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Diversity in the invasive cacao pathogen Moniliophthora roreri
is shaped by agriculture
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Email: maime@purdue.edu severely impacted the production of cocoa in Latin America since its discovery. Prior

Frosty pod rot disease of cacao (FPR), caused by the fungus Moniliophthora roreri, has

o . to the 1950s, FPR was known only from Colombia and Ecuador. However, beginning in
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cacao-producingregions of the Americas. The origin of the pathogen remains unknown.
In this study, we evaluated the genetic diversity of M. roreri from areas spanning, as
much as possible, its current geographical range using simple-sequence repeat mark-
ers and a publicly available single-nucleotide polymorphism data set. Two hotspots
of genetic diversity were found: coastal Ecuador and the inter-Andean Magdalena
Valley of Colombia, neither of which correspond to the Amazonian origin of the host.
However, both areas were early centres of intense cultivation of cacao. Our results
indicate that M. roreri was introduced into both areas from its centre of origin, where
intensive cacao cultivation probably led to the increase of inoculum and further dis-
semination of the disease. Current invasions can be traced to two genotypes respon-
sible for all known instances of the pathogen in Central America, the Caribbean, Peru

and Bolivia. We also report for the first time M. roreri in Maynas (Peruvian Amazon),

KEYWORDS

phytopathogens

1 | INTRODUCTION

Agriculture is a major force for the movement of plant species and
consequently of microorganisms associated with them, such as patho-
gens. The low genetic diversity background of cultivated species
tends to facilitate the spread of pathogens, causing a decline in the
productivity of agricultural settings in the invaded areas. Investigating
the history of the invasion routes of pathogens from their centres of
diversity can offer insights into invasive success and lead to strategies
to mitigate their impact (Stukenbrock & McDonald, 2008). Here, we
present the case of the tropical crop cacao (Theobroma cacao), the
raw material of chocolate, and the fungus Moniliophthora roreri, one
of its major pathogens in Latin America.

Cacao originated in the upper Amazonian region shared by Peru,
Ecuador, Colombia and Brazil (Osorio-Guarin et al., 2017; Thomas
et al., 2012). The earliest evidence for its use and domestication is
in the Mayo-Chinchipe basin in the Upper Amazon of Ecuador and
Peru (Olivera-Nunez, 2018; Zarrillo et al., 2018). In other words, the
centre of origin of the crop and the earliest known domestication
centre of cacao point to the same region in South America. By the
time early colonialists arrived in South America, cacao was being cul-
tivated outside its centre of origin by indigenous peoples in coastal
Ecuador and the Maracaibo basin of Venezuela, a region that neigh-
bours Colombia to the northwest (Diaz-Valderrama et al., 2020).
During the colonial period, the cacao crop underwent expansive
dissemination in response to the growing international demand for
chocolate, with coastal Ecuador and Venezuela as the most import-
ant global suppliers of cacao (Diaz-Valderrama et al., 2020).

Cacao cultivation is limited to the use of selected clone cultivars
that have a narrow genetic basis. Clonal propagation of cacao to re-
gions outside its centre of origin has decreased the genetic diversity

which is probably the result of a recent introduction from Colombia.

airborne fungi, Basidiomycota, dissemination of pathogens, Marasmiaceae, Moniliasis, tropical

of the crop, which has subsequently increased the vulnerability to
diseases and makes the development of fully disease-resistant cul-
tivars more challenging (Phillips-Mora et al., 2009). One of these,
frosty pod rot (FPR), is among the most important cacao diseases in
the Americas. It is caused by the basidiomycete M. roreri (Agaricales,
Marasmiaceae), one of the most threatening plant pathogens in the
world according to Thurston (1973). M. roreri is an unusual agaric
that lacks the capacity to reproduce sexually, relying on large pro-
duction of asexual spores (or conidia) for dissemination between
cacao fields (Diaz-Valderrama & Aime, 2016a, 2016b). The pathogen
infects only the fruits of Theobroma and related Herrania species.
Symptoms include malformations, especially in young fruits, necro-
sis and eventual mummification of fruits; internally, seeds become
rotten, watery and useless for chocolate manufacturing (Aime &
Phillips-Mora, 2005). External symptoms take 45-90days after in-
fection to develop, meaning that infected pods that appear symp-
tomless can be disseminated across large geographical distances by
humans (Phillips-Mora et al., 2007). The first documentation and
recorded outbreak of the disease occurred in Ecuador in 1895 and
the late 1910s, respectively, but reports of unnamed cacao diseases
with similar symptomology date to at least as early as 1817 in Norte
de Santander, the Colombian side of the Maracaibo basin (Diaz-
Valderrama et al., 2020).

Before the 1950s, the known geographical range of M. roreri re-
mained constrained to Colombia, Ecuador and western Venezuela
(Phillips-Mora & Wilkinson, 2007). Then, beginning in 1956 with the first
report in Panama, M. roreri disseminated to all cacao-producing coun-
tries in Central America (Phillips-Mora, Cawich, et al., 2006; Philllips-
Mora, Coutifio, et al., 2006; Phillips-Mora & Wilkinson, 2007), and by
2016, it had expanded eastward into Jamaica (Johnson et al., 2017).
The pathogen has also been spreading south, reaching northern Peru
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in 1988, southern Peru in 1998, Bolivia in 2012 and, more recently,
the western state of Acre in Brazil (Hernandez et al., 1990; Jiménez
et al., 2021; Phillips-Mora et al., 2015; Rios-Ruiz & Rodriguez, 1998).
Spread of FPR has completely altered global cacao cultivation in the
20th century. Before the outbreak of the disease in Ecuador in the
1910s, the country was a major producer in the world; currently, the
total cacao production from West Africa and Southeast Asia—areas
still free of FPR—constitutes nearly 85% of the world's production
(Diaz-Valderrama et al., 2020).

