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" School of Plant Sciences, The University of Arizona, Tucson, AZ, United States, ? Mars Wrigley, Davis, CA, United States

Cacao swollen shoot disease (CSSD) is a damaging disease of Theobroma cacao L.
associated with infection by a group of poorly characterized badnaviral species. To
establish causality and characterize the symptomatology associated with infection by
the badnavirus cacao swollen shoot Ghana M virus (CSSGMV), an infectious clone
(1.3-mer) was constructed and used to inoculated cacao “Amelonado” seedlings by
biolistic inoculation (Bl; n = 18) and agroinoculation (Al; n = 15). Newly expanded leaves
of BI (10/18) and Al (12/15) plants developed foliar mosaic and curling symptoms 30-days
post inoculation (dpi), with chlorotic mottling and necrotic crinkling being evident by
90 dpi. By 120 dpi, three of 15 Al plants exhibited characteristic stem-swelling. Viral
infection was verified by PCR-amplification and sequencing of a 1068 bp fragment of
the CSSGMV ORF3 from newly expanding leaves 60 dpi. The PCR results indicated
that 14 of 18 and 15 of 15 Bl and Al plants, respectively, were systemically infected.
The complete CSSGMV genome sequence was determined, by lllumina sequencing,
from representative Al and Bl plants and shared >99.5% pairwise nucleotide identity
with CSSGMV-Nig9 (GenBank Accession No. MH785299). Based on the development of
characteristic CSSD symptoms and recovery of partial and complete genome sequences
of CSSGMV-Nig9 from systemically infected cacao plants, Koch’s postulates have
been fulfilled.
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INTRODUCTION

The cacao tree (Theobroma cacao L.) is native to the Amazon River Basin in South America and
was introduced to West Africa during the 1920s, where it rapidly became a socioeconomically
important crop. The West African countries, Cote d’Ivoire, Ghana, Nigeria, and Togo have
historically produced ~70-75% of the world’s cocoa beans (Ameyaw et al., 2014; FAOSTAT, 2017).
To date, at least seven badnavirus species, presumably endemic to West Africa, have been associated
with cacao swollen shoot disease (CSSD) in the region (Muller et al., 2018; Ramos-Sobrinho
et al,, 2020, 2021). Several badnaviruses appear to have re-emerged following an era of reduced
CSSD disease incidence and spread, while other species had not been characterized until recently.
Together, the CSSD virus complex is responsible for significant losses due to reduced quality and
yield, affecting millions of smallholder farmers (Wessel and Quist-Wessel, 2015).
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Although the first outbreak of swollen shoot disease occurred
in Ghana in 1936 (Steven, 1936), disease symptoms were
observed in small cacao plantings as early as 1922 (Paine, 1945).
In 1874, T. cacao “Amelonado” was introduced to West Africa
due to its production characteristics and suitability to the climate
(Muller, 2016). The cacao genotype “Amelonado,” known to
be susceptible to CSSD badnaviruses (Thresh et al., 1988), was
considered an important factor contributing to the emergence
and rapid spread of CSSD badnaviruses in cacao plantations in
West Africa (Abrokwah et al., 2016; Muller, 2016; Muller et al.,
2018). In 1944, CSSD was reported in Nigeria (Murray, 1945),
where native plant species have been implicated as primary virus
reservoirs (Abrokwah et al., 2016).

A complex of at least seven badnaviruses (genus Badnavirus,
family Caulimoviridae) have been associated with swollen shoot
disease, cacao swollen shoot Togo A virus (CSSTAV), cacao
swollen shoot Togo B virus (CSSTBV), cacao swollen shoot CD
virus (CSSCDV), cacao swollen shoot CE virus (CSSCEV), cacao
swollen shoot Ghana M virus (CSSGMYV), cacao swollen shoot
Ghana N virus (CSSGNYV), and Cacao swollen shoot Ghana Q
virus (CSSGQV) (Muller and Sackey, 2005; Oro et al.,, 2012;
Chingandu et al,, 2017a,b, 2019; Muller et al., 2018; Ramos-
Sobrinho et al., 2020). However, Koch’s postulates have only been
demonstrated for CSSTBV (Hagen et al., 1994). Badnaviruses
have circular dsDNA genomes that undergo replication through a
greater-than-genome length, terminally redundant, pre-genomic
RNA that is used as template for DNA synthesis in the cytoplasm
and for translation of the polycistronic viral coding regions
(Bhat et al, 2016). Badnaviral genomes range in size from
7.0-9.2 kbp and encode from three to seven open reading
frames (ORFs) (King et al., 2011; Bhat et al., 2016). The three
canonical ORFs include the virion-associated protein encoded
by ORF1 (Cheng et al., 1996), a protein with nucleic acid
binding properties encoded by ORF2 (Jacquot et al., 1996), and a
polyprotein that is cleaved to release the viral capsid, movement
protein, aspartate protease, and the reverse transcriptase and
ribonuclease H-like domains involved in genome replication
encoded by ORF3 (Medberry et al., 1990; Harper and Hull,
1998). The dsDNA genomes are encapsidated in a 30 x 130 nm
bacilliform particle, and are transmitted in a semi-persistent
manner by mealybugs (Pseudococcidae) or aphids (Bhat et al.,
2016).

