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Abstract: Cacao production is a rapidly expanding industry in Puerto Rico, with new farmers
planting ~20,000 trees in the past few years. To determine the etiology and extent of diseases affecting
cacao in Puerto Rico, a survey was performed at eight sites around the island. Pod rot and/or
branch dieback were observed at all sites. Most organisms isolated from symptomatic pod and stem
samples were identified as Diaporthe spp. (48%) and Lasiodiplodia spp. (25%) based on sequences of
the internal transcribed spacer and large subunit regions. Within these genera, Diaporthe tulliensis
and Lasiodiplodia theobromae were the most prevalent species and were used in inoculation studies
to determine their relative virulence on pods and stems. Phytophthora palmivora served as a positive
control due to its well-established pathogenicity in all tissues. On pods, L. theobromae and P. palmivora
caused significantly larger lesions (6.1 and 5.9 cm, respectively) than D. tulliensis (2.7 cm) four days
post-inoculation. All three species caused disease on stems, with no differences found among species.
Although P. palmivora was thought to be the primary pathogen affecting cacao in Puerto Rico, this
study identifies L. theobromae and D. tulliensis as the common pathogens on the island. This improved
understanding will help scientists and farmers control disease by selecting fungicides effective against
both oomycetes and fungi.
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1. Introduction

The tropical tree, Theobroma cacao, is grown commercially for its seeds, which are used
as the main ingredient in the global multibillion-dollar chocolate industry [1]. T. cacao
originated in the Amazon rainforest, but the majority is now being produced outside its
native range, with African farmers growing over 73% of the global crop [2]. The Americas
account for only 17% of global production, but 80% of fine-flavor cacao beans are grown
here [3]. Fine-flavor cacao beans have more desirable sensory and flavor profiles than bulk
cacao beans, and they have a higher market price [4,5]. Ecuador exports 56% of global
fine-flavor beans, followed by the Dominican Republic (19%) and Peru (12%) [5].

Oomycetes, fungi, and/or viruses cause diseases in all production areas, resulting
in losses of up to 40% of the global harvest [6]. Some diseases, like black pod rot, caused
by oomycetes in the Phytophthora genus, are present in all production areas worldwide,
while others are geographically limited such as vascular streak dieback in Asia and cacao
swollen shoot virus disease in Africa [7]. In the Americas, frosty pod rot (caused by Monil-
iophthora roreri) and witches” broom (caused by Moniliophthora perniciosa) are responsible
for significant yield losses. The distribution of these fungi within the Americas is currently
limited, but they can be easily introduced with the movement of infected plant material or
windblown spores [8-10].

Local cacao cultivation in Puerto Rico began in 1636, but adverse weather and a disease
of unknown etiology prevented further development of the crop [11,12]. The United States
Department of Agriculture (USDA) conducted cacao research in Puerto Rico throughout the
1900s. Promising clones were evaluated in a multisite trial, and nine were recommended to
local farmers for planting [13]. In 2000, a large increase in commercial production occurred
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following an initiative to develop a cacao industry on the island. The industry on the island
has rapidly expanded, with tens of thousands of trees being planted in the past years [14].

Despite the recent success of Puerto Rico’s cacao industry, few studies have been
conducted to determine the diseases present on the island. All commercial farmers on the
island are growing this crop for the first time, and due to the previous failure of the industry
in the 1800s from unknown diseases, it is important to know what pathogens are present
in the area. Until recently, black pod rot, caused by Phytophthora palmivora, was thought
to be the primary disease affecting cacao on the island, and more information is needed
on other pathogens that are present [15]. Several high-consequence pathogens, such as
M. perniciosa, M. roreri, and Ceratocystis cacaofunesta are present in the Americas, including
nearby Jamaica (M. roreri), St. Lucia (M. perniciosa), and Trinidad (Ceratocystis cacaofunesta
and M. perniciosa) [16-18]. Symptomatology can be highly variable, making it important
for identification to be made based on genetic sequences from isolated organisms. The
objective of this study was to identify pathogens affecting Theobroma cacao in Puerto Rico
by sampling at eight sites throughout the island, including five commercial farms, two
research sites, and one forested area with naturalized cacao trees.

2. Results
2.1. Disease Prevalence and Pathogen Isolation

Dieback, stem canker, and pods with necrotic lesions were observed on cacao trees
at nearly all survey sites (Figure 1). The exception was the forested area with naturalized
cacao trees, where no pods were present. Three of the sites had low to no shade. At these
sites, severe dieback was observed on over 40% of trees. Most sites had relatively low
incidences of pod rot with less than 10% of the trees having affected pods, except for
the USDA germplasm collection, which had diseased pods on approximately 25% of the
trees. Thirty-two pods and 45 stems/branches were sampled and processed for pathogen
isolation. Fungal-like organisms were obtained from 24 out of 32 pods and 41 out of
45 stems sampled. Most of the pods yielded a single organism compared with only half of
the stem samples.

(b) (c)

Figure 1. Diseases affecting cacao trees observed during this study. (a) Severe branch dieback on a
tree growing in full sun; (b) bleeding canker with red stem tissue underneath bark; and (c) a pod
with necrotic lesion.