M. roreri was originally considered to be indigenous to Ecuador
(Phillips-Mora et al., 2007), although recent studies have found high
levels of genetic diversity for M. roreri in Colombia that challenge this
view (Ali et al., 2015; Jaimes et al., 2016; Phillips-Mora et al., 2007).
However, no study has included extensive sampling from either the
upper Amazon, where the crop originated and was first domesticated
(Zarrillo et al., 2018), or from coastal Ecuador, where the pathogen
was first documented in 1895 (Diaz-Valderrama et al., 2020)—data
necessary for a complete analysis of M. roreri origin and spread.
Regardless, most studies have found that M. roreri disseminated
throughout Central America after one or very few introductions of
the same or nearly identical genotypes from South America (Diaz-
Valderrama & Aime, 2016a; Phillips-Mora et al., 2007). A second
genotype seems responsible for disease in Peru (Diaz-Valderrama &
Aime, 2016a). The recent invasions of M. roreri into Jamaica in 2016
and Bolivia in 2012 (Johnson et al., 2017; Phillips-Mora et al., 2015)
raise the question of whether these represent further incursions of
the same invasive genotypes or represent the evolution of new in-
vasive genotypes.

In this study, we (a) developed a statistically robust set of simple-
sequence repeat (SSR) molecular markers for genotyping of M. roreri
isolates; (b) assembled a comprehensive sampling of M. roreri from
most of its known range, including new isolates from coastal Ecuador,
Amazonian Peru, Bolivia and Jamaica; (c) used population genetics to
determine the centre(s) of genetic diversity for this pathogen; and
(d) inferred a centre of origin for the pathogen based on the gen-
erated SSR data set, sequences of the internal transcribed spacer
rDNA regions 1 and 2 and the 5.8S subunit of the ribosomal repeat
(ITS) of samples collected, and a publicly available single-nucleotide

polymorphism (SNP) data set.

2 | MATERIALS AND METHODS
2.1 | Collection and isolation of M. roreri samples

A total of 228 samples of M. roreri were collected for this study
(Table S1). Isolations took place on the same day of collection. We
collected white stroma, if present, from the surface of infected
pods. Then, we dissected the pods and collected internal necrotic
tissue from pulp and beans with sterile forceps. We placed the white
stroma and internal tissue in Eppendorf tubes containing 600l
of Nuclei Lysis Solution from the Wizard Genomic Purification Kit
(Promega) for DNA extraction without the need to perform pure

) w1 e |

culture isolation (Figure 1). We also performed isolations in pure cul-
ture for a subset of samples. This included surface sterilization of
pods in 2.5% sodium hypochlorite solution for 3 min and a rinse in
sterile water for 2 min. Pods were dissected, and necrotic internal
tissue was placed on potato dextrose agar (PDA) plates. Subculturing
was performed until pure cultures were obtained. Samples used in
this study came from 207 M. roreri-infected pods from 185 trees
(Table S1). Two different samples may have come from the same pod,
but sampled material always came from different locations within
the pod depending on the type of material collected, that is, internal
necrotic tissue, white stroma, or pure culture isolation (Table S1); if
same-pod samples were from the same type of material, these were
taken from different places, for example, seed versus pulp necrotic
tissue.

The collections took place in Ecuador, Colombia, Peru, Bolivia,
Costa Rica and Jamaica from 2015 to 2017 (Figure 2). We estimated
the minimum samples to collect based on the number of cacao
farmers in each country (Table S1). Sixteen isolates were from the
inter-Andean upper and middle Magdalena valley, Colombia; 46 from
Ecuador (Guayas basin, coastal region), 42 of which were collected
in a single growing season from an 850-acre cacao farm; 14 from
Maynas in the Peruvian Upper Amazon; and 126 across the main
cacao-cultivating regions of Peru from north to south (34 samples
from Piura, in the western side of the Andes, next to the Pacific
coast; and 92 from cacao-producing regions in the eastern side, in
the Upper Amazon). Additionally, two isolates from the first reports
of M. roreri in Mexico and Belize (Phillips-Mora, Cawich, et al., 2006;
Phillips-Mora, Coutifo, et al., 2006) were included in the analysis.
Samples from Jamaica and Bolivia (three and nine samples, respec-
tively) came from the same areas where the first report of M. roreri
in these countries occurred (Johnson et al., 2017; Phillips-Mora
et al., 2015). Most samples were isolated from T. cacao, but some
were from other Theobroma species: eight from cultivated T. gran-
diflorum from Ecuador and one from wild T. bicolor from Maynas,
Peru (Table S1). Samples from T. cacao came from the three main
cacao groups Trinitario, Criollo and Forastero, from Peruvian native
varieties and hybrid cultivars (Table S1). Five isolates, including
one from Panama, analysed in a previous study (Diaz-Valderrama &

Aime, 2016a), were also included in this analysis.

2.2 | Molecular characterization of M. roreri
samples

Sixteen SSR markers were used to characterize M. roreri samples
(Table S2). Eleven SSR loci selected had been previously used (Diaz-
Valderrama & Aime, 2016a). Additional SSR loci were detected and
primers flanking the SSR sequences were designed with the pro-
gram QDD v. 3.1.2b (Meglécz et al., 2014) by screening the genome
of M. roreri MCA2952 (Diaz-Valderrama & Aime, 2016a). The SSR
marker selection criteria included number of motif repeats, the
scaffold size where loci were located and position in the scaffold,
to ensure loci were as evenly distributed throughout the M. roreri
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FIGURE 1 Direct collection method for Moniliophthora roreri. (a) Identification of malformation on cacao pods, an early symptom of frosty
pod rot disease (FPR). (b) Mummified cacao pods (symptom) with white stroma (sign) in an advanced stage of the disease. (c) Symptoms
(brown spots) and signs (white mycelium) of FPR on Theobroma bicolor-infected pod. (d) Symptoms (mummification) and signs (white stroma)
of FPR on Theobroma grandiflorum-infected pod. (e) Use of Eppendorf tube containing nuclei lysis solution (see Materials and Methods) to
collect the white stroma on surface of infected pod. (f) Dissection of pod. (g) Collection of necrotic tissue to be placed in a Eppendorf tube
with nuclei lysis solution. Scale bars = 5 cm. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Geographical origin of
samples collected for this study. The
numbers of samples collected in each
region are in parentheses.