Despite the implementation of a number of management
practices to mitigate crop losses caused by CSSD, including
eradication of virus-infected cacao trees and wild host plants
adjacent to plantations, insecticide applications to control the
mealybug vectors, and rouging of symptomatic trees (Lister
and Thresh, 1957; Thresh, 1958, 1959), virus outbreaks have
steadily increased, with the possible emergence of new strains and
species (Chingandu et al., 2017a). Disease resistance strategies
such as cross protection using a CSSD “mild” strain from
Nigeria (Crowdy and Posnette, 1947; Posnette and Todd, 1951,
1955; Ollennu and Owusu, 2003), and planting of CSSD-
tolerant/resistant cacao materials, have also been implemented to
control the disease (Posnette and Todd, 1951; Dale, 1957; Thresh,
1958; Attafuah and Glendinning, 1965; Thresh et al., 1988). The

Upper Amazon species of Theobroma genotypes collected in Peru
have been evaluated in cacao breeding programs based on their
inherent agronomic traits, resistance to fungal pathogens, vigor,
and high yield (Pound, 1938, 1945), but most are susceptible to
CSSD badnaviruses (Padi et al., 2018). Although some extent of
tolerance has been reported to the severe isolate of CSSTBV from
Ghana, known as the New Juaben strain (Crowdy and Posnette,
1947; Legg and Kenten, 1970; Thresh et al., 1988), breeding
strategies have been confounded because most producers are
smallholders that collect their own seed or plant seed obtained
from other sources from which genetically and phenotypically
variable trees are produced (Thresh et al., 1988). This has led to a
highly heterogenous population of cacao clones where over 70%
of the genetic material harbored unknown diversity, resulting
from random crossing and potential selection based on variable
criteria (Bekele et al., 2001; Jones et al., 2002). Current research
is dedicated to discovering and mapping the populations of
cultivated cacao (Motamayor et al., 2008; Livingstone et al., 2015,
2017), which can be used to inform breeders of the genetic
background of breeding lines. Microsatellite analysis of the
earliest cacao collection from the Upper Amazon, sampled from
a small area consisting of a few sites located near the Ucayali,
Nanay, and Marafion rivers, has shown that although there is
high allelic variation, the collection comprises a large number of
related family members (Zhang et al., 2009).

The badnavirus CSSGMV is hypothesized to be endemic
to Nigeria and is among the most economically important
species causing CSSD in cacao in this country (Dongo and
Orisajo, 2007; Chingandu et al., 2019). CSSGMV has also been
detected in cacao trees in the “living” germplasm collection
maintained at the Cacao Research Institute of Ghana (CRIG)
(Muller et al, 2018), and on a commercial farm in Cote
d'Ivoire (Ramos-Sobrinho et al, 2021). Symptoms associated
with CSSGMYV, initially named as cacao red vein banding
virus, consist of chlorotic mottling, necrotic crinkling, and red
vein-banding, which distinguish it from other CSSD species
described so far (Chingandu et al., 2019). The CSSD badnavirus
from Nigeria was previously reported to cause mild symptoms,
relative to the severe symptoms associated with the CSSTBV
New Juaben isolate from Ghana. The mild symptom phenotype
description was partially based on observations that CSSTBV
New Juaben-infected trees frequently developed swollen shoot
symptoms, whereas Nigerian isolates did not (Lister and Thresh,
1957; Ollennu and Owusu, 2003; Chingandu et al, 2019).
The results of several delivery methods and infectivity for
CSSTBV have been reported (Hagen et al, 1994; Jacquot
et al., 1999; Friscina et al.,, 2017). However, Koch’s postulates
have not been fulfilled for CSSD badnaviruses in Nigeria,
and no study has been carried out to compare the specific
symptom phenotypes attributable to the plethora of divergent
CSSD badnavirus species only recently discovered (Muller
and Sackey, 2005; Muller et al.,, 2018; Ramos-Sobrinho et al.,
2020).