Severe tree decline at multiple sites was accompanied by termite infestations. Many
infested trees had lost over 50% of their stem tissue and branches, with little canopy
remaining (Figure 2a,b). On other trees, termite colonies were visible through cracks in the
bark at the stem base (Figure 2c). Arboreal termite nests and mud tubes were observed in
several trees (Figure 2d-f).
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Figure 2. Termite damage on cacao trees in Puerto Rico: (a,b) living trees with visible termite galleries
showing reduced stem volume and canopy; (c) termite colony visible through a crack at the stem
base; (d,e) arboreal termite nests; and (f) termite mud tube on a tree branch.

A small number of trees with virus symptoms were observed during this study and
found to be infected with cacao mild mosaic virus (CaMMYV), as described in Puig et al. [19].

2.2. Molecular Identification

The most frequently isolated organisms were identified as Diaporthe spp. (47.9%) and
Lasiodiplodia spp. (25.4%) based on genetic sequences. A subset of samples yielded Fusarium
(11%), Nigrospora (11%), Colletotrichum (9%), and Phytophthora palmivora (7%); however, the
first two were only found in stem samples (Table 1). Phytophthora palmivora, Auricularia
sp., Annulohypoxylon stygium, Cophinforma atrovirens, Curvularia sp., Exoserohilum rostratum,
Daldinia eschscholtzii, Nectriaceae sp., Xylaria sp., and Neofusicoccum sp. were obtained from
diseased stem samples only once each. Cophinforma atrovirens was also obtained from a
single diseased pod sample.

Table 1. Genera recovered from diseased cacao material and the percentage of samples from which
they were recovered. Genus determinations were made based on the best matches obtained with
sequences of the Internal Transcribed Spacer (ITS) and Large Subunit (LSU) regions.

Diaporthe Lasiodiplodia  Colletotrichum  Phytophthora Fusarium Nigrospora
Pod (1 = 26) 57.7% (15) 23.1% (6) 7.7% (2) 15.4% (4) 0 0
Stem (1 = 45) 42.2% (19) 26.7% (12) 8.9% (4) 2.2% (1) 17.8% (8) 17.8% (8)

Within the Lasiodiplodia genus, L. theobromae was the predominant species recovered in
this study, comprising 83.3% of all isolates. In addition, three isolates of L. pseudotheobromae
and one of an undefined species were also recovered. Sequences from regions of the
Internal Transcribed Spacer (ITS) and Large Subunit (LSU) of the latter, PR33, shared 100%
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identity with multiple species such as L. parva (MZ182360, JQ659278, etc.) and L. citricola
(MN540684, MH183370, etc.).

Five of the thirty-four isolates of Diaporthe were identified as D. pseudomangiferae based
on 100% identity with numerous entries in GenBank (MG576129), including one from
Puerto Rico (KF616500). A single isolate was identified as Diaporthe fraxini-angustifoliae
based on 100% identity with isolates from Panama (MF495396) and the USA (KU593528).
Eight isolates were not identified to the species level, with most matching sequences having
only genus-level identifications. Sequences from two representative isolates of these were
deposited in GenBank as Diaporthe sp. 1 and Diaporthe sp. 2 (Tables 2 and S1).

Table 2. Sequences of representative isolates of Lasiodiplodia spp. and Diaporthe spp. obtained in this
study and deposited in the GenBank public database.

Species Isolate ITS LSU
Lasiodiplodia theobromae PR24 OR717218 OR717152
Lasiodiplodia pseudotheobromae PR46 OR717219 OR717153
Lasiodiplodia sp. PR33 OR717220 OR717154
Diaporthe tulliensis PR14 OR717221 OR717155
Diaporthe pseudomangiferae PR42B OR717222 OR717156
Diporthe sp. 1 J1B OR717223 OR717157
Diporthe sp. 2 PR32 OR717224 OR717158

2.3. Pathogenicity

Inoculation studies were performed with the predominant pathogens found, with
P. palmivora serving as the positive control and uncolonized plugs of 1/2 PDA as the negative
control. All pods inoculated with P. palmivora, L. theobromae, and D. tulliensis began devel-
oping firm black lesions within two to four days. Symptoms could not be distinguished
based on the pathogen species used (Figure 3). However, L. theobromae and P. palmivora
caused significantly larger lesions (6.1 and 5.9 cm, respectively) than D. tulliensis (2.7 cm)
four days post-inoculation (p < 0.0011 and p < 0.0046) (Figure 4A).

(b)

Figure 3. Necrotic lesions produced on cacao pods four days post-inoculation with (a) Phytophthora
palmivora; (b) Lasiodiplodia theobromae; (c) Diaporthe tulliensis. Despite size differences, all three
pathogens induced lesions of similar color and shape.
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Figure 4. Average lesion diameter on pods (A) and stems (B) following inoculation with Phytoph-
thora palmivora, Lasiodiplodia theobromae, Diaporthe tulliensis, and /2 PDA. The positive and negative
controls are P. palmivora and 1/2 PDA, respectively. Species with the same letters above them are not
significantly different (p < 0.05), and bars represent standard errors.

All three species also caused disease on stems, with lesions ranging from 4.2 cm
(£0.7) to 5.0 cm (£2.1). However, no differences in lesion sizes were found on stems
following inoculation with the three species. The only significant differences found during
stem inoculations were between the negative control and the three pathogens (p < 0.0278)
(Figure 4B).

3. Discussion

This study represents the first island-wide study to determine the diseases affecting
farmers in Puerto Rico’s emergent cacao industry. Several high-consequence pathogens,
such as Moniliophthora perniciosa, M. roreri, and Ceratocystis cacaofunesta are present on nearby
islands and could be accidentally introduced with the movement of infected material or
hurricanes. Fortunately, none of these were detected on the island. Their absence gives the
Puerto Rico cacao industry an advantage over other locations.

