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Abstract: Distribution of improved germplasm of Theobroma cacao is essential for meeting the in-
creased demand for cocoa beans. In cacao, the introduction of new diseases is prevented by ex-
changing material through a national and international quarantine system. In 2020, virus symptoms
were observed on plants in a quarantine greenhouse, and Cacao mild mosaic virus (CaMMYV) was
detected in one plant using published diagnostic primers. However, no virus was detected in other
symptomatic plants. To address high pathogen diversity and low virus titer in recently infected
plants, a nested PCR test was developed based on 15 CaMMYV sequences from Trinidad and Puerto
Rico. The test was validated on a subset (n = 30) of plants in the greenhouse, of which 29 tested
positive. Most infections are thought to have occurred during the later stage of the quarantine period,
possibly due to spread by mealybugs. However, phylogenetic analysis revealed the presence of three
strains, suggesting that it was introduced on scionwood from multiple sources. Results of PCR assays
on different leaf tissues indicate that the virus is unevenly distributed and that petiole tissue should
be used in molecular diagnostics. The movement of infected scionwood is a major dissemination
pathway for CaMMYV but can be managed through careful screening.

Keywords: Theobroma cacao; cacao trinidad virus; quarantine; molecular diagnostics; systemic infec-
tion; badnavirus

1. Introduction

Cacao mild mosaic virus (CaMMYV) causes mosaic and chlorosis symptoms on leaves
and mottling on pods of cacao (Theobroma cacao L.). It is transmitted by several mealybug
species and the use of infected material during grafting. CaMMYV, previously known as
cacao trinidad virus strain A, was first identified in 1943 [1], and infected plants showed
7-33% lower annual yield [2,3]. It was believed to have been eradicated following a
government-mandated tree removal program in the 1950s until infected material was
found in the International Cocoa Quarantine Centre-Reading in Reading, UK, in 2007 [4].
CaMMYV was recently reported in Puerto Rico [5] and confirmed in Brazil [6], indicating
that the virus is more widespread than originally thought.

Development and distribution of improved cacao germplasm are essential for meeting
increased demand for cocoa beans and safeguarding genetic diversity. However, material
exchange is restricted due to the risk of introducing new pests and diseases. In 1955, the
U.S. Department of Agriculture (USDA) initiated a quarantine and distribution program
for cacao germplasm, based out of the Subtropical Horticulture Research Station (SHRS) in
Miami, FL, to increase the diversity available for plant breeding research [7]. In addition
to a quarantine greenhouse, SHRS is the backup collection site for the USDA Agriculture
Research Service (ARS) National Plant Germplasm System (NPGS) cacao germplasm main-
tained by the Tropical Agricultural Research Station (TARS) in Mayaguez, PR. Following a
two-year containment, material is indexed for viruses by grafting onto susceptible indicator
“Amelonado’ rootstock and monitoring it for symptom development over two months, a
bioassay developed for cacao swollen shoot virus disease complex (CSSVD) [8]. However,
CaMMV is characterized by comparatively mild symptoms and a variable latent period,
both of which are capable of affecting the onset of symptoms in new growth.
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Viruses have been confirmed in cacao on every continent where the crop is cultivated
(North America, South America, Asia, and Africa) [1,9-13]. Most cacao viruses that
have been molecularly characterized are in the Badnavirus genus [10,11,14,15], except for
Cacao yellow mosaic virus [16] and Cacao necrosis virus [17], which are in the Tymovirus and
Nepovirus genera, respectively [12,18]. The genome of CaMMYV contains the three open
reading frames (ORFs) found in all members of the Badnavirus genus, plus a fourth referred
to as ORFY [14]. Diagnostic PCR primers for cacao infecting badnaviruses are commonly
designed for the region of ORF3 corresponding to the putative movement protein, due
to this area being highly conserved among species [19]. Additional knowledge of virus
distribution around the globe and the development of additional detection methods will
improve the effectiveness of quarantine procedures for T. cacao.