Several approaches have been used to construct infectious
clones of circular DNA plant viruses like begomoviruses
and badnaviruses (Stenger et al, 1991; Buragohain et al,
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FIGURE 1 | Cacao swollen shoot Ghana M virus (CSSGMV) agroinfectious clone assembly. The first and second viral units are represented by gray rectangles, and
the primer-pairs containing overlapping sequences by gray arrows. The EcoRl restriction site (dashed rectangle) was used to confirm 1.3 mers clones by

1994; de Oliveira Ferreira et al, 2008; Nagata and Inoue-
Nagata, 2015). An improved method based on polymerase
chain reaction (PCR) and “Gibson Assembly,” referred to
as PCR-GA (Gibson et al, 2009; Ferro et al, 2019), was
used to construct an infectious clone of the cacao-infecting
badnavirus CSSGMV isolate Nig9. Infectivity was evaluated
by inoculating cacao “Amelonado” seedlings using both
biolistic- and Agrobacterium-mediated inoculation. The
agroinoculated plants developed virus-like foliar symptoms
by 30-days post inoculation (dpi), and stem-swellings were
observed in 20% of the infected plants around 120 dpi. The
biolistic inoculated plants developed similar leaf symptoms
by 30 dpi, but no swelling symptoms were observed by 120
dpi. Partial sequences of CSSGMV-Nig9 were obtained from
newly expanded non-inoculated leaves using species-specific
PCR primers previously described (Ramos-Sobrinho et al,
2021), and complete viral genome sequences were recovered
from representative biolistic and agroinoculated plants by RNA
and DNA high throughput-sequencing, respectively. Together,
these results provide evidence that the CSSGMV-Nig9 clone
is infectious and biologically active in cacao, fulfilling the
Koch’s postulates.

MATERIALS AND METHODS

Construction of the CSSGMYV Infectious

Clone

The two CSSGMV genomic units used for construction of
the infectious clone were PCR-amplified from a full-length
sequence of CSSGMV-Nig9 (Accession MH785299), previously
cloned into the pGreenlI vector backbone (Chingandu et al,
2019). The units 1 (2.2 kbp) and 2 (6.9 kbp) were assembled
into the pGreenll (EF590266) (Hellens et al., 2000) vector
backbone using the PCR-GA protocol (Ferro et al, 2019).
Primers were designed based on optimal selection of ~20
nucleotides (nt) that overlapped between the two regions of
interest of the cloned CSSGMV genome and selected regions
of the plasmid vector (Figure 1). The two CSSGMV-Nig9 units
were amplified by PCR using the primer pairs CSSGMV-
U1-For/CSSGMV-U1-Rev and CSSGMV-U2-For/CSSGMV-S2-
Rev, respectively, and the pGreenlI binary plasmid vector was
amplified using the pGreenlI-noMCS-For/pGreen-noMCS-Rev
primers (Table 1). Polymerase chain reaction amplification was
carried out using Q5 Hot Start High-Fidelity 2X Master Mix
(New England Biolabs, Ipswich, MA USA), in a final volume
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TABLE 1 | Primer sequences used for amplification of the cacao swollen shoot
Ghana M virus (CSSGMV) genomic units 1 and 2, pGreenll plasmid vector, and
PCR detection of CSSGMV.

Primer Sequence (5'-3) Amplicon
(kb)
CSSGMV-U1-For® ACTCACTATAGGGCGAATTGGGTACT 2.2
CGGTAACCATCGAACACATC
CSSGMV-U1-Rev® GTAACTGTTCTAGACTCTCTGGTTGT
ATGAAGG
CSSGMV-U2-For® CAGAGAGTCTAGAACAGTTACAAA 6.9
GGACGG
CSSGMV-U2-Rev?® GCTCGGAATTAACCCTCACTAAAGG
TCTAGACTCTCTGGTTGTATGAAGGCTC
pGreen-noMCS-For®  CCTTTAGTGAGGGTTAATTCCGAGC 4.5
pGreen-noMCS-Rev®  GTACCCAATTCGCCCTATAGTGAGT
CSSD4-For” AATCACAAGAAGTATGACAGGGAG 1.0
CSSD4-Rev™ TTCATTCGCCATTGTATCCAC

