
virus; CSSCEV, Cacao swollen shoot CE virus; CSSGMV, Cacao swollen shoot Ghana M virus; CSSGQV, Cacao swollen shoot Ghana Q virus; CSSTAV, Cacao swollen shoot

Togo A virus; CSSTBV, Cacao swollen shoot Togo B virus.
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Fig. 5. Maximum likelihood phylogenetic tree based on alignment of the complete genomes of 144 badnaviruses. Model Substitution GTR + F + R6 and 1000
replicated bootstrap analysis. The bootstrap values are indicated in each branch. Minimum bootstrap value 60. Each tip shows the GenBank accession number and the
species name. The color of branch indicates the Class of plants infected by this virus (grey branch corresponds to Liliopsida and black branch to Magnoliopsida). The
species highlights in colors correspond to the cacao-infecting badnaviruses. ABV, Aglaonema bacilliform virus; BSCAV, Banana streak CA virus, BSGDV, Banana streak
GD virus; BSGFV, Banana streak GF virus; BSIMV: Banana streak IM virus; BSMYV, Banana streak Mysore virus; BSOLV, Banana streak OL virus; BSTRYV, Banana streak
TRY virus; BSUAV, Banana streak UA virus; BSUIV, Banana streak UI virus; BSULV, Banana streak UL virus; BSUMV, Banana streak UM virus; BSYUV, Banana streak virus
Acuminata Yunnan; BSVNV, Banana streak virus strain Acuminata Vietnam; BLRaV, Birch leaf roll-associated virus; BVF, Blackberry Virus F; BsCVBV, Bougainvillea
spectabilis chlorotic vein-banding virus; CBSLV, Cacao bacilliform Sri Lanka virus; CaMMYV, Cacao mild mosaic virus; CSSCDV, Cacao swollen shoot CD virus; CSSCEV, Cacao
swollen shoot CE virus; CSSGMV, Cacao swollen shoot Ghana M virus; CSSGNV, Cacao swollen shoot Ghana N virus; CSSGQV, Cacao swollen shoot Ghana Q virus; CSSTAV,
Cacao swollen shoot Togo A virus; CSSTBV, Cacao swollen shoot Togo B virus; CYVBV, Cacao yellow vein banding virus; CaYMV-A, Canna yellow mottle virus isolate; CaYMV-
Ci, Canna yellow mottle-associated virus; CYMV, Citrus yellow mosaic virus; CoVCV, Codonopsis vein clearing virus; CoOYMV, Commelina yellow mottle virus; CyNLV, Cycad
leaf necrosis virus; DBALV, Dioscorea bacilliform AL virus; DBALV2, Dioscorea bacilliform AL virus 2; DBESV, Dioscorea bacilliform ES virus; DBRTV1, Dioscorea bacilliform
RT virus; DBRTV2, Dioscorea bacilliform RT virus 2; DBSNV, Dioscorea bacilliform SN virus; DBTRV, Dioscorea bacilliform TR virus; DrMV, Dracaena mottle virus; FBV-1,
Fig badnavirus-1; GVBV, Gooseberry vein banding virus; GRLDaV, Grapevine roditis leaf discoloration-associated virus; GVCV, Grapevine vein-clearing virus; HiBV, Hibiscus
bacilliform virus; JuMaV, Jujube mosaic-associated virus; KTSV, Kalanchoe top-spotting virus; MBV-1, Mulberry badnavirus-1; PYMAV, Pagoda yellow mosaic associated
virus; PVBV, Pelargonium vein banding virus; PBCOV, Pineapple bacilliform comosus virus; PYMoV, Piper yellow mottle virus; RYNV, Rubus yellow net virus; SCBBBV,
Sugarcane bacilliform BB virus; SCBBOV, Sugarcane bacilliform BO virus; SCBBRV, Sugarcane bacilliform BRU; SCBGAV, Sugarcane bacilliform Guadeloupe A; SCBGDV,
Sugarcane bacilliform Guadeloupe D virus; SCBIMV, Sugarcane bacilliform IM virus; SCBMOV, Sugarcane bacilliform Mor virus; SPPV, Sweet potato pakakuy virus; SPBVb,
Sweetpotato badnvirus b; TaBCHV, Taro bacilliform CH virus; TaBV, Taro bacilliform virus; WBV1, Wisteria badnavirus 1; YNMoV, Yacon necrotic mottle virus isolate YV1I.
Rice tungro bacilliform virus (RTBV) was used as an outgroup.
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with Citrus yellow mosaic virus (CYMV) and Hibiscus bacilliform virus
(HiBV) (Fig. 5). Regarding the phylogenetic distribution of badnaviruses
and the class of plants they infect, the cacao-infecting badnaviruses
belonged to the cluster of viruses characterized by infecting plants of the
Magnoliopsida class. However, CAMMV, CBSLV and CYVBV were clus-
tered with viruses that affect plants of both the Liliopsida and Magno-
liopsida classes (Fig. 5).