In 2020, a greenhouse inspection revealed plants with leaf mosaic and vein-banding
characteristics of badnavirus infection (Figure 1). This manuscript describes a sensitive,
nested PCR test for detection of CaMMYV in symptomatic and asymptomatic cacao plants
and a quali-quantitative PCR for localization of virus in host tissue that provides valuable
information on host—pathogen interaction.

Figure 1. Cacao (Theobroma cacao L.) leaves observed in September 2020 with virus symptoms such as (A) white vein
banding (B) red vein banding (C) flecking (D) mosaic.

2. Materials and Methods
2.1. Confirmation of CaMMV

Initial confirmation of CaMMYV in quarantine material in Miami, FL was done using
the primer pair CaMMV-1112F 5-TACGGAGACTGTGACTCAACCA-3’/CaMMV-1959R
5-GTTTGGTAGGTTCCTTGTATCTGC-3’, as described in Puig et al. [5] (Table 1). DNA was
extracted from 60 mg fresh (or 30 mg lyophilized) leaf tissue from the leaf base using the
Qiagen DNeasy Plant Mini kit (Qiagen, Valencia, CA, USA) with two final elutions (50 uL
each). Five to ten puL of DNA was used as template in a 25 pL PCR reaction. Amplification
was visualized on a 1% agarose gel, and the amplified product was purified with the
Qiaquick PCR Purification Kit (Qiagen, Valencia, CA, USA) and then bi-directionally
Sanger sequenced by Eurofins Genomics (Louisville, KY, USA). For identification, forward
and reverse sequences were aligned and edited using Geneious 11.1.2 (Biomatters Ltd.,
Auckland, New Zealand) and analyzed in BLASTn.

2.2. Primer Design

To address the non-specific amplification and low sensitivity of the test described
above, along with the high genetic variability of the pathogen, several pairs of degenerate
primers were designed for the movement protein—coat protein (MP—CP) genome region of
CaMMYV for use in a nested PCR. This was done using Primer3 in Geneious Prime 2020
software based on a multiple alignment of 15 CaMMYV sequences (Figure 2). Four of these
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were publicly available sequences from Trinidad (KX276640) and Puerto Rico (MT253655,
MT?262888, and MT262890), one was obtained from Miami FL during this study, and ten
were from symptomatic plants in Puerto Rico (Puig, unpublished). Except for KX276640,
all sequences used in primer design were amplified as described above.

Table 1. Primer pairs used for CaMMYV detection and localization in this study.

Comments Primer Name Sequence (5'-3) Length Amplicon (bp)
Nested PCR Mial145F YAACTTTGAGGACCAGATC 19 bp 306
(outer) Mial926 YCTAAGTATCCARCTYCTTCCAAGR 25bp
Nested PCR Mial396F ACCGTGTCTAYCAGCACTGGA 21 bp 503
(inner) Mial876R CTGGRATWGCTCTTACKCCATGW 23 bp
. S . e Mial396F ACCGTGTCTAYCAGCACTGGA 21 bp
Semi-quantitative, virus-specific Mial667R GACCACCGTCAGCCAGAC 18bp 289
Semi-quantitative, host-specific TcACTF CAGACTTTGAGTTCACTTGACACAG 25 bp 200
(for standardization) TcACTR AGTGTCTGGATTGGAGGATCTATCT 25bp -
.. . . CaMMV-1112F TACGTAACCATCATTGATGC 20 bp
Original diagnostic [5] CaMMV-1959R CTTCTTTACGTTCAATGTCC 20 bp 867
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Figure 2. Multiple alignments of the coat protein-movement protein (CP-MP) region of 15 CaMMYV isolates recovered

from infected cacao (Theobroma cacao L.) used in degenerate primer design. Light areas indicate nucleotide differences

among sequences.