9 This study; ™ Ramos-Sobrinho et al. (2021).

of 25 : 12.5 pL of 2X Q5 master mix, 0.2 wM of each primer,
1 uL (5 ng) of plasmid DNA (template), and 10.5 pL of
nuclease-free water. Cycling parameters were initial denaturation
for 2min at 95°C, followed by 35 cycles of denaturation
at 95°C for 20s, annealing at 58°C for 20s, and extension
at 72°C for 1 min/kbp, and a final extension at 72°C for
10 min. The expected size amplicons were gel-purified using the
Gel Band Purification Kit (GE Healthcare, Uppsala, Sweden),
treated with the endonuclease Dpnl to eliminate potential co-
migrating fragments of the template plasmids, and the partial
dimer (1.3-mer) of CSSGMV-Nig9 was assembled using Gibson
Assembly Cloning Master Mix (New England Biolabs, Ipswich,
MA USA) according to the manufacturer’s instructions. The
PCR-GA assembly product was used to transform competent
cells of Escherichia coli DH5a, and clones were confirmed by
restriction digestion of the plasmid DNA isolated from several
single E. coli colonies with the endonuclease EcoRI, yielding
a ~13.6kbp fragment. The clones with expected size inserts
were Sanger sequenced at each vector flanking region, and
at the junction between units 1 and 2. Further, total plasmid
DNA (n = 2) was subjected to Illumina sequencing at the
Center for Computational & Integrative Biology (CCIB) of the
Massachusetts General Hospital (MGH). The Illumina-based de
novo assembled plasmid sequences were compared, i silico, with
the CSSGMV-Nig9 genome using the CLUSTALW alignment
algorithm (Thompson et al., 2003) implemented in Geneious
Prime v.2021.1.1 (www.geneious.com). Finally, the partial dimer
construction of CSSGMV-Nig9, herein referred to as pCSSGMV-
Nig9-IC, was used to transform electrocompetent cells of
Agrobacterium tumefaciens GV3101, previously transformed
with the pSoup plasmid (Hellens et al., 2000).

Agroinoculation of Cacao Seedlings

Single colonies of A. tumefaciens transformed with pCSSGMV-
Nig9-IC were grown, at 28°C while shaking, in liquid Luria
Broth-LB media supplemented with kanamycin (50 mg/pL) and

rifampicin (50 mg/pwL) to an approximate ODgyy of 1.0. The
cultures were centrifuged at 1,620 rcf for 5min and resuspended
in inoculation buffer [3% sucrose, 0.4% Murashige & Skoog basal
salt mixture, 0.5 M 2-N-morpholino-ethanesulfonic acid (MES)
pH 5.6, and 37.5 pl of 200 mM acetosyringone, dissolved to a
final volume of 50 mL in distilled water and filter sterilized with
0.2 wm nitrocellulose filter], and incubated at 28°C while shaking
for 4 h.

A 31-gauge syringe was used to infiltrate 1mL of the
A. tumefaciens-pCSSGMV-Nig9-IC inoculation solution in 30-
day-old cacao “Amelonado” seedlings (n = 15) at the leaf
blade, midrib, and petiole of the two youngest leaves, and at
0.5cm of the shoot apical meristem. The control plants were
mock-inoculated with A. tumefaciens GV3101 harboring the
pGreen/pSoup plasmid, with no viral insert. Agroinoculated
(AI) plants were kept in an insect-proof growth chamber
at 25 £ 2°C and photoperiod of 16h for 120-days post
agroinoculation (dpa). Plants were observed regularly for
symptom development.

Biolistic Inoculation of Cacao Seedlings
Particles were delivered to cacao plants using the Bio-Rad™
Biolistic® PDS-1000/He. The tungsten microparticles (30 mg)
were coated with 2.5 pg of pCSSGMV-Nig9-IC plasmid DNA
according to the manufacturers instructions and loaded onto
laminated macro-carrier films (0.5 pg of DNA per macro-
carrier). The particles were used to inoculate 30-day-old cacao
“Amelonado” seedlings (0.5 g of DNA per plant) using the
gene gun at 1,350 psi. The mock control plants were inoculated
with particles coated with “empty” pGreen plasmid DNA (no
viral insert). The biolistically-inoculated (BI) plants were kept in
an insect-proof growth room at 25 & 2°C and photoperiod of
16h for 120-days post inoculation (dpi). Plants were observed
regularly for symptom development.