genome as possible. The genotyping of samples was performed via
capillary electrophoresis with a modified M13-tailed primer method
as previously described (Diaz-Valderrama & Aime, 2016a). To ensure
reproducability, PCRs on all the markers for a subset of five sam-
ples in each region were performed three times. In some instances,

reactions generated null alleles. Null alleles in SSR genotyping are
frequent and might have an effect on genetic diversity estimations.
In these cases, PCRs were replicated three times with positive con-
trols to verify the legitimacy of the null allele. To ensure specificity,
all 16 SSR markers were tested against one isolate of Moniliophthora
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perniciosa, another major pathogen of cacao and a sister species of
M. roreri (Aime & Phillips-Mora, 2005), from Maynas. Thirteen mark-
ers failed to amplify; only Mr_SSR1, Mr_SSR_38 and Mr_SSR40
were able to cross-amplify M. perniciosa, but none of these produced
shared alleles between M. perniciosa and M. roreri. The SSR alleles
were scored with Geneious v. 10.0.5. Most of the downstream analy-
ses, unless specified, were done in Rv. 3.6.2 via RStudio v. 1.2.1335.
Population genetics analyses were performed with R package poppr
(Kamvar et al., 2014).

A data set generated from 88 single-nucleotide polymor-
phisms (SNPs) on 172 M. roreri samples from a previous study (Ali
et al., 2015) was also analysed to compare with results from our SSR
markers. This data set contains 86 samples from Costa Rica, 66 from
Colombia, 11 from Ecuador, 6 from Bolivia, 2 from Peru and 1 from
Venezuela. The same population genetics analysis pipeline that fol-
lows was applied to the SNP data set by replacing nucleotides with
numbers (A=1;C=2;G=3; T =4; adeletion=5).

2.21 | Clone correction and resolution of markers

The resolving power of our markers was evaluated with a genotype
accumulation curve analysis, which shows the discriminating ca-
pacity of the markers between samples and inspects whether the
number of genotypes found increases by adding an extra marker
(Arnaud-Haond et al., 2007). These curves were generated by ran-
domly sampling 1000 times from 1 up to n-1 loci (n = number of
markers used; 16 for SSRs and 88 for SNPs). Then, the number of
observed genotypes was counted, and results were box-plotted.
Additionally, the sampling was examined with rarefaction curves
built with VEGAN R package (Dixon, 2003).

Clone correction is the process of retaining just one copy of each
multilocus genotype (MLG) in each location for analysis. However, it
is possible that nearly identical MLGs, that is, MLGs that differ in one
or very few alleles, may be part of the same multilocus lineage (MLL)
and that those allelic differences are due to mutations during mito-
sis or even scoring errors, and not to sexual recombination events.
Because M. roreri is a clonally reproducing fungus (Diaz-Valderrama
& Aime, 201643, 2016b), the identification of MLLs was based on the
procedure established for population genetics analyses in clonal or-
ganisms (Arnaud-Haond et al., 2007). First, we examined the spec-
trum of genetic diversity by plotting the frequency distribution of
the genetic distances among MLGs (Rozenfeld et al., 2007); for this
Nei genetic distances were calculated (Kamvar et al., 2014). If at the
low distance extreme of the spectrum of genetic diversity there is a
small peak, that is, the spectrum of genetic diversity has a bimodal
rather than a unimodal distribution (Arnaud-Haond et al., 2007), it is
possible that MLGs having genetic distances at that threshold (the
small distance peak) or lower could belong to the same MLL. The
bimodality of the spectrum was statistically corroborated using the
Hartigan's dip test in the R package diptest; a p value less than 0.05
indicates the dip value (D) of the spectrum statistically differs from
zero, that is, the spectrum of genetic diversity is at least bimodal

i o NUTMIRL

(Hartigan, 1985). Once the low distance peak threshold was iden-
tified, we performed a Nei-distance UPGMA dendrogram with
bootstrap support (1000 bootstraps). Then, we carefully evaluated
whether every MLG in a cluster formed at a distance equal or lower
to that threshold belonged to the same MLL. To accomplish this, we
identified and temporarily removed the loci with allelic differences
among MLGs in each cluster. The probability that the now identi-
cal MLGs arose from hypothetical independent sexual reproductive
events (p..,) was calculated without the different allele loci; a p,,
value less than 0.01 meant that nearly identical MLGs were prob-
ably derived from the same hypothetical sexual event; that is, they
were part of the same MLL (Arnaud-Haond et al., 2007). The allele
variants identified for samples in each MLL were then adjusted by
replacing them with the most common allele in the MLL. This re-
sulted in each MLL having a representative genotype that was used

in further analyses.

2.2.2 | Genetic structure and spatial analysis

The genetic structure of M. roreri samples was analysed with the
LEA package (Frichot & Francois, 2015). LEA implements a non-
negative matrix factorization algorithm to estimate admixture coef-
ficients like other population genetics Bayesian clustering programs
(Pritchard et al., 2000). LEA does not rely on Hardy-Weinberg equi-
librium or linkage disequilibrium assumptions; therefore, it is suit-
able for asexual organisms like M. roreri. Estimation of the optimal
number of hypothetical ancestral populations (K) was performed
using the cross-entropy criterion (Frichot & Francois, 2015). The
cross-entropy values were estimated for K values between 1 and 10,
with 50 independent runs for each K with an algorithm regulariza-
tion parameter of 100. The run with the lowest cross-entropy value
was selected for further analysis and visualization in STRUCTURE
PLOT v. 2.0 (Ramasamy et al., 2014). Spatial analysis of the popula-
tion admixture proportions of samples at the geographical scale was
performed using mapplots package (https://CRAN.R-project.org/
package=mapplots).