Diaporthe tulliensis and Lasiodiplodia theobromae were the most common pathogens
found in this study, causing disease on both stems and pods. Diaporthe species were
previously recently reported as pathogens on cacao pods [20,21], but their virulence relative
to other pathogens was not known. This study shows that, on pods, D. tulliensis produces
slightly smaller lesions than L. theobromae and P. palmivora. However, this is offset by their
overall prevalence, with D. tulliensis present in 50% of diseased pods in this study. On
stems, L. theobromae and D. tulliensis were shown to be of similar virulence as P. palmivora,
which has been reported to kill over 10% of cacao trees annually [22,23]. L. theobromae is
known to cause disease on both pods and stems of T. cacao, with substantial yield losses
and tree death reported [24].

The Diaporthe genus includes species of Diaporthe as well as Phomopsis, which is its
sexual state [25]. They are among of the most frequently encountered endophytes of cacao
and other plants but are also common pathogens of plants and occasionally humans [26-31].
Villavicencio et al. [30] tested the pathogenicity of numerous cacao endophytes, and five out
of nine Diaporthe spp. isolates were found to be pathogenic on fruit or leaves. Pathogenicity
on woody tissue was not tested. This study is the first report of D. tulliensis as a stem
pathogen on T. cacao.

A search of ‘cacao’” and ‘diaporthe” in GenBank shows 103 deposited sequences from
several species associated with the crop (NCBI, http://www.ncbi.nlm.nih.gov (accessed
on 27 October 2023)). Most of these belong to D. tulliensis (67%) followed by Diaporthe sp.
(17%) and then D. pseudomangiferae (9%). D. tulliensis is associated with diseased cacao
in Malaysia (ON932315.1), Puerto Rico (OL412432), and Australia (NG_059130) [21,32].
Sequences of cacao-associated D. phaseolorum are available from Venezuela (KU377473) and
Brazil (AY745987), D. helianthi from Brazil (AY746005), and D. inconspicua from Panama
(MF495476). Sequences of Diaporthe sp. isolates with only genus-level identifications are
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available from cacao in China (KX999189) and soil from cacao production areas in Colombia
(MN602872).

Despite only being recovered from two pods in this study, several species of Col-
letotrichum are known to cause disease in cacao fruits. Colletotrichum siamense and C. tropicale
were recently reported as causing pod disease in Puerto Rico [33] and C. gloeosporioides in
Cameroon, where its prevalence ranged between 18 and 39% [34]. However, in addition
to being scarce, in this study, Colletotrichum spp. co-occurred in pods with D. tulliensis in
both instances.

There is a substantial overlap between genera of pathogens and endophytes found
in cacao. For example, Lasiodiplodia, Diaporthe, and Colletotrichum are among the most
prevalent endophytes found in cacao tissue [31]. It is believed that these organisms may
become pathogenic under certain conditions [35]. More information is needed on the
effect of environmental conditions or abiotic stress on the ability of these organisms to
cause disease.

Although the number of sites included in this study was sufficient to provide a general
prevalence of disease and pathogen species, surveys are needed at different parts of the
year to confirm these results. This study was conducted during the rainy season, which
is expected to have favored the development of Phytopthora spp. diseases. Despite this,
the overall prevalence of P. palmivora on pods was low. It is possible that this pathogen is
relatively rare during the dry season. Additional studies are needed to confirm this.

The severity of termite damage observed in this study warrants additional research
on this pest in Puerto Rico. Although historically, it was believed that trees attacked by
termites were dying prior to the attack [36], numerous studies have shown that healthy
living trees are also vulnerable to attack [37-39]. Several species of Coptotermes are known
to target living trees [40], including C. gestroi, which is present in Puerto Rico [41]. Termites
are a major constraint to cacao production in Africa, where their negative impacts on yield
and tree survival have been extensively documented [42-45].

Neofusicoccum parvum was found to be a common cause of pod rot on cacao in
Hawaii [46,47], but was not detected during this study. This may be due to the warmer
climate of Puerto Rico compared with Hawaii, as N. parvum has a lower temperature opti-
mum and range than L. theobromae, which was frequently detected in this study [47]. The
related Neofusicoccum mangiferae was detected in a single sample. This tree was growing
at the highest elevation production area on the island, which experienced substantially
lower temperatures.

The role of fungi detected in only one or two samples is not clear. Some of these, such
as Annulohypoxylon stygium (Xylariales, Ascomycota) are known wood decomposers [48],
and are unlikely to have contributed to disease. Xylaria sp. are endophytic fungi of several
plant species including cacao [31], as well as wood decomposers strongly associated with
termites [49]. Nearly 70% of nests in South Africa contained this fungus, which is believed
to be a termite symbiont [50]. Members of the Curvularia, Cophinforma, and Nigrospora
genera have been reported as members of the microbial community of cocoa beans during
the fermentation process [51]. However, C. atrovirens has been reported to cause dieback
and canker on numerous woody plants such as cashew [52] and was recently found to be
associated with dieback of T. cacao in Venezuela [53]. If these organisms are obtained from
additional diseased material in the future, pathogenicity studies should be conducted to
assess the relative risk they pose.