PCR Detection in Inoculated Cacao Plants
Newly expanding cacao leaf samples were collected at 15, 30,
45, and 60 dpi, and total DNA was extracted using the CTAB
method (Doyle and Doyle, 1987). The CSSD4 primer set (Ramos-
Sobrinho et al., 2021) was used for PCR detection of CSSGMV-
Nig9. The PCR reactions were performed in a final volume of
25 uL: 12.5 pL of RedTaq® (Sigma-Aldrich), 0.5 pL of each
primer (10 M), 2 pL of total DNA (template), and 9.5 pL
of nuclease-free water. Thermal cycler parameters were 94°C
for 2min as an initial denaturing step, followed by 35 cycles
at 94°C for 205, 55°C for 155, and 72°C for 605, with a final
extension at 72°C for 10min. The expected size amplicons
(1,068 bp) were cloned in the pGEM-T easy vector (Promega,
Madison, WI, USA) according to the manufacturer’s protocol and
used to transform chemically competent cells of E. coli DH5a.
Clones were confirmed by colony PCR amplification using M13
universal primers, and cloned amplicons were bidirectionally
Sanger sequenced at Eton Biosciences (San Diego, CA, USA).
The nucleotide sequences were assembled in Geneious Prime
v2021.1.1 (www.geneious.com) and verified by comparison with
the analogous CSSGMV-Nig9 region.
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High-Throughput Sequencing of the score of 30 were removed from the data by Novogene. The

CSSGMV Genome From Inoculated Plants sequence data was analyzed on FastQC to confirm that reads were
Total RNA and DNA were isolated from 100 mg of fresh leaf trimmed and filtered. The Bowtie2 v2.4.4 program (Langmead

tissue collected at 90 dpi from a representative cacao plant that and Salzberg, 2012) was used to align host reads against an index

tested positive by PCR using the CSSD4 primers. Total RNA built from cacao sequences available in GenBank (Accession Nos.
was isolated from a BI plant using a modified silica method ~ HQ244500, CM001879, CM001888, FR722157, JX065074, and

(Rott and Jelkmann, 2001), and DNA was isolated from an  KE132922). The unused reads were then aligned to the CSSGM V-

Al plant according to Doyle and Doyle (1987). The total RNA Nig9 genome sequence (Accession MH785299). The consensus
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sequencing at NovoGene Corporation Inc. (Sacramento, CA, ~ V2021.1.1 (www.geneious.com). Independently, the raw reads
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FIGURE 2 | Infectivity assay of the cacao swollen shoot Ghana M virus (CSSGMV) infectious clone in cacao ‘Amelonado’ seedlings. Agroinoculated plants displaying
yellow chlorotic mottling (A) and shoot swelling (B) symptoms. No symptoms were observed in mock control plants (C,D). PCR detection of CSSGMV was
performed, at 30 days-post-agroinoculation (dpa), using species-specific primers, and expected size amplicons were observed from 12 of 15 agroinoculated plants
(lanes 1-15); no amplification fragment was observed from control plants (lanes 17-24) (l). Biolistic-inoculated plants exhibiting symptoms of interveinal chlorosis and
necrotic crinkling (E), and interveinal chlorosis, necrotic crinkling, chlorotic mottling, and necrosis spreading from primary veins (F). Symptomless mock control plants
(G,H). PCR detection of CSSGMV was performed, at 15, 30, and 45 days-post-inoculation (dpi), using species-specific primers. Expected size amplicons were
observed from 1 of 7, 3 of 7, and 4 of 5 plants (lanes 1-7) at 15, 30, and 45 dpi, respectively; no amplification fragment was obtained from mock treatments (lanes
8-10) (J). The partial nucleotide sequences of the cloned amplicons shared 99.9-100% identity with CSSGMV-Nig9.
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characterized in Geneious Prime v2021.1.1 (www.geneious.com).
To ensure that the variants were not likely due to sequencing
errors or chance, only SNVs represented by > 0.5% of total reads
and P values < 0.0001% were accepted as reliable predictions
(Bansal, 2010).

RESULTS

CSSGMV Infectious Clone

A partial dimer (1.3-mer) construct of ~13.6kb in length,
which includes the viral units 1 (2.2kb) and 2 (6.9kb)
and the pGreenlI vector backbone (4.5kb), was obtained for
the badnavirus CSSGMV-Nig9 using PCR-GA (Figure 1). The
Sanger sequences of the junction regions between vector and
units 1 and 2 were 100.0% identical to the CSSGMV-Nig9
genome sequence. Also, results of whole plasmid sequencing
indicated that the length of the construct was 13,601 bp, and
was 99.9% identical with the CSSGMV-Nig9 genome. Therefore,
the accuracy of pCSSGMV-Nig9-IC (1.3-mer) was confirmed by
enzyme digestion, Sanger sequencing of the cloned fragment, and
whole plasmid sequencing.