2.3. Nested PCR

For nested PCR, the initial reaction was 20 pL with 10 pL Sigma-Aldrich© Jump-
Start™ REDTaq® ReadyMix™, 7.6 uL molecular grade water, 0.8 uL of each 10 uM primer
(Mia1145F and Mia1926R), and 0.8 uL of DNA template. Amplification conditions were
an initial 2 min step at 94 °C, followed by 23 cycles of 94 °C (25 ), 34 °C (25 s), and 72 °C
(1 min), and then a final extension at 72° C for 12 min.

The final reaction was also with a 20 uL volume as described above, with primers
Mial396F and Mial876R and 0.8 pL of amplified PCR product as the template. Amplifica-
tion conditions were initial 2 min step at 94 °C followed by 37 cycles of 94 °C (20 s), 53 °C
(20 s), and 72 °C (1 min), and then a final extension at 72 °C for 10 min.

2.4. Detection of CaMMYV in Theobroma cacao

Performance of the newly developed CaMMYV nested PCR assay was assessed on
a subset of 30 plants held in the SHRS cacao quarantine greenhouse. They had been
imported from England (n = 21), Costa Rica (n = 7), Ecuador (n = 1), and Dominican
Republic (1 = 1) and were scheduled to be released in 2020 after having spent a minimum
of 3 years in quarantine. Plants were examined visually for the presence of viral symptoms
and categorized as symptomatic or asymptomatic. From each plant, three leaves were
collected from different parts of the canopy for testing. DNA extractions and nested PCRs
were performed as described above, and amplification was visualized on a 1% agarose gel.
Amplified samples were sequenced and edited as described previously. Presence of virus
in leaf samples was confirmed following BLASTn analysis.
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2.5. Phylogenetic Comparison

To determine the diversity of virus strains detected in the USDA-ARS Cacao Quaran-
tine Greenhouse, MP-CP sequences were used to build a phylogenetic tree in MEGA X [20],
with sequences aligned using MUSCLE algorithm [21]. The Tamura 3-parameter model
was chosen using the MEGA X models function to assess various nucleotide substitution
models [22]. Initial trees for the heuristic search were generated automatically by applying
Neighbor-Join and BioN]J algorithms to a matrix of pairwise distances estimated using
the Tamura 3 parameter model with a discrete Gamma distribution (5 categories (+G,
parameter = 1.2132)) and then choosing the topology with a superior log likelihood value.
Tree branch lengths were measured in the number of substitutions per site.

Codon positions included were 1st+2nd+3rd+Noncoding. Any positions with less
than 95% site coverage were eliminated, meaning that fewer than 5% alignment gaps,
missing data, and ambiguous bases were allowed at any position (partial deletion option).
There were 60 nucleotide sequences and 355 positions in the final dataset.

Sequences of cacao-infecting Badnaviruses available in GenBank were included for
comparison. These include strains of Cacao mild mosaic virus from Trinidad (KX276640)
and Puerto Rico (MT253655), Cacao Sri Lanka Bacilliform Virus (MF642736), Cacao yellow
vein banding virus (KX276641), and members of the complex known as Cacao swollen shoot
virus (CI286, KX592584; Ghana ] GWR198]-13, MF642721; Togo A Gha25-15, MF642716).
Clade stability was assessed by bootstrap analysis with 1000 replicates.

2.6. Quantification of Virus Titer in Different Leaf Tissues

To determine tissue localization of CaMMYV in plant leaves, 12 consecutive leaves from
a single branch were sampled from a plant that had tested positive for the virus using
nested PCR as described above. Leaves were numbered starting with the youngest, and
each leaf was dissected into five different components: petiole, midrib, side veins, lamina
(base), and lamina (apex). DNA was extracted from 35 mg of fresh tissue as described
previously and concentration was estimated using Qubit.