2.2.3 | Genetic diversity and potential of
recombination

Several diversity indices were performed over the SSR and SNP data
sets. Clonal richness (R) (Arnaud-Haond et al., 2007) was estimated
and the genetic variation in isolates in each region was quantified in
terms of gene and genotypic diversity. For the former, the Nei diversity
index, while for the latter, the Shannon-Wiener (H), Simpson () and
Stoddart and Taylor (G) indices (Kamvar et al., 2014) were calculated.
The distribution of the gene and genotypic diversity among regions
was calculated with the evenness index (E;), which provides a ratio
between abundant over rare genotypes (Griinwald et al., 2003). The
genetic differences among regions were evaluated with the pairwise
genetic diversity statistics (Gg;) analyses computed with the mmod
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package (Winter, 2012). Similarly, the diversity and evenness indices
of individual SSR/SNP loci were calculated to determine the most in-
formative ones. Additionally, the potential of sexual recombination in
the samples based on the SSR data set was tested via the standardized
index of association (IAS) with 10,000 random permutations and using
the parametric bootstrap shuffling method implemented in poppr
(Kamvar et al., 2014). All values were calculated with both the entire

(without clone correction) and the clone-corrected data set.

2.2.4 | Association analyses

Association analyses were performed via a principal component anal-
ysis (PCA) with the entire data set using the ade4 package (Dray &
Dufour, 2007), and a Nei-distance UPGMA tree with 1000 bootstraps
with the clone-corrected data set. Additionally, a minimum spanning
network analysis was performed with poppr (Kamvar et al., 2014), to
examine the relationships and genetic distances among genotypes
and to ultimately infer centres of diversity/origin. This was accom-
plished using a discrete dissimilarity matrix reflecting the number of
differing alleles or SNPs. The location in the network of the geno-
types from countries recently invaded and from countries where
the disease was originally described, as well as from other species of
cacao, was examined. The geographical areas of genotypes located in
the centre of the network corresponds to the centre of origin of M.

roreri as shown in other pathogens (Couch et al., 2005).

2.3 | ITS sequence analysis

In order to identify the most ancestral genotype, and because SSR
markers were not specific to M. perniciosa, we used ITS sequences of
our M. roreri isolates and publicly available sequences of M. perniciosa
(Table S3) to conduct a minimum spanning network analysis as detailed
above. The ITS sequences generated in this study were obtained via
PCR and Sanger sequencing as previously described (Aime & Phillips-
Mora, 2005). Sequences were edited with Sequencher v. 5.0 (Gene
Codes Corp.). The alignment was performed with MUSCLE on MEGA
X (https://www.megasoftware.net/). The ITS data set was trans-

formed in a similar way to the SNP data set for the network analysis.

3 | RESULTS
3.1 | SSRdataset

3.1.1 | Clone correction and identification of
MLGs and MLLs

Fifty-seven MLGs were initially identified across the 228 M. roreri iso-
lates in this study (Table S4). The spectrum of genetic diversity with
Nei genetic distances of samples was examined with unique MLGs
(clone-corrected data set) and found to have a bimodal distribution

(D = 0.076; p<2.2 e-6) with a small peak in the beginning of the
spectrum, setting up the threshold value for MLL identification at
0.13 (Figure S1a). Therefore, MLGs that clustered together at a 0.13
Nei distance or lower were evaluated to see whether they belonged
to the same MLL via p_,. Five MLLs were identified (p.,, <0.01;
Figure S1b) and their differing alleles were adjusted (Table S4). The
final SSR data set used in all downstream analyses contained a total
of 50 MLGs including the representative genotype for each of the
five identified MLLs (Figure S1b). Hereinafter we refer to MLGs and
MLLs as genotypes to facilitate reading. One genotype from Central
America was found in Ecuador (MLG_5) and the genotype found
in Bolivia was repeatedly observed within the Peruvian samples
(MLL_5). All 14 samples from Maynas province corresponded to a
unique genotype not seen in any other region, MLG_17 (Table S5).
Samples from non-cacao hosts T. grandiflorum and T. bicolor had the
same genotypes as samples from T. cacao, except for samples JD_
E13 and JD_E25, both from T. grandiflorum, with unique genotypes
(Table S5). Thirty-six samples came from 16 pods, and we found that
samples from three pods had different genotypes. In other words,
we found two clones infecting a single pod in 3 out of 16 possible

instances.

3.1.2 | SSR markers

The highest levels of polymorphism at the individual SSR-locus level
were found in Ecuador and Colombia (Table Sé). The average number
of alleles (Na) per locus found in these countries was 2.88 and 2.75,
respectively, while in Peru and Central America Na was 1.38 and
1.25, respectively; in Maynas province and Bolivia only one allele
per locus was found (Table Sé). Overall, the most polymorphic locus
was Mr_SSR1 with nine alleles, followed by Mr_SSR27 with eight
and Mr_SSR18 and Mr_SSR33 both with seven (Table Sé). The loci
with the highest Nei gene diversity and with the most evenly distrib-
uted alleles among samples were Mr_SSR1, Mr_SSR4 and Mr_SSR27
(Na> 5; Nei> 0.74, E;>0.70). In Colombia, locus Mr_SSR25 was the
most informative as it had the highest gene diversity, and their al-
leles were among the most evenly distributed (Nei = 0.81; E; = 0.93).
Also, the diversity of Mr_SSR23 and Mr_SSR25 loci in Colombia se-
verely declined in all other regions (Table Sé). In Ecuador, the most
informative loci were Mr_SSR1, Mr_SSR4 and Mr_SSR33 based on
Nei gene diversity and E; indices. Regarding null alleles, 21 samples
had at least one null allele: 19 from Ecuador, 1 from Colombia and 1
from Peru. Marker Mr_SSR4 generated the highest number of null al-
leles in the samples analysed (seven samples), followed by Mr_SSR33
and Mr_SSR28 with six and five, respectively (Table S4). On average,
only 2.3 (1%) samples had null alleles at each locus.