Infectivity of pPCSSGMV-Nig9-IC by
Agroinoculation

The agroinoculated cacao “Amelonado” leaves exhibited mild
yellow mosaic symptoms 30 dpa, which developed into
yellow chlorotic mottling symptoms 60 dpa (Figure 2A). Only
three plants developed characteristic stem-swelling 120 dpa
(Figure 2B). The agroinoculated plants declined slowly, with 13
of 15 plants dying by 120 dpa (data not shown). The mock-
inoculated (n = 15) and non-inoculated (n = 10) negative control
plants were asymptomatic (Figures 2C,D). To assay plants for
virus presence or absence, the CSSD4 primer set was used to
amplify a partial fragment of the 5’ region of CSSGMV ORF3
from total DNA isolated of newly expanded test plants. The
expected size amplicon (1068 bp) was detected in 12 of 15 (80%)
Al plants 30 dpa, and no amplification product was obtained
from the negative control plants (mock- and non-inoculated
plants) (Figure 2I; Table 2). At 60 dpa, 15 of 15 (100%) AI plants
tested PCR-positive with the CSSD4 primers (Table 2). Also, the
expected size amplicon was obtained from total DNA isolated
from bark tissue of the two surviving cacao seedlings exhibiting
stem-swelling symptoms at 120 dpa (n = 3; data not shown). The
cloned amplicons were confirmed as CSSGMV by bi-directional
Sanger DNA sequencing. The ORF3 partial sequences (n =
15) shared 99.9-100% nucleotide identity with CSSGMV-Nig9,
confirming the cacao plants were systemically infected.

Infectivity of pPCSSGMV-Nig9-IC by Biolistic
Delivery

Three replicated experiments were carried out in which cacao
“Amelonado” seedlings were biolistically inoculated. The cacao
plants developed a similar range of foliar symptoms, but no
stem-swelling was observed in any of the BI symptomatic plants.
The percentage of infection was lower for the BI experiments,
if compared to Al, with 14 of 18 inoculated plants developing
interveinal chlorosis, necrotic crinkling, and severe chlorotic

TABLE 2 | Infectivity tests of the cacao swollen shoot Ghana M virus (CSSGMV)
infectious clone in cacao “Amelonado” seedlings.

Inoculation method PCR detection of CSSGMV

15dpi® 30dpi 45dpi 60 dpi

Experiment 1

Agroinoculation - 12/15* - 15/15
Experiment 1

Biolistic - - - 3/5
Experiment 2

Biolistic 0/6 1/6 6/6 -
Experiment 3

Biolistic 1/7 3/7 5/7 -

®dpi, days-post-inoculation; *plants tested positive by PCR/total of plants inoculated.

mottling. Also, the primary veins extending from the leaf midribs
developed necrosis and lesions were observed along the margins
of the leaf blade (Figures 2E,F). Similar to the AI experiment,
the BI cacao plants declined and most of them died by 120
dpi. No symptoms were observed in negative control plants
(Figures 2G,H). The PCR detection results with the CSSD4
primer pair showed that three of five plants (60%) yielded the
expected size amplicon by 60 dpi in the first experiment, while
the expected size amplicon was obtained for six of six (100%)
and five of seven (71%) plants by 45 dpi in the second and
third experiments, respectively (Figure 2J; Table 2). In the third
experiment, two plants died before 45 dpi, but one of these
plants was PCR-positive by 30 dpi (Table 2). Also, one plant
(experiment 3) developed symptoms at 15 dpi and was positive
by PCR (Figure 2J). No amplification product was obtained from
the negative control plants (Figure 2J). The cloned amplicons
were confirmed as CSSGMV by bi-directional Sanger DNA
sequencing. The ORF3 partial sequences (n = 14) shared 99.9-
100% nucleotide identity with CSSGMV-Nig9, confirming the
cacao plants were systemically infected.