To quantify virus titer in each tissue type, two separate PCRs were run from each
subsample (leaf x tissue type). One PCR used CaMM V-specific primers Mial396F and
Mial667R, and the other used primers TcACTF and TcACTR, which amplify a 200 bp
fragment of an actin gene from T. cacao. This housekeeping gene is used as an internal
standard in RNAseq studies and has been shown to be present at a rate of 1 gene copy per
cell in all cacao genotypes evaluated.

For each primer pair, the reaction was 20 pL volume with 0.8 ng DNA as the template.
Amplification conditions were an initial 2-minute step at 94 °C followed by 38 cycles at
94 °C (20s), 57 °C (20 s), and 72 °C (50 s), and then a final extension at 72 °C for 8 min.

All PCR products were purified and then quantified using Qubit. CaMMYV titer
in each subsample was calculated as the concentration of DNA following amplification
with virus-specific primers, divided by DNA concentration following amplification with
cacao-specific primers.

concentration (ng/pL) of PCR product amplified with Mia1396F /Mial667R
concentration (ng/pL) of PCR product amplified with TcACTF/TcACTR

Differences in virus titer among the five tissue types were assessed by conducting an
analysis of variance (ANOVA) in SAS 9.4 (SAS Institute 2016). Means were separated using
Tukey—Kramer Comparison lines for the least squares means of the isolates.

3. Results
3.1. Confirmation of CaMMV

Symptomatic leaves from five plants were tested using CaMMYV diagnostic primers,
and PCR amplification was observed in three of them. One sample yielded a fragment
95% and 96.2% identical to strains from Trinidad (KX276640) and Puerto Rico (MT262889),
respectively. Symptomatic leaves from two other plants yielded a 500-900 bp sequence
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that was >99% identical to a region of the T. cacao genome on chromosome I (LT594788).
No amplification was observed in the negative control.

3.2. Primer Design and Nested PCR

Several pairs of degenerate primers were designed to amplify the MP-CP region,
based on sequences from 15 isolates of CaMMYV (Supplementary File S2). The outer
(Mia1145F /Mia1926R) and inner (Mial396F/Mial876R) pairs that produced the most
consistent results are shown in Table 1. The external pair amplifies the 1145-1926 bp region
of the publicly available CaMMYV genome (KX276640), and the internal pair amplifies the
13961876 bp region. 503 bp was the predicted length of the amplified DNA product.

Due to variations in sequence length, the external forward primer (Mial145F) was
based on 7-8 sequences (Figure 3A) and external reverse primer (Mial926R) was based
on 4-5 sequences (Figure 3B). Inner primers were designed based on all 15 sequences
(Figure 3C,D). Following the second round of amplification, a fragment of ~500 bp was
seen on the gel. Amplified fragments were sequenced using Mial396F/Mial876R primers.
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(D) Reverse internal primer, Mial876R
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Figure 3. Alignment of partial sequences of the movement protein—coat protein region of Cacao mild mosaic virus (CaMMYV)
strains. The red frame indicates the annealing sites of the (A) Forward external primer, Mial145F, (B) Reverse external
primer, Mia1926R, (C) Forward internal primer, Mial396F, and (D) Reverse internal primer, Mial876R. Light areas indicate
nucleotide differences among sequences.
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3.3. Detection of CaMMYV in Theobroma cacao

The nested PCR was carried out on 30 symptomatic and asymptomatic plants in post-
entry quarantine to determine infection with CaMMYV. Twenty-nine of these tested positive
for CaMMY, including all asymptomatic plants (100%, n = 10) and 19 symptomatic plants
(95.7%, n = 20). Infection was determined based on amplification of a ~500 bp fragment
and homology of the resulting sequence to previously obtained CaMMYV sequences. No
amplification was observed in any of the no-template controls. A representative subset
of the 53 sequences generated in this study were deposited in GenBank and are publicly
available (Table 2).