The genotype accumulation curve showed that the 16 SSR mark-
ers can discriminate almost all genotypes encountered in the data
set and that the addition of extra markers would not increase the
number of encountered genotypes (Figure S2a), that is, the number
of markers is sufficient to discriminate all available genotypes. The
rarefaction curves showed that the incorporation of more samples
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from Central America, Peru, Bolivia and Maynas into the analysis
would probably not contribute with new M. roreri genotypes, that
is, our sampling strategy was adequate for capturing most predicted
variability in these regions (Figure S2b). Conversely, rarefaction
curves show that the diversity in Colombia and Ecuador remained
undersampled as the curves had not reached a plateau, especially in
Ecuador (Figure S2b).

3.1.3 | Genetic structure, diversity, relationship of
samples and spatial correlation

The genetic structure among M. roreri genotypes performed in
LEA identified that samples derived from six hypothetical ancestral
populations (K = 6; Figure S3a). The region with samples deriving
from the highest number of ancestral populations was Ecuador with
K =4, followed by samples from Colombia with K = 3 (Figure 3). In all
the other regions (Central America, Maynas province, mainland Peru
and Bolivia), M. roreri samples derived from only one ancestral popu-

lation (Figure 3). The ancestral population deriving the genotypes of

Admixture Coefficient

Central Ecuador
America

Colombia | Maynas

T wiLey L

the Central American samples was also found in Ecuador, occupy-
ing 4.4% of the population admixture in this country; the ancestral
population deriving the genotype of the Maynas samples was found
in Colombia, occupying 44.3% of the population admixture; and the
ancestral population deriving the genotypes in Peru and Bolivia was
found in both Ecuador and Colombia, occupying 2.1% and 10.5% of
the population admixture, respectively (Figure 3b).

The pairwise G¢; values computed between samples from each
region showed a high degree of genetic difference (G4, 2 0.2) in re-
gion pairs other than Peru and Bolivia, which were almost genetically
identical (Table 1). When looking at the regions with a longer history
of M. roreri, that is, Colombia and Ecuador, Colombia was genetically
more similar to regions recently invaded (GST = 0.20-0.44) than
Ecuador (Gg; = 0.44-0.62; Table 1).

Clonal richness and evenness were more informative in the data
set without clone correction (Table 2). In Colombia and Ecuador,
more than half of the samples had unique genotypes (R values:
0.53 and 0.62, respectively; Table 2). Also, the genotypes found in
Colombia and Ecuador were more evenly distributed compared to

other regions (E; values: 0.91 and 0.81, respectively; Table 2). Gene

Peru Bolivia

(b)
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?‘2\53 -

Ecuador

Ecuador
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46.1% \
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10.5%
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' Bolivia

S
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FIGURE 3 Population genetic structure of Moniliophthora roreri based on the simple-sequence repeat (SSR) data analysed in LEA. (a) Plot
generated using K = 6 as the optimal number of hypothetical ancestral populations, which have their own colour in the plot. Each M. roreri
sample is represented by a single vertical line coloured according to its coefficient for each ancestral population (Table S4). (b) Population
admixture proportions of M. roreri in the regions sampled; the dashed line encompasses the Amazonian area shared by Ecuador, Peru and
Colombia that remains unexplored in terms of M. roreri genetic diversity but is near the probable centre of origin for the pathogen. [Colour
figure can be viewed at wileyonlinelibrary.com]
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Data set Region Ecuador Peru Maynas
Non-clone Peru 0.56
corrected Maynas 0.71 0.98
Bolivia 0.57 -0.01 1.00
Central America 0.52 0.89 0.93
Colombia 0.28 0.39 0.33
Clone- Peru 0.44
corrected  Maynas 0.62 0.80
Bolivia 0.45 -0.07 1.00
Central America 0.46 0.73 0.86
Colombia 0.27 0.32 0.20

TABLE 1 Genetic differentiation

. Centr.al between regions sampled based on
Bolivia America L . . .

pairwise genetic diversity statistics (GST)
comparisons with the simple-sequence
repeat (SSR)-marker data set

0.91

0.39 0.49

0.81

0.27 0.44

TABLE 2 Genetic diversity of Moniliophthora roreri based on analyses of the simple-sequence repeat (SSR)-marker data set

Diversity index

Data set Region N MLG R Nei
Non-clone- Central America 17 5 0.25
corrected  c51ombia 16 9 0.53
Maynas 14 1 0.00
Ecuador 46 29 0.62
Peru 126 7 0.05
Bolivia 9 1 0.00
All 228 50 0.22
Clone- Central America 5 5 1.00
corrected  co1ombia 9 9 1.00
Maynas 1 1 0.00
Ecuador 29 29 1.00
Peru 7 7 1.00
Bolivia 1 1 0.00
All 52 50 0.96

H A G E; 1,° P

007 128  0.65 2.86 072 0.127 NA
053 210  0.87 753 091 0.121  0.0001
0.00 000 0.0 1.00  NaN NaN NA
031 319 0.95 1996 081 0.114  0.0001
001 044 017 120 0.36 0.021 NA
0.00 000 0.0 1.00  NaN NaN NA
037 230 070 328 025 0.379  0.0001
013  1.61 0.80 500 1.00 0.014 NA
059 220  0.89 9.00  1.00 0.041 0.023
NaN 000  0.00 1.00  NaN NA NA
036 337 097 2900 1.00 0.092  0.0001
014 195 0.86 700  1.00 -0.097 NA
NaN 000 0.0 1.00  NaN NA NA
0.54 390 098 4830 098 0.184  0.0001

N, number of samples; MLG, number of multilocus genotypes or multilocus lineages; R, clonal richness; Nei, Nei gene diversity; H, Shannon-Wiener
index; A, Simpson index; G, Stoddart and Taylor index; E;, evenness index; IAS, standardized index of association; NA, not available; NaN, not a defined

number.