4. Materials and Methods
4.1. Pathogen Isolation

To determine what diseases are present on the island, eight sites were visited in August
2019: a USDA T. cacao germplasm collection in Mayaguez, a USDA field trial at Corozal
Agricultural Experiment Station, a forested area with naturalized cacao trees, and five
commercial farms (at high and low elevation). Diseased pods and stems were sampled and
processed for pathogen isolation, and non-disease issues present at each site were recorded.
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Samples of diseased pods were taken by excising 3 x 15 x 3 mm? pieces from lesion
margins containing healthy and symptomatic tissue. They were surface disinfested by
immersing in 70% ethanol for 20 s, air dried on autoclaved paper towels, and plated on
1/2 strength potato dextrose agar (PDA) (Sigma Chemical Co., St. Louis, MO, USA; 195 g
PDA, 7.5 g agar, and 1 L distilled water).

Diseased stem samples were taken from the expanding edge of cankers and contained
both healthy and symptomatic tissue. Due to the presence of numerous saprophytes and
endophytes in the vascular tissue of T. cacao trees, stem samples underwent an additional
step to improve the likelihood of recovering pathogens. Instead of plating tissue directly on
media as described above, they were inserted into openings made in healthy 4-month-old
cacao pods, placed in zip lock bags, and incubated at room temperature (28 + 3 °C) as
described in Puig et al. [47] (Figure 5a). After three days, tissue was sampled from the
margins of newly emerging lesions, surface disinfested, and plated on /2 PDA media
(Figure 5b) as described above.

Figure 5. (a) Pathogens were isolated from diseased stems by surface-sterilizing and inserting tissue
into a healthy cacao pod. (b) Newly emerging lesions were surface-disinfested and plated on /2 PDA.

After three to five days, emerging hyphae were subcultured onto new 1/2 PDA plates
to obtain pure cultures, and then incubated at room temperature for one week prior to
DNA extraction. Mycelia were harvested by scraping the surfaces of colonized plates and
DNA was extracted using the Qiagen DNeasy Plant Mini Kit following the manufacturer’s
protocol (Qiagen, Valencia, CA, USA).

4.2. Molecular Identification

Organisms were identified based on sequences from Internal Transcribed Spacer (ITS)
and Large subunit (LSU) using primers ITS5 (5" GGA AGT AAA AGT CGT AAC AAGG3)
and ITS4 (5’ TCC TCC GCT TAT TGA TAT GC 3’) for the ITS region [54] and primers LR5
(5" ATC CTG AGG GAA ACT TC 3’) and LROR (5" GTA CCC GCT GAA CTT AAG C 3') for
the LSU gene [55] (Table 3). Gene regions were amplified in 25 pL PCR reaction consisting
of 1 uL of DNA template, 12.5 pL 2 x Immomix Red (Bioline, Taunton, MA, USA), 1 uL
each of 10 um forward and reverse primer, and sterile nuclease-free water to 25 uL.
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Table 3. Primers used for the identification of fungal genera obtained in this study.

Locus Primer Name Primer Sequence (5'-3) Reference
LSU LR5 ATCCTGAGGGAAACTTC [55]
LROR GTACCCGCTGAACTTAAGC
ITS ITS5 GGA AGT AAA AGT CGT AACAAGG [54]
ITS4 TCC TCC GCT TAT TGA TAT GC

For ITS, amplification was achieved using the following thermocycler conditions:
95 °C for 10 min; then, 30 cycles of 95 °C for 30 s, 57 °C for 30 s, and 72 °C for 45 s followed
by a final primer extension step of 72 °C for 5 min. LSU regions were amplified using the
following touchdown program: 95 °C for 12 min and then 34 cycles of 95 °C for 70 s, 59 °C
for 60 s (decreasing by 0.1 °C/cycle), and 72 °C for 80 s followed by a final primer extension
step of 72 °C for 15 min. A Bio-Rad C1000 Touch thermal cycler (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) was used to run all PCRs. Amplified products were visualized on 1%
(w/v) agarose gels containing 8 pL of Biotium GelRed (Biotium, Fremont, CA, USA).

PCR-amplified fragments were purified using the Qiagen PCR Purification Kit (Qiagen,
Hilden, Germany) and then bi-directionally Sanger sequenced by Eurofins Genomics
(Louisville, KY, USA). Forward and reverse sequences were aligned and edited using
Geneious 11.1.2 (Biomatters Ltd., Auckland, New Zealand) and then analyzed in BLASTn
to determine identity. Sequences from representative isolates recovered in this study were
deposited in GenBank, and their accession numbers are listed in Table 2. Isolates matching
sequences from multiple species at 100% identity, are identified by genus name only. Also,
isolates only matching sequences with genus-level identifications are classified in the same
manner. Prevalence of each organism was calculated as the number of samples it was
isolated from dived by the total number of samples taken during this study. This was then
converted to percentage by multiplying by 100.

4.3. Pathogenicity

The most prevalent species, D. tulliensis and L. theobromae, were used in inoculation
studies to determine their relative virulence on pods and stems. Two isolates of each were
tested alongside Phytophthora palmivora (isolate H33 from cacao in Hawaii [56]) which
served as a positive control due to its well-established pathogenicity on all cacao tissues.
Myecelial discs of uncolonized 1/2 PDA were used as the negative control.