Table 2. A subset of the sequences of the coat protein-movement protein (CP-MP) region of Cacao
mild mosaic virus generated in this study and deposited in Genbank. Sequences were amplified
using a nested PCR (outer primers: Mial145F /Mia1926R; inner primers: Mial396F /Mial876R) and
sequenced with the internal primers. The letters designate from which leaf on the tree the sequence
originated (a = leaf 1, b = leaf 2, ¢ = leaf 3).

Isolate Species Host Origin GenBank
83a Cacao mild mosaic virus Theobroma cacao USA MZ325886
201a Cacao mild mosaic virus Theobroma cacao USA MZ325887
200b Cacao mild mosaic virus Theobroma cacao USA MZ325888
199a Cacao mild mosaic virus Theobroma cacao USA MZ325889
88a Cacao mild mosaic virus Theobroma cacao USA MZ325890
183¢ Cacao mild mosaic virus Theobroma cacao USA MZ325891
186¢ Cacao mild mosaic virus Theobroma cacao USA MZ325892
19%4c Cacao mild mosaic virus Theobroma cacao USA MZ325893
197b Cacao mild mosaic virus Theobroma cacao USA MZ325894
187¢ Cacao mild mosaic virus Theobroma cacao USA MZ325895
200c Cacao mild mosaic virus Theobroma cacao USA MZ325896
202c¢ Cacao mild mosaic virus Theobroma cacao USA MZ325897

3.4. Phylogenetic Comparison

Evolutionary relationships among virus isolates found on T. cacao were inferred in
MEGA X using the Maximum Likelihood method and Tamura 3-parameter model [23]
for sequences of the coat protein-movement protein region. The tree with the highest log
likelihood (—2594.00) is shown in Figure 4.

The 53 CaMMYV sequences generated in this study clustered into three primary groups,
with the largest group sharing approximately 95.3% (193aE)-95.8% (94c) nucleotide se-
quence identity with the reference isolate from Trinidad (CaMMYV_ref) as determined
following BLASTn analysis. The next largest group (n = 11) shared approximately 96.1%
(193aF)-95.7% (83a) nucleotide sequence identity with the Trinidad strain, while the other
group (n = 10) was more divergent, sharing only 84.8% (194c) to 86% (186¢) identity.

All sequences (n = 53) obtained in this study have names composed of numbers
followed by letters that designate the leaf they were detected in (a = leaf 1, b = leaf 2,
c = leaf 3). Multiple sequences from leaf 193a were provided by the sequencing company.
These are followed by a capital A, B, C, D, E, or F to differentiate them. Sequences of seven
cacao-infecting Badnaviruses available in GenBank were included for comparison. These
include strains of Cacao mild mosaic virus (CaMMYV prefix), members of the Cacao swollen
shoot virus disease complex (CSSV prefix), Cacao Sri Lanka bacilliform virus (CSLBV), and
Cacao yellow vein banding virus (CYVBV).
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Figure 4. Phylogenetic tree constructed using the predicted amino acid sequences of the coat protein using maximum-

likelihood method and neighbor-joining algorithm provided in MEGAXx. Sequences of cacao-infecting badnaviruses
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available in GenBank were included for comparison. These include strains of Cacao mild mosaic virus (CaMMYV prefix),

Members of the cacao swollen shoot virus disease complex (CSSV prefix), Cacao Sri Lanka Bacilliform Virus (CSBV), and

Cacao yellow vein banding virus (CYVBYV). All sequences obtained in this study have names composed of numbers followed

by letters that designate the leaf they were found in (a = leaf 1, b = leaf 2, ¢ = leaf 3). Multiple sequences from leaf 193a were

provided by the sequencing company. These are followed by a capital A, B, C, D, E, or F to differentiate them. Numbers

shown above branches indicate the percentage of replicate trees in which the associated taxa clustered together in the

bootstrap test (1000 replicates).