3.7. Evaluation of temporal signals and molecular clocks in cacao-
infecting badnavirus phylogeny

To eliminate possible problems of confounding temporal and genetic
structures, before performing the temporal analysis, the Mantel con-
founding test [52] was performed. The absence of any confounding
factors (p = 0.096) is favourable evidence of the temporal signal in the
dataset (Supplementary materials 11 and 12). The results for the
root-to-tip regression showed that the dataset used in this study had a
positive temporal signal, with a correlation coefficient of 0.4279, R2 of
0.1831, root-to-tip p value of 3.56E-05 and evolutionary rate of
2.7174E-02 (Supplementary material 13). The real presence of a tem-
poral signal in the data was corroborated by the permutation analysis, in
which a significant p value for rejecting the null hypothesis (p value =
0.999) was obtained. This p value is the proportion of replicates with a
statistical test greater than or equal to the true value. The null hypothesis
corresponds to a negligible amount of evolution taking place between
the sampling dates, so that the correlation observed can be attributed to
stochastic variation in molecular branch length estimates and to rooting
the tree to maximize clocklikeness (Supplementary material 11). Based
on the positive evidence of a strong temporal signal in the available data,
a molecular clock of cacao-infecting badnaviruses was built (Fig. 6). The
first common ancestor to all cacao-infecting badnaviruses was located in
1775.6. From this point, the most recent shared ancestor between CBSLV
and CYVBV emerged in 1807.3. Prior to this event, a shared ancestor in
1786.9 emerged between CaMMV and the African cacao-infecting bad-
naviruses. The separation between CaMMV and the African
cacao-infecting badnaviruses took place in 1808.2, which corresponded
to the date of the African species diversification events. The first direct
descendant of the common ancestor dated from 1808.2 and was the
CSSGQV species (1942.3; Fig. 6). According to the molecular clock, in
1876.6, a new common ancestor was identified and gave rise to the
CSSGNV and CSSGMV species (whose closest ancestor appeared in
1922.4) and a new ancestor (1895.2, Fig. 6). From this last ancestor
(1895.2), the tree diverged and originated the CSSCEV species (most
recent ancestor 1948.8) and a new ancestor (1924.1, Fig. 6). From
1924.1, ancestors originated in 1940.8, which represented the shared
ancestor of CSSTAV (1970) and CSSCDV (1992.4) and the CSSTBV
species (1957). Thus, the ancestor of the cacao-infecting badnaviruses as
well as the ancestor of CaMMYV arose at the end of the 18th century. The
ancestors of CYVBV, CBSLV, CSSGQV, CSSGMV and CSSCEV were
located in the 19th century, while the ancestors of CSSTAV, CSSCDV and
CSSTBV were located in the 20th century (Fig. 6).

4. Discussion

4.1. Genetic diversity of cacao-infecting badnaviruses and its relationship
with geographic region and symptoms variability

Historically, studies of the genetic diversity of African cacao-
infecting badnaviruses suggested the existence of a possible relation-
ship between Geographic region and viral genomes and the lack of
correlation between Symptoms and genetic diversity [14,15,20,22,23];
however, these hypotheses were never rigorously tested. Thus, the an-
alyses presented here demonstrated with statistical significance the ex-
istence of a strong phylogenetic signal both for the Geographical region
and for the Symptoms described for each of the available genomes (A =
1, Fig. 1).
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Fig. 6. Timetree analysis based on complete genomes phylogeny of cacao-
infecting badnaviruses. The phylogeny was reconstructed using Maximum
Likelihood method. Model Substitution GTR + F + I + G4. The timetree was
inferred by applying the RelTime method, it was computed using 86 calibration
dates (Table 1). Branch lengths are expressed in divergence times. Sampling
times range from 1990 to 2019. CBSLV, Cacao bacilliform Sri Lanka virus;
CaMMV, Cacao mild mosaic virus; CYVBV, Cacao yellow vein banding virus;
CSSCDV, Cacao swollen shoot CD virus; CSSCEV, Cacao swollen shoot CE virus;
CSSGMV, Cacao swollen shoot Ghana M virus; CSSGNV, Cacao swollen shoot
Ghana N virus; CSSGQV, Cacao swollen shoot Ghana Q virus; CSSTAV, Cacao
swollen shoot Togo A virus; and CSSTBV, Cacao swollen shoot Togo B virus.

Commelina Yellow Mottle Virus (COYMV) was used as an outgroup.
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According to the data collected here (Table 1, Fig. 1), Ghana is the
country with the highest diversity of CSSD associated species (six spe-
cies, Supplementary material 10) and the highest diversity of symptoms,
which may be due to the diversity of species existing in that country.
However, the largest number of genetic sequences analyzed came from
Ivory Coast. In relation to the species of cacao-infecting badnavirus,
those that presented the greatest global distribution were CSSTBV and
CaMMV, thus evidencing the existence of species with greater
geographical expansion than others, however, this may be due not only
to human action, biological factors such as differences in the trans-
mission capacity of each species, population and vector specificity
among others [8,57,58], but also to the great imbalance that exists in the
number of sequences available per country, so it is possible that the real
diversity of countries where the number of sequenced genomes is really
low is being underestimated, so it is considered advisable to carry out
massive sequencing projects for the other species of cacao-infecting
badnavirus, in order to reduce possible biases due to the low availabil-
ity of sequenced genomes.