pCSSGMV-Nig9-IC Complete Genome

Sequencing

Total RNA isolated from leaf tissue of a representative BI
symptomatic cacao plant, and confirmed positive by PCR
amplification, was subjected to Illumina sequencing. Sequencing
yielded 1,786 of 96,753,574 total reads (1.8E-3%) that mapped
to the CSSGMV-Nig9 genome using Bowtie2. The average
depth of coverage was 40x, and the resultant consensus genome
sequence shared >99.9% nucleotide identity with CSSGMV-
Nig9 (Figure 3). Three nucleotide differences observed in
the CSSGMV genome assembled from RNA-Illumina reads
were shared with the viral sequence obtained from whole
plasmid sequencing, confirming 100% nucleotide identity
with pCSSGMV-Nig9-IC. Based on SNVs, five variants with
frequencies ranging from 5 to 12% had significant P values
between 5.4E-7 and 2.6E-11. The five SNVs were predicted to
be transition mutations (e.g., purine to purine; Table 3). These
results suggest that the virus was actively undergoing replication
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FIGURE 3 | Coverage depth of lllumina reads mapped to the full-length genome of cacao swollen shoot Ghana M virus (CSSGMV)-Nig9. The RNA lllumina
sequencing data (top) was obtained from a representative biolistic inoculated cacao plant at 90 days-post-inoculation, while the DNA lllumina reads (middle) were
recovered from an agroinoculated plant at 120 days-post-agroinoculation. The positions of single nucleotide variations (SNVs) observed from the RNA and DNA
sequencing reads are represented by white bars. The genome organization of CSSGMV-Nig9 is shown at the bottom.
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TABLE 3 | Single nucleotide variations (SNVs) called from the RNA and DNA
lllumina reads.

Change Position Frequency P value Coverage SNP type
RNAseq

A— G 324 5.00% 5.40E-07 60 Transition
A— G 732 6.60% 2.10E-09 61 Transition
A— G 1282 6.00% 3.10E-07 50 Transition
T—- C 5493 11.90% 2.60E-11 42 Transition
T— C 5550 11.40% 2.10E-10 35 Transition
DNAseq

T— C 237 0.60% 2.40E-105 22054 Transition
G- A 471 1.20% 2.80E-227 18591 Transition
C—>T 517 0.60% 7.50E-115 19696 Transition
G— A 1270 0.60% 1.50E-105 18758 Transition
G- A 1728 0.60% 1.30E-85 18026 Transition
T—- C 2248 0.70% 2.80E-108 18198 Transition
T—> G 2269 1.40% 2.10E-264 18320 Transversion
G—> A 2590 0.80% 1.20E-122 18502 Transition
G- A 3098 0.70% 5.60E-96 18749 Transition
G- A 5055 0.70% 4.70E-132 24310 Transition
C—>T 5167 0.50% 1.10E-107 29215 Transition
C—>T 5341 1.40% 0 30002 Transition
G- A 5431 1.40% 0 29700 Transition
G- A 5503 0.70% 1.40E-174 29890 Transition
C—>T 5929 1.80% 0 31261 Transition
C— A 6327 0.80% 1.00E-138 26388 Transversion
A— G 6433 0.50% 2.30E-80 24952 Transition

as the characterized SNVs had P values below the threshold
criteria of predicted sequencing errors (Bansal, 2010; King et al.,
2020). The SPAdes de novo assembly recovered the full-length
genome of CSSGMV-Nig9 at an average depth of coverage of 17x,

and harbored mutations analogous to those from the Bowtie2
guided assembly (Supplementary Table 1).

The DNA Illumina results for the Al cacao plant exhibiting
stem-swelling symptoms (Figure2B) yielded 1,036,304 of
371,359,406 total reads (0.28%) that mapped to the CSSGMV-
Nig9 genome using Bowtie2, with an average depth of coverage
of 22,561x. The resultant consensus sequence shared 100%
nucleotide identity with pCSSGMV-Nig9-IC (Figure 3). Based
on SNVs, 17 variants with a range of frequencies between 0.5-
1.4% had significant P values from 2.3E-80 to 2.8E-264. Two
SNVs were predicted as transversion mutations, at frequencies
of 0.8% and 1.4%, respectively, while 15 SNVs were identified as
transition mutations (Table 3). Because of the high coverage of
reads, de novo assembly was not pursued.