Five-month-old open-pollinated pods of the clone CCN 51 were wounded with a
1 mm diameter probe, to a depth of 2 mm, and 6 mm discs of 1/2 PDA with actively growing
mycelia of each isolate were placed mycelial-side down over the site, covered with a damp
1 x 1 cm? filter paper square, and wrapped in parafilm, as described in Puig et al. [47]. They
were placed in laboratory growth chambers at 25 °C in the dark. Four days post-inoculation,
two diameters were measured for each lesion. These were averaged to calculate mean
diameters (Table S1).

To determine pathogenicity on stems, three-month-old open-pollinated seedlings of
the Amelonado variety (1 = 19) were inoculated, as described above, and then placed in
laboratory growth chambers at 25 °C on a cycle of 12 h light and 12 h darkness. Lesions
were measured three weeks post-inoculation, by removing bark and measuring vertical
and horizontal lesion diameter (Table S1).

To determine whether lesion sizes differed among genera, an analysis of variance
(ANOVA) was conducted on average lesion diameters using PROC MIXED in SAS Ver.
9.4 (SAS Institute 2016, Cary, NC, USA). Means were separated using Tukey—Kramer
Comparison lines for least squares means of the isolates. ANOVAs were conducted for
pods and stems separately. To confirm that the resulting lesions on pods and stems were
caused by the organism it had been inoculated with, isolations were made from a subset of
lesions, as described above.
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5. Conclusions

This research improves our understanding of the diseases and pests affecting cacao
production in Puerto Rico and identifies Diaporthe and Lasiodiplodia as the most prevalent
pathogen genera. No symptoms consistent with frosty pod rot, witches” broom, or Cera-
tocystis wilt were observed in this study, providing additional evidence for their absence
from the island.

Future work should focus on identifying sources of genetic resistance to the dieback
pathogens found in this study. The severe dieback and canopy loss associated with ter-
mite colonization also warrants further study. Understanding the issues affecting cacao
production in Puerto Rico will ensure the continued success of this emerging industry.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12223855/s1, Table S1: Nucleotide sequences submitted to
GenBank. Table S2: Pod and stem inoculation data.

Funding: This research was supported by the USDA-ARS Project No. 8044-22000-052-000-D and No.
6038-21000-025-000-D.

Data Availability Statement: Sequence and inoculation data are available in Supplementary
Tables S1 and S2.

Acknowledgments: Thank you to Maddison Monet and Sarah Wurzel for their role in molecular
characterization and pathogenicity screening. USDA is an equal opportunity provider and employer.
Mention of trade names or commercial products in this publication is solely for the purpose of
providing specific information and does not imply recommendation or endorsement by the U.S.
Department of Agriculture.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Wickramasuriya, A.M.; Dunwell, ].M. Cacao biotechnology: Current status and future prospects. Plant Biotechnol. ]. 2018, 16, 4-17.
[CrossRef] [PubMed]

2. Diaz-Valderrama, J.R; Leiva-Espinoza, S.T.; Aime, M.C. The history of cacao and its diseases in the Americas. Phytopathology
2020, 110, 1604-1619. [CrossRef] [PubMed]

3.  Pipitone, L. Nuevas Tendencias en el Mercado Internacional de Cacao: Oportunidades Para el Perad Como Productor de
Cacao Fino y de Aroma. In Proceedings of the International Cocoa Organization (ICCO) and Peru Cocoa Alliance conference,
Lima, Peru, 20-22 October 2015. Available online: https://app.box.com/s/9a4t4jzlwohh8d487vjesjimyuldw0b8x (accessed on
9 November 2023).

4. Bustamante, D.E.; Motilal, L.A.; Calderon, M.S.; Mahabir, A.; Oliva, M. Genetic diversity and population structure of fine aroma
cacao (Theobroma cacao L.) from north Peru revealed by single nucleotide polymorphism (SNP) markers. Front. Ecol. Evol. 2022,
10, 895056. [CrossRef]

5. Brenes, E.R.; Martinez, O.; Lopez, M.E,; Ciravegna, L.; Pichardo, C.A. Cacao Oro. Int. Food Agribus. Manag. Rev. 2023, 1, 1-17.
[CrossRef]

6.  Credence Research. Cocoa Beans Market: Industry Analysis, Demand, Size, Share and Forecasts to 2028; 20 June 2022. Report ID:
3671. Available online: https://www.credenceresearch.com/report/cocoa-beans-market (accessed on 9 November 2023).

7. Ploetz, R. The impact of diseases on cacao production: A global overview. In Cacao Diseases: A History of Old Enemies and New
Encounters; Springer: Cham, Switzerland, 2016; pp. 33-59. [CrossRef]

8. Bailey, B.A.; Evans, H.C,; Phillips-Mora, W.; Alj, S.S.; Meinhardt, L.W. Moniliophthora roreri, causal agent of cacao frosty pod rot.
Mol. Plant Pathol. 2018, 19, 1580-1594. [CrossRef] [PubMed]

9. Marelli, J.-P.; Guest, D.I; Bailey, B.A.; Evans, H.C.; Brown, ].K,; Junaid, M.; Barreto, R W.; Lisboa, D.O.; Puig, A.S. Chocolate under
threat from old and new cacao diseases. Phytopathology 2019, 109, 1331-1343. [CrossRef]

10. Evans, H.C. Cacao diseases—The trilogy revisited. Phytopathology 2007, 97, 1640-1643. [CrossRef]

11.  Garcia, ].G.-B. Panorama Histdrico de la Agricultura en Puerto Rico; Editorial CSIC-CSIC Press: Madrid, Spain, 1970; Volume 189.