If it is considered that viral genomes may contain relevant infor-
mation that influences virulence and pathogenicity processes, it is
possible that there is a correlation between genetic diversity and these
characteristics [32,59]. However, one of the most common failures
when evaluating such correlations lies in the choice of the genetic
sequence to correlate, repeatedly resulting in spurious correlations [60].
In the case of CSSD associated viruses, it has been shown that the use of
complete genomes for correlation analysis generated considerably more
robust results [18] than the use of partial sequences, such as the first part
of ORF3, which led to good correlations only with the Geographic region
and a total absence of correlation with the Symptoms [15]. Our results
indicated that the phylogenetic arrangement of cacao-infecting badna-
viruses species was correlated with the symptoms they trigger, i.e.,
within the group of CSSD associated species, it was possible to recognize
and discriminate species that triggered more or less severe symptoms,
and such differences could have a genetic basis (Fig. 1). This result
corroborated previous data showing that although CSSV symptoms are
variable from one strain to another, they are hereditary and maintained
over time because plants generated from healthy cacao seeds infected
with inoculum from diseased plants showed the same symptoms as the
inoculum source plants [23].

Our data suggested three possible patterns linking genetic identity,
Geographic region and Symptoms, for CSSD associated species: (i) high
genetic identity accompanied by narrow geographic distribution and
uniform symptoms; (ii) high genetic identity accompanied by wide
geographic distribution and diverse symptoms; and (iii) low genetic
identity, wide geographic distribution and uniform symptoms (Fig. 1,
Supplementary material 8).

Pattern (i) coincides with the classical idea of the species, where a
high genetic identity is associated with restricted geographical areas and
uniform symptoms, and it even recalls processes of endemism, such as in
the case of the CSSGMV species [21]. A similar phenomenon was
observed in Human immunodeficiency virus (HIV), for which the lower
geographic expansion of certain viral groups was linked to their low
genetic variability [61]. On the other hand, the CSSGQV species also
framed in this pattern, probably due to its symptomatic peculiarity and
phylogenetic position (Fig. 1). It behaves similarly to a defective viral
genome or mutant genome, whose the completeness functionality
generally depends on the complementarity of the genomes of the group
[62]. Due to their nature, these viral particles are characterized by a low
geographical distribution and participation in coinfection processes
[63]. Both characteristics were observed in the CSSGQV species, and
recent research shows that this type of behavior occurs not only in RNA
viruses but also in DNA viruses [64].

Pattern (ii) was observed for CSSTBV and CSSTAV species, and it was
previously reported by Refs. [15,65]. In both cases, the detection of this
pattern has been considered an atypical and confusing phenomenon,
which has led to the base argument for rejecting the existence of a
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relationship between symptomatology and viral genetic diversity.
However, it is necessary to highlight the complexity and multiplicity of
factors involved in viral infections because this kind of pattern was
observed in species with a wide geographic distribution, which could
greatly modulate the observed symptoms [66,67]. In addition, the
presence of more or less virulent variants within the same viral species is
a widely accepted phenomenon; in the case of Maize Streak Virus (MSV),
various symptoms from mild to severe were reported associated with
variants that shared a genetic identity of 95% [68].

Finally, pattern (iii) is of special interest because it is mainly asso-
ciated with the CSSCEV species, the most lethal species associated to
CSSD described thus far. The CSSCEV species is associated with rapid
death syndrome in cacao trees, a worrying phenomenon in which the
lifespan of the plant from the onset of infection is shortened from 3 to 5
years to only 1 year [65]. Here, we suggest that the high degree of ge-
netic diversity observed in CSSCEV species could influence the severity
of symptoms due to the behavior of the viral populations as a quasis-
pecies [69]. Thus, the cloud of mutants that comprises a quasispecies
sometimes seems to behave as a whole, where the parts interact in
processes of complementarity and cooperation [70]. Indeed, compared
with the selection of individual adaptive mutations, the greater quasis-
pecies diversity per se is responsible for increasing pathogenicity and
virulence and generating more severe and even lethal symptoms. It is
believed that such a phenomenon is due precisely to the effect of
cooperative and complementarity interactions experienced by the
different variants within the quasispecies [62,71,72]. Moreover, in an-
imal RNA viruses, increased lethality has been shown in response to an
increase in the degree of genetic variability of the quasispecies [73]. In
addition, a wide geographic distribution, as observed for CSSCEV spe-
cies, has been associated with higher virulence levels in several patho-
gens, including MSV [68,74].