?Probability value of IASA

and genotypic diversity were more informative in the data set with
clone correction. Colombia and Ecuador were the most genetically
diverse regions (Nei values: 0.59 and 0.36; H values: 2.20 and 3.37,
respectively; Table 2). No evidence of sexual recombination was
found in any region as the IAS was always significantly greater than
zero (p<0.05), or in the case of Peru, the uneven and low allelic
(gene) diversity prevented the bootstrapping method to calculate a
p value for IAS (Table 2).

The PCA plot depicting two of the highest variance-explaining
principal components (60.5%) showed some Ecuadorian genotypes
had closer affinities to some Colombian ones (Figure 4a), while the
bootstrapped dendrogram clearly separated Ecuador and Colombia
samples (Figure 4b). However, both association analyses (PCA and
bootstrapped dendrogram) consistently grouped together M. roreri
samples from Central America and Ecuador; Colombia and Maynas

province; and Peru and Bolivia (Figure 4). Additionally, the network
analysis showed the relationship and the geographic pattern of dis-
semination of M. roreri genotypes (Figure 5a). Ecuadorian genotypes
are located in the centre of the network, from which the Central
American, Peruvian and Bolivian genotypes were derived (Figure 5a).
The network analysis also showed that the Maynas province geno-
type probably came from Colombia (Figure 5a). Genotypes from sam-
ples from other Theobroma species were interconnected to genotypes
from T. cacao and did not form host-specific lineages (Figure 5a).

3.2 | ITS sequence analysis

Because we were unable to amplify any other species of
Moniliophthora with our complete set of SSR markers, determining
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FIGURE 4 Association analysis of
Moniliophthora roreri samples based on the
16-simple-sequence repeat (SSR) locus
data. (a) Principal component analysis
(PCA) plot depicting the first two principal
components accounting for 60.5% of the
variation. Each dot represents a sample;
inertia ellipses enclose 95% confidence
clouds for each region/country; lines
connect each sample to the centre of its
ellipse. All samples from Bolivia share the
same multilocus genotype (MLG) with
samples from Peru, and two samples

from Ecuador share the same MLG with
samples from Central America, so the dots
overlap. (b) UPGMA tree based on Nei
genetic distance with 1000 bootstraps;
bootstrap values greater than 50% are
shown on branches; only one sample
representing each MLG or multilocus
lineage (MLL) is shown in the tree and is
marked with a coloured dot based on the
legend in (a). [Colour figure can be viewed
at wileyonlinelibrary.com]

the most ancestral M. roreri genotype with these markers was not
possible. Therefore, we analysed the ITS sequences of our M. roreri
isolates and of other isolates of M. perniciosa (Figure 5b, Table S3).
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The M. roreri clones that are more similar to the ancestor of modern
M. roreri isolates (based on ITS sequence) were compared to the SSR
network (Figure 5a). Isolates JD_E1,JD_HC28, JD_HC41 from Guayas
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FIGURE 5 Minimum spanning network of Moniliophthora roreri isolates. Nodes (circles) represent multilocus genotypes/lineages (MLGs/
MLLs); node size, the number of samples; colours, regions; and connecting line widths and shading, relatedness based on number of different
alleles (simple-sequence repeat [SSR] data) or single-nucleotide polymorphisms (SNPs) (internal transcribed spacer [ITS] data); the widths are
scaled proportionally to the inverse of the observed genetic distance, that is, the thicker the line, the more related the connected nodes are;
line lengths are arbitrary. (a) Network built with the entire SSR data set of M. roreri. Coloured arrowheads indicate nodes containing at least
one MLG from a host other than Theobroma cacao (Table S5); the black arrowhead indicates the MLG from Jamaica. (b) Network built with
the ITS sequences including M. perniciosa (Table S3). The black star(s) indicate the isolate(s) at the base of the ITS network that share(s) the
most similarity with the sister taxa. [Colour figure can be viewed at wileyonlinelibrary.com]

(in coastal region of Ecuador) and JD_Y27, JD_Y30 from Yacopi (in
the inter-Andean middle Magdalena Valley of Colombia) shared the
earliest ITS genotype and were present in two of the three main line-
ages (Figure 5), implicating an unsampled area between Yacopi and

Guayas as the most likely centre of origin of M. roreri.

3.3 | SNPdataset

To compensate for limited sampling from Colombia, we used an
available SNP data set containing 66 isolates from throughout
cacao-producing areas of Colombia (Ali et al., 2015). This data
set was clone-corrected in the same manner as the SSR data set
(Table S4 and Figure Slc,d). The SNP spectrum of genetic diver-
sity had a bimodal distribution (D = 0.017; p = 8.27e-4) and the
threshold value for MLL identification was 0.0365, with 11 MLLs
being identified (p,,, < 0.01; Figure Sic). The final SNP data set
used in further analyses contained 33 MLGs/MLLs (Figure S1d).
Only one MLL was found in Costa Rica, which was present in both
Colombia and Ecuador. Also, only one MLL was found in Peru/
Bolivia, which was only present in Ecuador but not in Colombia
(Figure S1d). Just as in the clone correction with the SSR data set,
hereinafter we will refer to MLGs and MLLs identified in the SNP
data set as genotypes.

The genetic structure analysis on the SNP data set performed in
LEA identified that samples derive from 10 hypothetical ancestral pop-
ulations (K = 10; Figure S3b). The region with samples deriving from
the highest number of ancestral populations was Colombia followed
by samples from Ecuador with K = 4 (Figure S3). In the other regions
covered by the SNP data set (Costa Rica, Peru and Bolivia), M. roreri
samples derived from only one ancestral population (Figure S3c).