3.5. Quantification of Virus Titer in Different Leaf Tissues

Concentrations of DNA following amplification with virus and host-specific primers
were compared in petiole, midrib, sidevein, lamina (base), and lamina (apex) to deter-
mine virus localization within leaves and identify the best tissues for diagnostic testing
(Supplementary File S1). In petioles, virus concentration exceeded host concentration in
8 of 12 leaves tested. This number fell to 4 of 12 for sidevein and midrib samples, and 1 of

12 in each laminar tissue category (apex and base) (Figure 5).
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Figure 5. Amplification products using virus-specific (top rows) and cacao-specific (bottom rows) primers in leaf tissues (lam-

ina (base), midrib, petiole, sidevein, lamina (apex)). Intensity of amplicon corresponds to PCR product concentration/titer

(data in File S1).

Virus concentrations, standardized by concentration of host housekeeping gene, dif-
fered among tissue types (p < 0.02, F = 3.11), ranging from 0.36 ng/ul (£0.34) in basal
laminar tissue to 1.01 ng/ul (£0.49) in petioles. However, these differences were only
statistically significant between petiole and lamina (base) (p < 0.014). Differences in virus
concentration between petiole and lamina (apex) were somewhat significant (p < 0.075)

(Figure 6).
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Figure 6. Mean DNA concentration of Cacao mild mosaic virus (CaMMV) in different cacao (Theobroma cacao L.) leaf tissue
types following amplification of 0.8 ng DNA extract with species-specific primers Mial396F /Mial667R. Columns with same

letters above the bars are not significantly different (p < 0.05).

4. Discussion

Fifty-three virus sequences were obtained from 29 plants in the post-entry quarantine
SHRS greenhouse, using the newly developed nested PCR test. The high incidence (96.7%)
of infection is attributed to severe mealybug outbreaks in 2017-2019, which are thought
to have led to many plants becoming infected during the quarantine period. However,
phylogenetic analysis revealed the presence of three different strains, suggesting that
CaMMYV may have been introduced on multiple sticks of scionwood from multiple sources
and/or in several events.

Young growing plants that become infected with CaMMYV by mealybugs can have
long latent periods, taking 40-178 days for symptoms to develop [24], decreasing the
effectiveness of plant removal to control disease spread. In addition, virus titers are
thought to be higher in plants around the time that the first symptoms appear following
infection, compared with symptomatic plants that have been infected for longer periods of
time [25]. Although mealybugs are slow-moving and only walk short distances, they can
become infective in as little as 35 min of feeding on an infected plant [25]. For this reason,
aggressive vector control is essential.

Although this study confirms viral infection in the T. cacao plants in post-entry quar-
antine, and the presence of multiple strains, whole-genome sequencing is needed to
definitively assess the genetic relationship among them. Many plants contained multiple
strains of CaMMYV, consistent with findings on CSSVD in West Africa [10,14], and were
suggestive of high genetic variability in the Americas. This means some strains may not
be detectable with these primers, and the current bioassay, where scionwood is grafted
onto an indicator plant (‘ICS6’ or “Amelonado’ rootstock), should still be used alongside
molecular tools for pathogen detection.

There is no treatment for plants infected with CaMMYV. Heat treatment of infected
scionwood to inactivate the virus was attempted by Posnette [1], but it was not successful.
Destruction of infected plants is currently recommended to prevent them from serving as
inoculum reservoirs.
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5. Conclusions

This research describes a sensitive, nested PCR test for the detection of CaMMYV in
symptomatic and asymptomatic cacao plants, whose effectiveness was shown on cacao
plants in post-entry quarantine. The primers target a portion of the coat protein-movement
protein gene and successfully detected three distinct strains of the virus. This diagnostic
test is a valuable tool for CaMMYV detection and can be used to index germplasm before
releasing it from quarantine alongside the traditional bioassay using susceptible rootstock.
Detailed surveys are needed throughout the Western Hemisphere to better understand the
prevalence and distribution of viruses on cacao.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/agronomy11091842 /51, File S1: DNA concentration of PCR product amplified using virus-
specific and host-specific primers in different leaf tissues, File S2: Additional primers designed during
this study.
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