4.2. Evolution of the geographic region and symptoms of CSSD associated
species

In reconstructing a possible scenario of evolution of the geographical
distribution of cacao-infecting badnaviruses on the African continent, it
was encouraging to find that the history written in base pairs in the viral
genomes coincides quite well with the chronicle described for the
development of the epidemic. Therefore, the model with the best fit
(SYM_EB; Table 2) suggests that the beginning of the spread of this virus
occurred in Ghana or Nigeria, and it later moved to the Ivory Coast and
finally to Togo (Fig. 2A), which coincides with the historical records of
virus dispersal [7,12,13,75]. In addition to the above, the EB trans-
formation describes adaptive radiation processes, characterized by a
rapid initial diversification that slows down over time [42]. The initial
explosion has been associated in many cases with the use and coloni-
zation of new areas because the slowdown may be due to competition
processes and limitations in the colonization of new areas, among many
other factors [76]. In the particular case of the geographical distribution
of CSSD associated species in Africa, the deceleration process (a =
—7784), which can be interpreted as a decrease in the timescale of the
geographical spread of the viruses on the African continent, was
consistent with the various initiatives adopted in different countries to
stop the geographical expansion of the viruses (e.g., “cutting-off” cam-
paigns, adoption of phytosanitary controls and greater regulation in the
transit of plants) [28,77].

The reconstruction of ancestral states allowed us to corroborate the
hypothesis of the possible initial emergence of the CSSCEV species be-
tween Ghana and the Ivory Coast (Fig. 3) [18]. Furthermore, the
reconstruction presented here suggests that Togo and the Ivory Coast
were possible centers of emergence of CSSTBV, while the emergence of
CSSCDV may have exclusively occurred in the Ivory Coast, constituting a
new contribution in relation to the biogeographic history of CSSD
associated species (Fig. 3). For American cacao-infecting badnaviruses,
new contributions have been made, with Brazil identified as a possible
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ancestral region of CaMMV (Supplementary material 6), which is totally
new and of great interest in the reconstruction of the evolutionary his-
tory of cacao-infecting badnaviruses.

In relation to the study of the Symptom evolution, it is important to
mention that historically, phytopathological studies have primarily
focused on the evolution of pathogenicity, which determines the ability
of a pathogen to cause a disease in a particular host, and paid less
attention to the evolution of virulence, which is understood as the de-
gree of damage caused to the host [78]. In virus-plant interactions, it is
assumed that symptom expression is a proxy for virulence, which has
indeed been shown for several virus-plant interactions [79]. For this
reason, in the present study, we took the symptoms described for each
CSSD associated viral genome as an approximation of the virulence of
each genome. The ordered evolution model (Meristic_ EB, which pre-
sented the best fit; Table 2) suggested that CSSD associated viruses
would have evolved from less to more severe symptoms (Fig. 2B), which
is compatible with the historical records of the development of the
epidemic in Nigeria [21]. The ancestry analyses (Fig. 4) support this
approach, despite presenting difficulties in accurately predicting the
symptoms of the root ancestors, which may be due to the recent
evolutionary history of the viruses, as is also reported for the ancestral
reconstruction of epidemic locations of the virus dengue (DENV2),
where the power and specificity of the prediction of ancestral states
increased with the progression through the tree and moved away from
the root node [49].

Consequently, it appears that the symptoms (although variable)
triggered by the different CSSD associated isolates may have a genetic
basis (Fig. 1), which contradicts the ideas established in previous
research works [14,15,20,22]. Stem swelling is a symptom that deserves
to be analyzed in detail because it has historically been considered the
distinguishing symptom of the disease and has been used to differentiate
and delimit American from African cacao-infecting badnaviruses.
However, according to the Meristic EB model and ancestral recon-
struction (Supplementary material 5 and 7, respectively), this symptom
appeared and disappeared in the evolution of the symptoms considered
here, which is actually in agreement with the widely documented ob-
servations in several outbreaks in Ghana, Nigeria, Ivory Coast and Sri
Lanka [8,20,21,23,40,80-84]. All of these results suggested that the
expression of stem swelling is highly variable and that its absence did
not imply lower severity of the disease; indeed, a significant decrease in
canopy and production was recorded in cacao plants that did not show
stem or root swelling despite being infected by these viruses [82,85-89].
It should be emphasized that the evolutionary model proposed here is
relevant in that it provides a broader and more integrative view of the
history of this disease, however, as has been expressed by different re-
searchers, predicting the evolution of virulence is extremely complex
and requires numerous studies, because each pathogen, the host and the
circumstances of both are unique and defining in the evolutionary
process [90].

4.3. New insights into the origin of cacao-infecting badnavirus species

For decades, the absence of detailed information on cacao-infecting
badnavirus outside the African continent, together with the lack of
studies with new approaches, favored the controversy regarding the
origin of CSSV and allowed the establishment of one of the possible
hypotheses as true, however, and given the importance of the subject,
we consider it appropriate to perform here a detailed analysis of each of
the possible hypotheses raised so far.