Within the non-clone-corrected SNP data set, the highest num-
ber of unique genotypes belonged to Colombia and Ecuador (R
values: 0.47 and 0.30 and E; values: 0.76 and 0.66, respectively;
Figure S4a). Because there was only one genotype found in both
Peru/Bolivia and Costa Rica, they have zero values for R (Figure S4a).
Additionally, Colombia and Ecuador had similar values of Nei gene
diversity (0.36 and 0.35, respectively), while Colombia had higher
genotypic diversity than Ecuador (results with clone correction;
Figure S4a). Finally, the haplotype network based on the SNP data
set put Ecuadorian genotypes embedded within the network con-
formed by the Colombian genotypes in the centre (Figure S4b).

4 | DISCUSSION

The population genetics analyses of plant pathogens invading new
geographical regions may be used to reveal their invasion routes and
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TABLE 3 Comparison of the genetic diversity of Moniliophthora roreri from the literature

Diversity index

Study Marker type ::.rlc():rs Region N g R H H/In (g)
Gutarra et al. (2013) RAPD 14 Peru 21 3 0.10 0.39 0.35
Phillips-Mora AFLP/ISSR 4 AFLP, 7 Colombia 18 15 0.82 0.20 0.07
etal. (2007)* and ITS ISSR, 11 in Echodon 36 1 0.29 0415 0.06
tota! Venezuela 4 3 0.67 NA NA
Peru 1 0.00 0.00 NaN
Central America 37 5 0.11 0.01 0.00
Mariduefa-Zavala ITS-RFLP 4 Ecuador 90 50 0.55 0.21 0.05
et al. (2016)
Grisales Ortega and RAPD 49 Colombia 170 6 0.03 0.32 0.18
Kafuri (2007)
Moreira (2006) SSR 7 Ecuador 25 6 0.21 0.12 0.07
Peru 25 9 0.33 0.38 0.17
Jaimes et al. (2016) SSR 23 Colombia 120 117 0.97 4.75 1.00
Ali et al. (2015)° SNP 88 Colombia®“ 67 32 0.47 3.47 1.00
Ecuador 11 4 0.30 1.49 1.07
This study SSR 16 Colombia 16 10 0.60 2.30 1.00
Ecuador 46 39 0.84 3.37 0.92
Central America 17 5 0.25 1.61 1.00
Peru/Bolivia 135 8 0.05 1.95 0.94

Note: N, number of samples used; g, number of genotypes and in the case of RAPD studies, number of groups detected; R, clonal richness, calculated
in this study; H, Shannon-Wiener index; scaling, H/In (g) as suggested to compare genetic diversity studies with varying number of samples
(Grunwald et al., 2003, 2017); NA, not available in the referred study. NaN, not a defined number.

2Diversity indices calculated by Phillips-Mora et al. (2007) did not include ITS.

PDiversity indices for data by Ali et al. (2015) were calculated in the present study. H should be calculated based on clone-corrected data sets, but

only Jaimes et al. (2016) and this study provide such a calculation.
“One sample out of the 67 in this study is from Venezuela.

allow inference of their centres of origin and diversity (Stukenbrock
& McDonald, 2008). The invasive history of the cacao pathogen
M. roreri started about 60years ago; since then, the pathogen has
increased its range throughout the Americas via clonal reproduc-
tion (Diaz-Valderrama & Aime, 2016a, 2016b). Currently, global
cacao production is under threat from M. roreri (Diaz-Valderrama
et al., 2020). However, its centre of origin and the factors that trig-
gered the invasive stage of the fungus remain unknown. In this study
we developed a robust set of SSR markers to explore these unre-
solved questions via population genetics analyses.

We performed extensive sampling in areas not previously sam-
pled orincompletely sampled for M. roreri. These included Amazonian
Peru (126 samples total)—the region with the highest Shannon diver-
sity index for the host, cacao (Thomas et al., 2012)—Bolivia, Jamaica
and southern Peru. We also included samples from two regions sus-
pected to harbour high levels of genetic diversity for M. roreri—the
coastal region of Ecuador, one of the two centres of pre-Colombian
domestication of cacao (Diaz-Valderrama et al., 2020) and the
Magdalena Valley of Colombia. Our analyses show that our sampling
was sufficient for most regions except for Colombia and Ecuador,
where additional genotypes are likely. Our findings in Ecuador are

even more striking given that 42 of the 46 Ecuadorian samples an-
alysed came from a single farm in the coastal province of Guayas.
Several studies have investigated genetic diversity of M. roreri
with varying interpretations (Table 3). Most of these have con-
cluded that Ecuador or Colombia are the regions with the highest
diversity in terms of clonal richness and Shannon-Wiener index
(Table 3). Only one study found higher genetic diversity in Peru than
in Ecuador (Moreira, 2006), but this is probably due to an artefact of
the nature of the seven SSR markers employed, which were designed
for analyses on M. perniciosa and as a result three of them were not
polymorphic in M. roreri (Moreira, 2006). Detailed examination of
the methods used in previous studies on genetic diversity of M.
roreri revealed some issues (Table 3). Except for Jaimes et al. (2016),
those studies did not provide results with clone-corrected data sets.
Thus, in the current study, we performed genetic diversity analyses
with and without clone correction of the generated SSR data set, as
suggested for clonal organisms (Arnaud-Haond et al., 2007; Kamvar
et al., 2014). One study based on SNP markers concluded that the
Magdalena Valley of Colombia is the centre of genetic diversity of M.
roreri (Ali et al., 2015). However, it did not provide any diversity index
measurement other than the number of genotypes found across the
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regions they sampled. Here, we reanalysed the same SNP data set
and compared results with the 16-SSR data set. We found nearly
the same gene diversity in Colombia and Ecuador in the SNP data
set, and the genotypic diversity found with the SSR data set, as op-
posed to the SNP data set, was higher in Ecuador than in Colombia.
These results are inconsistent with an exclusive origin of M. roreri in
the Magdalena Valley of Colombia. Additionally, several other lines
of evidence support this: the SSR genotypes found in Ecuador are
different from the genotypes found in Colombia; there is a high ge-
netic differentiation between Ecuador and Colombia revealed by a
pairwise G¢; comparison; and the ancestral admixture proportions
between these two regions highly differ. This scenario would not be
possible if Colombia were the sole centre of diversity.