12.  Cosme, S.; Cuevas, H.; Zhang, D.; Oleksyk, T.; Irish, B. Genetic diversity of naturalized cacao (Theobroma cacao L.) in Puerto Rico.
Tree Genet. Genomes 2016, 12, 88. [CrossRef]

13.  Goenaga, R.; Irizarry, H.; Irish, B. TARS series of cacao germplasm selections. HortScience 2009, 44, 826-827. [CrossRef]

14. Charles, D. Reviving Puerto Rico’s Cocoa Farms, Centuries After Hurricanes Destroyed Them; NPR National Public Radio: Washington,
DC, USA, 2017.

15. Irish, B.; Goenaga, R.; Park, S.; Kang, S. First report of Phytophthora palmivora, causal agent of black pod, on cacao in Puerto

Rico. Plant Dis. 2007, 91, 1051. [CrossRef]


https://www.mdpi.com/article/10.3390/plants12223855/s1
https://www.mdpi.com/article/10.3390/plants12223855/s1
https://doi.org/10.1111/pbi.12848
https://www.ncbi.nlm.nih.gov/pubmed/28985014
https://doi.org/10.1094/PHYTO-05-20-0178-RVW
https://www.ncbi.nlm.nih.gov/pubmed/32820671
https://app.box.com/s/9a4t4jzlwohh8d487vjesjmyuldw0b8x
https://doi.org/10.3389/fevo.2022.895056
https://doi.org/10.22434/ifamr-2022-0136r1
https://www.credenceresearch.com/report/cocoa-beans-market
https://doi.org/10.1007/978-3-319-24789-2
https://doi.org/10.1111/mpp.12648
https://www.ncbi.nlm.nih.gov/pubmed/29194910
https://doi.org/10.1094/PHYTO-12-18-0477-RVW
https://doi.org/10.1094/PHYTO-97-12-1640
https://doi.org/10.1007/s11295-016-1045-4
https://doi.org/10.21273/HORTSCI.44.3.826
https://doi.org/10.1094/PDIS-91-8-1051B

Plants 2023, 12, 3855 10 of 11

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Johnson, E.; Rutherford, M.; Edgington, S.; Flood, J.; Crozier, J.; Cafa, G.; Buddie, A.; Offord, L.; Elliott, S.; Christie, K. First report
of Moniliophthora roreri causing frosty pod rot on Theobroma cacao in Jamaica. New Dis. Rep. 2017, 36, 2. [CrossRef]

Kelly, P; Reeder, R.; Rhodes, S.; Edwards, N. First confirmed report of witches” broom caused by Moniliophthora perniciosa on
cacao, Theobroma cacao, in Saint Lucia. Plant Pathol. 2009, 58, 798. [CrossRef]

Engelbrecht, C.J.B.; Harrington, T.C.; Alfenas, A.C.; Suarez, C. Genetic variation in populations of the cacao wilt pathogen,
Ceratocystis cacaofunesta. Plant Pathol. 2007, 56, 923-933. [CrossRef]

Puig, A.; Ramos-Sobrinho, R.; Keith, C.; Kitchen, N.; Gutierrez, O.; Goenaga, R.; Brown, J. First Report of Cacao Mild Mosaic Virus
Associated with Symptomatic Commercial Cacao (Theobroma cacao) Trees in Puerto Rico. Plant Dis. 2020, 104, 3089. [CrossRef]
Puig, A.; Ramos-Sobrinho, R.; Keith, C.; Kitchen, N.; Gutierrez, O.; Goenaga, R.; Brown, ]. Diseases affecting Theobroma cacao in
Puerto Rico’s emerging cacao industry. Am. Phytopathol. Soc. 2020, 110, 10-14. [CrossRef]

Serrato-Diaz, L.M.; Ayala-Silva, T.; Goenaga, R. First report of Diaporthe tulliensis and D. pseudomangiferae causing cacao pod
rot in Puerto Rico. Plant Dis. 2022, 106, 2530. [CrossRef]

Prior, C. Sudden death of cocoa in Papua New Guinea associated with Phytophthora palmivora cankers invaded by bark beetles.
Ann. Appl. Biol. 1986, 109, 535-543. [CrossRef]

Guest, D.; Anderson, R.; Foard, H.; Phillips, D.; Worboys, S.; Middleton, R. Long-term control of Phytophthora diseases of cocoa
using trunk-injected phosphonate. Plant Pathol. 1994, 43, 479-492. [CrossRef]

Kannan, C.; Karthik, M.; Priya, K. Lasiodiplodia theobromae causes a damaging dieback of cocoa in India. Plant Pathol. 2010, 59, 410.
[CrossRef]

Gomes, R.; Glienke, C.; Videira, S.; Lombard, L.; Groenewald, ]J.; Crous, PW. Diaporthe: A genus of endophytic, saprobic and
plant pathogenic fungi. Persoonia-Mol. Phylogeny Evol. Fungi 2013, 31, 1-41. [CrossRef]

Boddy, L.; Griffith, G. Role of endophytes and latent invasion in the development of decay communities in sapwood of
angiospermous trees. Sydowia 1989, 41, e73.