Hypothesis 1. Africa as the center of origin of the virus

Although the first reported date of CSSV in Ghana is 1922, by that
time the disease was already so widespread and so severe that several
sources place the actual beginning of the epidemic several years earlier,
probably in 1907 [91]. However, it was not until 1940 that it was
demonstrated that the causal agent of the disease was a virus, promptly
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suggesting that the origin of the pathogen must be in Africa, because the
swollen shoot disease of cacao was first described in this continent and
until then was completely unknown in America, the original source of
cacao [92]. In view of this hypothesis, it was proposed that plants native
to the African continent would be the original source of the viral par-
ticles, so Chevalier (1946) [93] suggested the evaluation of the taxo-
nomically closest relatives of T. cacao and natives of Africa as possible
natural reservoirs of the infection, highlighting three candidate species:
Leptonychia urophylla (=L. pubescens Keay), Buettneria africana Mast (=
Byttneria catalpifolia Jacq.) and Scaphopetalum amoenum A. Chev. How-
ever, it would not be until the 1950s when the first investigations would
begin, highlighting the studies of Posnette et al. (1950), Todd (1951)
and Tinsley & Wharton (1958) [83,94,95], works that would lay the
foundations of the idea of an African origin of the CSSV. The main
findings of these investigations could be summarized as follows:

(i) Posnette et al. (1950) [83] identified 7 plants susceptible to CSSV,

highlighting among all of them three species Cola chlamydantha

K. Schum, belonging to the family Sterculiaceae, Ceiba pentandra

Gaertn. and Adansonia digitata Linn, belonging to the family

Bombacaceae. The above species showed the greatest suscepti-

bility to infection by infected mealybugs, however, and as the

authors mentioned, these species are more difficult to infect than
cacao and the rate of transmission of the virus from them to cacao
through mealybugs is considerably low, in many cases nonexis-
tent, noting that mealybugs do not seem to become infectious
easily when they feed on infected native plants, so they do not
effectively transmit the virus to cacao. In addition, the authors
suggest that A. digitata, despite being the most susceptible plant
and with the highest rate of virus transmission to cacao, is an
unlikely original source of the virus, as it is native to dry areas
unsuitable for cacao -cultivation, therefore, they propose

C. chlamydantha and C. pentandra as possible sources of origin of

the virus. Among the two, C. pentandra was the only plant located

in Nigeria susceptible to the virus, however, the finding of

C. chlamydantha plants near Wiawso in the Western Province of

Ghana with symptoms of infection and capable of transmitting

the virus to cacao beans, caused this plant to be chosen as the

most plausible option of original reservoir of the CSSV in Africa.

The year following the publication of the work of Posnette et al.

(1950) [83], C. chlamydantha was already referred to as the

original source and natural reservoir of CSSV, so the observations

of Todd (1951) [94], by expanding the record of infected speci-
mens in regions both near and further away from cacao planta-
tions in the aforementioned Wiawso region as well as in the
districts of Dunka, Enchi, Prestea, Axim, Sekondi and Cape Coast,
all belonging to the Western Province of Ghana, constituted only

a confirmation of the approach proposed by Posnette et al. (1950)

[83], from which it was suggested that CSSV viral infection in

C. chlamydantha constituted an endemism.

(iii) At the end of the decade, Tinsley & Wharton (1958) [95]
expanded the evaluation of possible hosts indigenous to Africa,
concentrating their research exclusively on plants of the families
Tiliaceae, Sterculiaceae and Bombacaceae, evaluating the sus-
ceptibility of twenty seven plant species to eight different strains
of the virus, which at that time constituted all known strains of
CSSV. Similar to studies (i) and (ii) Tinsley & Wharton (1958)
[95] identified that plants belonging to the Bombacaceae family
present higher susceptibility to the virus than plants of the Ster-
culiaceae family, in fact, while C. pentandra and A. digitata are
susceptible and were experimentally infected by seven and eight
CSSV variants, respectively; C. chlamydantha was susceptible to
only three of the eight virus variants evaluated. Likewise, the
authors reported that the plants proposed by Chevalier (1946)
[93] were not infected by any of the viral variants evaluated, so
they could not be a reservoir and original source of the virus.

(i)
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However, the proposal that C. chlamydantha was the original source
of the virus was strengthened until the basis of an African origin of CSSV
was established. This idea was maintained over time and since the
advent of new sequencing technologies, it was even raised the possibility
that each group of genetic diversity of the virus could have arisen
independently and spontaneously from different wild hosts in each of
the countries of West Africa [20]. This hypothesis, however, needs to be
tested because to date, and this is extremely relevant to consider, there is
no genetic evidence of CSSV diversity in any of the possible indigenous
hosts mentioned above. In fact, there is no available complete genome of
a cacao-infecting badnavirus from these indigenous hosts; only frag-
ments of viral genomes isolated from C. pentandra are in the data banks
[22].

Hypothesis 2. America as the center of origin of the virus

In the 1970s, new research would lead to a re-evaluation of the
geographical origin of CSSV. Indeed, by thoroughly evaluating the
available data on host range, symptoms and transmission by different
vectors of the eight varieties of CSSV described so far, Bald & Tinsley
(1970) [96] found important correlations between these variables,
which allowed them to conclude that despite what had been established
until then, C. chlamydantha was not the main and original host of CSSV,
since this plant was actually infected from cacao. Some of the main
evidences that support such a conclusion are the geographical distri-
bution of C. chlamydantha, the CSSV variants capable of infecting this
plant and the specificity of certain vectors, since when evaluating the
origin of the C. chlamydantha specimens reported by Posnette et al.
(1950) [83] and Todd (1951) [94], which in principle are the evidence
supporting the hypothesis of an African origin of the virus, it was
determined that they came from western Ghana and could be infected
with a small number of CSSV variants, which also generated mostly
severe symptoms [96]. In contrast, and as observed in Fig. 2B and 4, the
historical records indicate that the disease symptoms associated with the
first outbreak were mild and would have occurred at the opposite end of
Ghana, in the eastern region, where, in fact, cacao would have been
introduced and the first plantations established; which is why one of the
initial outbreaks, perhaps the first and largest, is the famous Mampong
outbreak, an outbreak at least 30 miles in diameter, which even included
some of the first cacao trees introduced into West Africa [97].