Our results on the genetic diversity indices and genetic struc-
ture indicate that M. roreri has diversified in two regions: coastal
Ecuador and the inter-Andean upper and middle Magdalena Valley
of Colombia, neither of which correspond to the centre of origin
for the host (Thomas et al., 2012). However, agricultural systems
can be major drivers for the emergence of plant pathogens in re-
gions outside of the centre of origin of the host (Stukenbrock &
McDonald, 2008). These two hotspots of diversification in M. roreri
may reflect historic patterns of intense cultivation of this crop,
rather than the origin of the pathogen. The coast of Ecuador and the
Maracaibo basin (Venezuela and Colombia) have a long history of
cultivation of cacao dating to pre-Colombian times. Coastal Ecuador
continued to be a centre of cultivation during the colonial period
(Diaz-Valderrama et al., 2020). The middle Magdalena Valley is south
of Norte de Santander in Colombia, located in the Maracaibo basin,
and the region where a disease corresponding to the symptoms
of M. roreri was first observed about 200years ago (Phillips-Mora
et al., 2007).

The genetic diversity of M. roreri in the Amazonian region shared
by Ecuador, Peru and Colombia has not been analysed. If the centre
of origin of M. roreri coincided with the centre of origin of cacao, we
would expect high levels of diversity within this Amazonian region
and that association analyses would interconnect the independent
diversification events that occurred in coastal Ecuador and inter-
Andean Colombia. The network built with M. roreri ITS sequences
supports this hypothesis as, irrespective of their SSR genotype, sam-
ples from Ecuador, Colombia, Maynas, Peru and Bolivia share the ITS
genotype located in the origin of the M. roreri network (Figure 5b).
From the point of origin, M. roreri appears to have migrated into
at least two regions of intense cultivation where it underwent ex-
tensive diversification, coastal Ecuador and the Maracaibo basin.
Subsequently, at least three separate introductions of M. roreri have
occurred from these diversification centres in a severe founder ef-
fect fashion, in which genetic diversity drastically decreased. The
first moved from Ecuador or Colombia (the Central American SNP
data set-genotype was found in both Ecuador and Colombia) into
Panama in 1958 and then spread northward, reaching Mexico and
Belize in 2005 (Phillips-Mora, Cawich, et al., 2006; Phillips-Mora,
Coutifio, et al., 2006) and then into the Caribbean, reaching Jamaica
in 2016 (Johnson et al., 2017) (Figure 5a). A second invasive M. roreri

lineage is responsible for the relatively newer invasion that has
moved from Ecaudor or Colombia southward into northern Peru
in 1988 (Hernandez et al., 1990), to southern Peru in 1998 (Rios-
Ruiz & Rodriguez, 1998) and recently invaded Bolivia (Phillips-Mora
etal., 2015). A third lineage in Maynas province appears to represent
a more recent invasion.

An alternative hypothesis may suggest that M. roreri had already
diversified in coastal Ecuador and inter-Andean Colombia before the
introduction and expansion of cacao cultivation. After these events,
new confrontations between the extant and introduced genotypes
of the pathogen may have originated the high diversity observed
in this study. However, the centre of diversity of Theobroma and
Herrania, the only known hosts of M. roreri, in the upper Amazon of
Peru, Ecuador and Colombia (Gonzalez-Orozco et al., 2020; Thomas
et al., 2012), and the lack of sexual recombination in M. roreri, con-
flicts with its diversification in non-Amazonian areas.

Only a single genotype was recovered in Maynas province,
this having closest genetic affinities to the Colombian samples.
Therefore, it is likely that M. roreri was introduced to this region from
Colombia. The Maynas province is a geographically isolated area em-
bedded in the Peruvian Amazon forest and the capital city, Iquitos,
can only be reached via river or by air. The Loreto department, to
which Maynas province belongs, is a minor cacao-producing region
in Peru yet the one with the highest growth rate in terms of cacao
cultivated area in recent years (MINAGRI, 2018). In 1995, there
were only 236 ha of cacao but by 2016 this had increased to 7053 ha
(Evans et al., 1998; MINAGRI, 2018). This agricultural expansion may
explain the clonal dissemination of the Maynas genotype into the
province. Although the date of this introduction could not be deter-
mined, it is unlikely that it predates the first official introduction in
Peru in 1988 (Hernandez et al., 1990), as the genotypes in mainland
Peru have had enough time during its expansion to undergo some
diversification (mutations), and the Maynas lineage does not appear
to have done so as yet.

The genotypes found in M. roreri samples from T. grandiflorum
were also found in commercial cultivars of T. cacao. The outer perim-
eter of this farm was planted with T. grandiflorum trees whose fruits
would get infected by M. roreri. Similarly, the genotype from T. bicolor
from Maynas province was the same as that found in T. cacao trees
throughout the province. These genotypes from hosts other than T.
cacao were not genetically related, meaning there is no signal of host
specificity. Conversely, it speaks of its host range of the pathogen
beyond T. cacao (Phillips-Mora & Wilkinson, 2007), and its capacity
to persist in cacao plantations by means of infecting an alternative
host, which serves as a reservoir of primary inoculum for the next
cacao fructification and production season.

Although a centre of origin for M. roreri could not be defini-
tively established, there is indirect evidence that M. roreri origi-
nated within the upper Amazonian area that today extends through
parts of modern-day Colombia, Peru and Ecuador. From this re-
gion, it migrated, probably in association with its host plant, to at
least two areas of intense cultivation—in coastal Ecuador and in the
inter-Andean valleys of Colombia—where genetic diversity of the
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pathogen was increased and intensified. From these genetic pools,
at least two genotypes have arisen that were well adapted to be-
come invasive—a lineage that spread northward throughout Central
America, and a lineage that has more recently been spreading south-
ward. The Maynas province of Peru may harbour a third invasive
genotype that has most recently emerged and was introduced from
Colombia.
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