Garcia-Reyne, A.; Lépez-Medrano, F; Morales, ].M.; Garcia Esteban, C.; Martin, I.; Erafia, I.; Meije, Y.; Lalueza, A.; Alastruey-
Izquierdo, A.; Rodriguez-Tudela, J.L.; et al. Cutaneous infection by Phomopsis longicolla in a renal transplant recipient from
Guinea: First report of human infection by this fungus. Transpl. Infect. Dis. 2011, 13, 204-207. [CrossRef] [PubMed]

Murali, T.S.; Suryanarayanan, T.; Geeta, R. Endophytic Phomopsis species: Host range and implications for diversity estimates.
Can. J. Microbiol. 2006, 52, 673-680. [CrossRef]

Rubini, M.R; Silva-Ribeiro, R.T.; Pomella, A.W.; Maki, C.S.; Aratjo, W.L.; Dos Santos, D.R.; Azevedo, J.L. Diversity of endophytic
fungal community of cacao (Theobroma cacao L.) and biological control of Crinipellis perniciosa, causal agent of Witches” Broom
Disease. Int. |. Biol. Sci. 2005, 1, 24. [CrossRef]

Villavicencio, M.; Schuller, L.; Espinosa, F.; Noceda, C.; del Castillo, D.S.; Perez-Martinez, S. Foliar endophytic fungi of Theobroma
cacao stimulate more than inhibit Moniliophthora spp. growth and behave more as an endophytes than pathogens. AgriRxiv 2020,
20203407060. [CrossRef]

Mejia, L.C.; Rojas, E.I.; Maynard, Z.; Van Bael, S.; Arnold, A.E.; Hebbar, P.; Samuels, G.J.; Robbins, N.; Herre, E.A. Endophytic
fungi as biocontrol agents of Theobroma cacao pathogens. Biol. Control 2008, 46, 4-14. [CrossRef]

Crous, PW.; Wingfield, M.].; Le Roux, J.J.; Richardson, D.M.; Strasberg, D.; Shivas, R.G.; Alvarado, P.; Edwards, J.; Moreno, G.;
Sharma, R. Fungal Planet description sheets: 371-399. Persoonia-Mol. Phylogeny Evol. Fungi 2015, 35, 264-327. [CrossRef]
Serrato-Diaz, L.M.; Marifio, Y.A.; Guadalupe, I.; Bayman, P.; Goenaga, R. First report of Lasiodiplodia pseudotheobromae and
Colletotrichum siamense causing cacao pod rot, and first report of C. tropicale causing cacao pod rot in Puerto Rico. Plant Dis.
2020, 104, 592. [CrossRef]

Second, Z.M.A.; Aoudou, Y.; Rene, B.M. Aggressiveness of the Fungi Responsible for Pod Rot in Cropping Systems Based on
Cocoa Trees (Theobroma cacao L.) in Cameroon. Am. . Agric. For. 2021, 9, 156.

Ali, S.S.; Asman, A.; Shao, J.; Balidion, J.E; Strem, M.D.; Puig, A.S.; Meinhardt, L.W.; Bailey, B.A. Genome and transcriptome
analysis of the latent pathogen Lasiodiplodia theobromae, an emerging threat to the cacao industry. Genome 2020, 63, 37-52.
[CrossRef]

Harris, W.V. Termites and forestry. Emp. For. Rev. 1955, 34, 160-166.

Gould, M. The frequency of termite (Isoptera) damage to tree species in Namakutwa Forest, Tanzania. Sociobiology 1993, 23,
189-198.

Mandal, B.; Bashar, K.; Howlader, A.; Rahman, K. Incidence of termite infestation to tree species in Jahangirnagar University
Campus, Bangladesh. Bangladesh ]. Life Sci. 2010, 22, 7-15.

Intari, S. Effects of Neotermes tectonae Damm attack on the quality and quantity of teak timber in the Kebonharjo Forest Division,
Central Java. Bul. Penelit. Hutan 1990, 25-35.

Chouvenc, T.; Foley IV, J.R. Coptotermes gestroi (Wasmann)(Blattodea [Isoptera]: Rhinotermitidae), a threat to the southeastern
Florida urban tree canopy. Fla. Entomol. 2018, 101, 79-90. [CrossRef]

Chiu, C.-I; Yeh, H.-T.; Tsai, M.-].; Li, H.-F. Naturalization and control of Coptotermes gestroi (Blattodea: Rhinotermitidae) in a
Taiwanese forest. |. Econ. Entomol. 2016, 109, 1317-1325. [CrossRef]

Ollo, S.; Hervé, B.D.B.; Senan, S.; BI, T.; Sylvain, C. Effect of shade on the diversity of termites (Isoptera) in different cocoa
agroforestry systems in the Nawa region (Cote d'Ivoire). J. Entomol. Zool. Stud. 2022, 10, 377-387. [CrossRef]


https://doi.org/10.5197/j.2044-0588.2017.036.002
https://doi.org/10.1111/j.1365-3059.2009.02024.x
https://doi.org/10.1111/j.1365-3059.2007.01735.x
https://doi.org/10.1094/PDIS-04-20-0745-PDN
https://doi.org/10.1094/PHYTO-110-12-S2.1
https://doi.org/10.1094/PDIS-12-21-2634-PDN
https://doi.org/10.1111/j.1744-7348.1986.tb03210.x
https://doi.org/10.1111/j.1365-3059.1994.tb01581.x
https://doi.org/10.1111/j.1365-3059.2009.02192.x
https://doi.org/10.3767/003158513X666844
https://doi.org/10.1111/j.1399-3062.2010.00570.x
https://www.ncbi.nlm.nih.gov/pubmed/21457423
https://doi.org/10.1139/w06-020
https://doi.org/10.7150/ijbs.1.24
https://doi.org/10.31220/agriRxiv.2020.00019
https://doi.org/10.1016/j.biocontrol.2008.01.012
https://doi.org/10.3767/003158515X690269
https://doi.org/10.1094/PDIS-06-19-1333-PDN
https://doi.org/10.1139/gen-2019-0112
https://doi.org/10.1653/024.101.0115
https://doi.org/10.1093/jee/tow050
https://doi.org/10.22271/j.ento.2022.v10.i1e.8957

Plants 2023, 12, 3855 11 of 11

43.