Furthermore, the CSSV variants associated with the Mampong
outbreak are totally incapable of infecting C. chlamydantha plants, and
while the variants capable of triggering infection in this plant generate
severe symptoms when evaluated in cacao seeds, the original Mampong
variants generate different symptoms, because even when they initially
appear severe, the symptoms diminish rapidly until the cacao plants
become totally asymptomatic, as a result of the above, Bald & Tinsley
(1970) [96] concluded that the absence of C. chlamydantha at the site of
origin of the disease, the impossibility of the oldest strains of CSSV to
infect this plant, as well as the specificity of the vector that transmits
them and the evolution of the symptoms, suggest that it is incorrect to
associate the origin of CSSV to C. chlamydantha; on the contrary, this
plant possibly acquired the disease from diseased cacao that probably
moved from eastern Ghana (where cultivation began) to the west, which
would also explain the evolution of the virus by increasing the severity
of symptoms and the number of vectors.

Similarly, Tinsley (1971) [98] highlights the absence of a consistent
association between infected indigenous hosts and the incidence of the
disease, suggesting that indigenous plants, such as C. chlamydantha,
would be of local importance, but could never be considered as original
hosts of the virus, since the evidence supporting the widespread view
that the swollen shoot virus is of West African origin is equivocal, as
quoted by the author: “Nevertheless, the evidence available to incrimi-
nate the wild vegetation of the West African forest as the original source
of the swollen shoot virus is not convincing. This raises the possibility of
another geographical origin for the swollen shoot virus [...] therefore, it
would be realistic to examine the possibility that this cacao virus has a

15

Physiological and Molecular Plant Pathology 130 (2024) 102242

New World origin.”

In fact, the molecular clock carried out in the present study (Fig. 6)
provided evidence for reevaluating established ideas and strengthened
the hypothesis that the emergence of cacao-infecting badnaviruses could
have occurred in America because the first diversification event that
groups the current species was dated to the 18th century, which was
long before the introduction of cacao in Africa (Fig. 7). Indeed, recent
analyses demonstrated the insertion of badnavirus sequences in most of
the cacao genotypes established by Motamayor et al. (2008) [99], and
this insertion was considered quite ancient and associated with the time
of diversification of cacao [100]. Consequently, if the center of origin
and diversification of cacao is located in South America in the upper
Amazon basin [1,2], the presence of badnaviruses capable of infecting
cacao in that region is also expected. In addition, new evidence could
support this hypothesis:

(i) The existence of a common ancestor between CYVBV and CBSLV
dated to 1808 (Fig. 6), which coincided with historical data
stating that cacao was introduced to Sri Lanka from America and
not from Africa. In 2014, Frasch [101] suggested that the first
cacao plants were introduced to Ceylon (former name of Sri
Lanka) through Dutch settlers before 1822. Other sources placed
the introduction of cacao in Sri Lanka in 1834, coming from
Venezuela, which is also the place of origin of cacao brought to
Trinidad in 1525 and one of the major centers of cacao cultivation
and dispersion in colonial times [5,102,103]. In any case, both
hypotheses support the existence of a common and ancestral
geographic point located in America, which could link the
emergence of both plants and viruses (Fig. 7) and explain the
notorious absence of kinship between CBSLV and the African
cacao-infecting badnaviruses, as evidenced in all the analyses
performed here (Figs. 1 and 5). In line with the aforementioned,
Ullah and Dunwell [104] while studying endogenous badnavirus
sequences in the genome of T. cacao, confirms the existence of a
potential phylogenetic link between CYVBV and CBSLV.

The American CaMMV species shared a common ancestor with
the CSSD African associated species, indicating that CaMMV was
genetically closer to African CSSV species than to CYVBV, despite
the localization of CYVBYV in Trinidad and Tobago (Figs. 1 and 6).
According to the reconstruction of ancestral states, Brazil (South
of Bahia State) would be the possible ancestral territory of the
current CaMMV sequences (Supplementary material 6) [105].
Cacao cultivation in Bahia State began in 1746, when a French
colonizer living in Pard (northern state of Brazil) sent some seeds
of the “Forastero” variety (Amelonado group) to a landowner
located in southern Bahia (Fig. 7) [106]. Young (1994) [103]
located the introduction of cacao in Bahia State four years later,
in 1750. Both dates were prior to the emergence of the shared
ancestry between CaMMV and African badnaviruses (1786.9,
Fig. 6), which is of utmost interest since southern Bahia State was
the origin of cacao plants (Amelonado type) introduced in Africa
in 1822 (Fig. 7) [6]. Therefore, it would seem that this common
ancestry between the American and African species could have
originated in America. The recent detection of CaMMV and
CYVBV sequences in cacao accessions found in South America,
the Caribbean and Southeast Asia supported our observations and
hypotheses (i) and (ii), however, the authors of this research
suggest the CaMMV as a possible spreader of the disease in Java
and Southeast Asia, while here, we showed that CYVBV is more
closely related to the only fully sequenced cacao-infecting bad-
navirus in Asia, CBSLV (Fig. 1), in the same manner, the perma-
nence of CYVBV and CaMMYV in asymptomatic cacao plants could
have favored their dispersal in various countries of America and
worldwide [107].

The most recent shared ancestor between CSSGQV (first species
of cacao-infecting badnavirus to appear in Africa; Fig. 3) and the

(i)

(iii)
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Condensed Timetree of cacao-infecting badnavirus
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Fig. 7. General scheme of cacao-infecting badnaviruses evolution through time associated with history of cacao dissemination.

other African species was dated to 1808 (Fig. 6), which was
before the introduction of cacao to the African islands of Saint
Thomas and Prince (1820-1822) and Fernando Po (1836-1854)
then, it is suggested that this ancestor could also have originated
in America (Fig. 7) [6,108-113].

The major diversification event of African species was dated to
1876.6 (Fig. 6), which coincided with the introduction of cacao to
mainland Africa from Fernando Po Island, first in Ghana
1868-1879 and later in Nigeria in 1874 (Fig. 7) [6,103]. The two
species derived from this initial ancestor (possibly the first Afri-
can) were CSSGNV from Ghana (more basal) and CSSGMV from
Nigeria (Fig. 1), thus coinciding with the predictions made by our
evolutionary model (Fig. 2A). Regarding the origin of African
cacao, both the historical records and its homogeneity - 95 % of
all cacao grown on the continent up to the 1940s was Amelonado
type - support the hypothesis of one or at most two introductions
from the same place [6,114]. Therefore, it is very likely that both
Gold Coast and Nigerian cacao came from a common source:
Fernando Poj; since the cacao introduced to this island came
entirely from Brazil, it is considered that the origin of African
cacao is in Brazil [6]. In agreement with the above, the presence
of CYVBV and CaMMYV in several asymptomatic cacao plants may
contribute to explain the entry of the virus into Africa from plants
coming from America, in fact, the finding in 2021 of plants
infected with CaMMV in plantations in Brazil, being that this
virus was even considered eradicated from Trinidad and Tobago
when it was detected on the island in 2017, it is an example of
how the virus can remain undetected in American ecosystems and
therefore give rise to the misconception that the disease did not
exist in America before its description in Africa [16,100,105].
Considering the phylogenetic relationships shown in Figs. 1 and
6, it seems unlikely that each of the CSSD associated species
originated in a different indigenous host, which would also imply
that in a short time in two distant geographical regions such as
Ghana and Nigeria (original foci of the disease in Africa,

(iv)

)

16

according to historical data and supported by the results pre-
sented in Fig. 2A and 3), two jump events from indigenous plants
to cacao would have to have occurred completely independently
and spontaneously and both viruses would have to be morpho-
logically and genetically similar, this juncture would also apply to
Sri Lanka (Asia) where the virus would also have to have arisen
spontaneously from an indigenous host and share the same
morphological, genetic and symptomatic characteristics of Afri-
can viruses in a completely coincidental way, since there is no
evidence of the introduction of cacao in Sri Lanka from Africa and
if from America, therefore, the original source of the virus in each
country would be different, resulting in an unparsimonious hy-
pothesis [98,115].

The apparent absence of the virus in the America could be due to
several factors. First, the high genetic diversity of cacao in its place of
origin could have functioned as a buffer against viral infections, and
there is ample evidence of how genetic diversity allows a greater degree
of adaptation and host response to infection [116-118]. Second, the
growing conditions and management in America were radically
different from those in Africa, greater genetic variability and lower
susceptible host density may have contributed to lower virus trans-
mission rates [74,119,120]. In addition, full sun cultivation imple-
mented in Africa is known to directly impact the severity of the induced
symptoms by CSSD associated viruses, as plants exposed to full sun and
infected by CSSD associated viruses exhibit stem swelling and other
severe symptoms of the disease, including increased mortality. Fifty
percent coverage, in contrast leads to disappearance of severe symptoms
and predominance of mild symptoms similar to those described in
America for CYVBV and CaMMYV, where cacao cultivation was mostly in
shade [16,121-123]. Third, it should be noted that there are no pub-
lished cacao badnavirus studies in Colombia, Venezuela, Dominican
Republic and Brazil, being that for these countries the presence of plants
with viral symptoms was previously reported [122-124]. The most
recent studies in this area are related to the identification of polerovirus



P.L. Gonzalez Grande and F. Micheli

in T. cacao germplasm from Costa Rica, although it is an RNA virus
[124].