44.
45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

Djuideu, C.T.; Bisseleua, H.D.; Kekeunou, S.; Ambele, F.C. Rehabilitation practices in cocoa agroforestry systems mitigate
outbreaks of termites and support cocoa tree development and yield. Agric. Ecosyst. Environ. 2021, 311, 107324. [CrossRef]

Kay, D. Termites attacking living tissues of Theobroma cacao L. in Nigeria. Proc. R. Entomol. Soc. Lond. A 1960. [CrossRef]
Ambele, F.C.; Bisseleua Daghela, H.; Babalola, O.O.; Ekesi, S. Soil-dwelling insect pests of tree crops in Sub-Saharan Africa,
problems and management strategies—A review. J. Appl. Entomol. 2018, 142, 539-552. [CrossRef]

Puig, A.; Marelli, J.; Matsumoto, T.; Keith, L.; Gutierrez, O. First report of Neofusicoccum parvum causing pod rot on cacao in
Hawaii. Plant Dis. 2019, 103, 1416. [CrossRef]

Puig, A.; Keith, L.; Matsumoto, T.; Gutierrez, O.; Marelli, J. Virulence tests of Neofusicoccum parvum, Lasiodiplodia theobromae,
and Phytophthora palmivora on Theobroma cacao. Eur. |. Plant Pathol. 2021, 159, 851-862. [CrossRef]

Hsieh, H.-M.; Ju, Y.-M.; Rogers, ].D. Molecular phylogeny of Hypoxylon and closely related genera. Mycologia 2005, 97, 844-865.
[CrossRef]

Whalley, A. The xylariaceous way of life. Mycol. Res. 1996, 100, 897-922. [CrossRef]

Visser, A.; Ros, V.; De Beer, Z.; Debets, A.; Hartog, E.; Kuyper, T.; Laessoe, T.; Slippers, B.; Aanen, D. Levels of specificity of Xylaria
species associated with fungus-growing termites: A phylogenetic approach. Mol. Ecol. 2009, 18, 553-567. [CrossRef] [PubMed]
Serra, J.L.; Moura, E.G.; de Melo Pereira, G.V.; Soccol, C.R.; Rogez, H.; Darnet, S. Determination of the microbial community in
Amazonian cocoa bean fermentation by Illumina-based metagenomic sequencing. Lwt 2019, 106, 229-239. [CrossRef]

Cardoso, J.; Fonseca, W.; Viana, F,; Ootani, M.; Araujo, F.; Brasil, S.; Mesquita, A.; Lima, C. First Report of Cophinforma atrovirens
causing stem rot and dieback of cashew plants in Brazil. Plant Dis. 2019, 103, 1772. [CrossRef]

Castillo, S.R.M.; Woodward, S.; Klopfenstein, N.B.; Kim, M.-S.; Stewart, ].E. Mycobiota associated with anthracnose and dieback
symptoms on Theobroma cacao L. in Mérida State, Venezuela. Summa Phytopathol. 2023, 49, e245874. [CrossRef]

White, T.].; Bruns, T.; Lee, S.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics.
PCR Protoc. A Guide Methods Appl. 1990, 18, 315-322.

Vilgalys, R.; Hester, M. Rapid genetic identification and mapping of enzymatically amplified ribosomal DNA from several
Cryptococcus species. J. Bacteriol. 1990, 172, 4238-4246. [CrossRef]

Puig, A.S.; Quintanilla, W.; Matsumoto, T.; Keith, L.; Gutierrez, O.A.; Marelli, ].-P. Phytophthora palmivora causing disease on
theobroma cacao in Hawaii. Agriculture 2021, 11, 396. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.agee.2021.107324
https://doi.org/10.1111/j.1365-3032.1960.tb00673.x
https://doi.org/10.1111/jen.12511
https://doi.org/10.1094/PDIS-10-18-1719-PDN
https://doi.org/10.1007/s10658-021-02210-1
https://doi.org/10.1080/15572536.2006.11832776
https://doi.org/10.1016/S0953-7562(96)80042-6
https://doi.org/10.1111/j.1365-294X.2008.04036.x
https://www.ncbi.nlm.nih.gov/pubmed/19161474
https://doi.org/10.1016/j.lwt.2019.02.038
https://doi.org/10.1094/PDIS-09-18-1574-PDN
https://doi.org/10.1590/0100-5405/245874
https://doi.org/10.1128/jb.172.8.4238-4246.1990
https://doi.org/10.3390/agriculture11050396

	Introduction 
	Results 
	Disease Prevalence and Pathogen Isolation 
	Molecular Identification 
	Pathogenicity 

	Discussion 
	Materials and Methods 
	Pathogen Isolation 
	Molecular Identification 
	Pathogenicity 

	Conclusions 
	References