It is equally necessary to emphasize the crucial role that vectors may
have played in the development of the disease in both Africa and
America, considering significant differences in the composition of
mealybug species in each region [57,125-127]. In Ghana, for example,
the dominant species associated with T. cacao is Formicococcus njalensis,
which is up to a hundred times more abundant than the second most
common species (Planococcus citri). Conversely, in America, Ferrisia
virgata, Pseudococcus comstocki, Pseudococcus brevipes, Pseudococcus citri,
Pseudococcus jackbeardsleyi, Pseudococcus viburni and Maconellicoccus
hirsutus are the most abundant [57,128-130]. The abundance and
richness of mealybugs per se, perhaps may not be a particularly crucial
differentiator in the adaptive radiation of cacao-infecting badnaviruses
in Africa, however, there are certain key details that when considered,
may indeed contribute to explaining the phenomenon experienced in
this region.

In fact, F. njalensis the dominant species in Africa, is considerably
more efficient in the acquisition and transmission of viral particles than
the other mealybug species evaluated in both regions. This behavior is
partially attributed to the possession of a larger stylet, enabling
F. njalensis to access both the stem phloem and leaf mesophyll. In
contrast, the smaller stylet of the American species F. virgata, for
example, can hardly reach the phloem and remains restricted to the leaf
mesophyll. This difference could be considered almost transcendental,
as the highest concentration of viral particles in T. cacao plants is pre-
cisely in the phloem, not the mesophyll. Therefore, the African species
F. njalensis is indeed capable of acquiring a greater number of viral
particles [131-133]. Additionally, it has been reported that, unlike other
mealybug species that exhibit a semi-persistent transmission mechanism
for cacao-infecting badnaviruses, F. njalensis appears to possess a
persistent transmission mechanism, this characteristic could further
enhance the transmission capacity of this vector [129,134].

While there appears to be a greater capacity for the acquisition and
transmission of viral particles by some of the dominant mealybug spe-
cies in African countries, the cultivation conditions in this region may
have also contributed to the expansion of vectors, thus contributing to
the severity of the epidemic. In fact, there is evidence that full-sun
cultivation of T. cacao can influence both the feeding habits of mealy-
bugs and the population dynamics of ants associated with them. This
cultivation practice also reduces protection against the wind, further
facilitating vector dispersion [135,136].

Therefore, differences at the vector level may contribute to
explaining the observed disparities in the evolution of cacao-infecting
badnaviruses between one continent and another, in addition to this,
other important factor that contributed to explaining the rapid diversi-
fication of cacao-infecting badnaviruses was based on their nature: The
Badnavirus genus is characterized as the most recently evolved and the
genus with the highest nucleotide substitution rates per site within the
family Caulimoviridae [137]. Indeed, according to the analyses carried
out here (see §3.7), the substitution rate for CSSD associated viruses is
2.7174x10~2 (substitutions/site/year). This substitution rate is similar
to that reported for Banana streak MY virus, a widely studied badnavirus,
which presents a whole genome substitution rate of 1.48x1072 (sub-
stitutions/site/year) [138]. Therefore, we consider that the value ob-
tained for CSSD associated viruses is comparable to the ranges described
for other viruses of the same genus, being these in turn comparable to
the values proposed for RNA viruses (107%107%) [90,139,140]. In fact,
there is evidence of dsDNA viruses with substitution rates of up to 107>,
as this type of virus is considered the most conservative and with lower
substitution rates, it is expected that plant pararetroviruses of similar
behavior to animal retroviruses present higher substitution rates than
dsDNA viruses [141,142].

These results, which were obtained with exhaustive and robust
temporality analyses (see §3.7) and the robust constructed phylogeny
(Supplementary material 9), allowed us to hypothesize that cacao-
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infecting badnaviruses originated in America, which would explain
both the presence of viral inserts in the different cacao genotypes [100,
104] as well as the phylogenetic (Figs. 1 and 6) and historical (Fig. 7)
relationships between CYVBV-CBSLV and CaMMV-African CSSD asso-
ciated species. Subsequently, the introduction of cacao in Africa along
with the cacao-infecting badnaviruses, either through asymptomatic
plants or with mild symptoms [107], would have constituted a true
bottleneck, where a small population of badnavirus would develop the
role of founders in the future.

5. Conclusions

Variability is possibly one of the main characteristics of cacao-
infecting badnaviruses. This group of pararetroviruses has a high mu-
tation rate, which could influence the different degrees of genetic di-
versity observed in the species that make up the group. Likewise, both
the Geographical region and the Symptoms associated with each species
showed a clear phylogenetic signal. Regarding the evolution of the
aforementioned characteristics, the fit analyses suggested that the
Geographical region of these viruses on the African continent evolved
according to a symmetrical model (SYM_EB), with Ghana proposed as
the center of virus dispersal, followed by Nigeria, Ivory Coast and Togo,
which coincided with historical records. The evolutionary model that
best fit the Symptoms described for each species was the ordered model
(Meristic_EB), suggesting a general evolution of symptoms from less to
more severe, starting with atypical symptoms (capable exclusively of
coinfection) and proceeding to severe symptoms. Finally, the molecular
clock provided new evidence in favour of an American origin of the
cacao-infecting badnaviruses and provided a broader vision of the
speciation process of these viruses in the African continent. All of these
factors contributed to clarifying the evolutionary history of the group,
thereby providing opportunities for future research.
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