DISCUSSION

Symptoms characteristically reported for CSSD-affected cacao
plants are development of swollen areas in shoots, branches, and
roots, vein-reddening of newly-expanding leaves, chlorotic veins,
deformed and discolored pods, yellow banding along the main
vein of leaves, chlorosis and mottling in mature leaves, and tree
decline leading to tree death within three to five years (Muller,
2016). The variable nature and range of symptoms observed
in discrete geographic areas has been attributed to infection
by different suspect badnavirus species (Abrokwah et al,
2016; Muller et al., 2018; Chingandu et al., 2019). Potentially
obscuring or confounding differences in CSSD symptoms
expected for each distinct badnavirus species is the extensive
genomic variation within the diverse T. cacao genetic groups and
hybrids (Motamayor et al., 2008; Zhang et al., 2009; Lachenaud
and Motamayor, 2017). At least seven CSSD badnaviruses
are formally recognized by the International Committee on
Taxonomy of Viruses (ICTV) (https://talk.ictvonline.org/ictv-
reports/ictv_online_report/reverse-transcribing-dna-and-rna-
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viruses/w/caulimoviridae/1361/genus-badnavirus), but to date,
causality has been demonstrated only for CSSTBV (Hagen
et al., 1994; Jacquot et al., 1999; Friscina et al., 2017), where
viral inoculation and evaluation of disease symptomatology was
carried out in T. cacao “Amelonado.”

Different approaches to construct infectious clones of DNA
plant viral genomes have been reported, most often employing
conventional restriction endonucleases to produce greater than
unit-length or dimeric genome molecules containing two copies
of the origin of replication (Buragohain et al., 1994; Jacquot
et al., 1999; Nagata and Inoue-Nagata, 2015). The inclusion
of two origins of replication has been shown to enhance the
likelihood of infectivity and/or to increase the rate of infectivity
of infectious clones in experimental inoculation (Stenger et al.,
1991; Nagata and Inoue-Nagata, 2015). Additionally, agro-clones
of plant pararetroviruses such as badnaviruses require a longer
than full-length genome construct to enable production of a
pre-genomic RNA with terminally redundant sequences essential
for viral replication (Jacquot et al., 1999). In this study, an
agroinfectious clone (1.3 partial dimer) of the CSSD-badnavirus
CSSGMV isolate Nig9 was constructed using the PCR-GA
method (Ferro et al,, 2019), and experiments designed to fulfill
Koch’s postulates were carried out by inoculating seedlings of the
CSSD-susceptible cacao “Amelonado” genotype. The chlorotic
mottling, necrotic leaf curling, and primary vein necrosis
symptoms observed in cacao plants experimentally inoculated
with pCSSGMV-Nig9-IC were distinguishable from symptoms
observed for cacao plants inoculated with infectious clones of
CSSTBV (Hagen et al., 1994; Jacquot et al., 1999; Friscina et al.,
2017). Symptom onset, progression, and phenotype also differed
between the two species of CSSD badnaviruses. Conditions of
light intensity, frequency of watering, and fertilizer nutrition
were not reported by Jacquot et al. (1999) or Hagen et al. (1994),
precluding a comparison with the results reported here. However,
the latter two studies involved the same CSSTBV infectious
clone reported similar disease symptomatology, suggesting that
laboratory environmental conditions were either similar, or
if different, may not have influenced symptom phenotype in
cacao. The most notable differences between the symptoms
reported for CSSTBV (Hagen et al., 1994; Jacquot et al., 1999;
Friscina et al., 2017) and those observed for CSSGMV (this
study) are the earlier onset of symptoms that consisted of
necrotic crinkling, interveinal chlorosis, chlorotic mottling, and
a lower frequency of stem-swelling for CSSGMV-infected plants.
For example, the initial mild symptoms of CSSTBV were first
apparent 7 weeks post-inoculation (~50 dpi) and swollen shoots
and fern-like mosaic were observed around 11 weeks (~77
dpi) (Jacquot et al, 1999). Hagen et al. (1994) inoculated
seeds and reported that the symptoms first appeared at the
7-true leaf stage, or about 5-6 weeks after the first leaves
matured, while stem swellings were reported at 14 weeks (~98
days). This differs with the results observed here in which
foliar symptoms caused by CSSGMV developed by 15 dpi, and
regularly around 30 dpi, while swelling symptoms were rarely
observed by 120 dpa. Insufficient knowledge about similarities
and/or differences in symptom phenotype(s) associated with
known CSSD species underscores the need to carry out Koch’s

postulates and comparative symptom analysis for all known
CSSD species.

Many factors have been hypothesized to influence CSSD-
badnavirus symptoms and disease severity, including differences
in susceptibility among cacao genotypes (Thresh et al., 1988;
Wessel and Quist-Wessel, 2015), climate, light intensity (Andres
et al, 2018; Domfeh et al., 2021), soil nutrient composition
(Andres et al., 2018; Domfeh et al., 2021), and herbivory (Lister
and Thresh, 1957; Thresh, 1960a). Here, CSSGMV-inoculated
cacao “Amelonado” seedlings were maintained under controlled
environment conditions (light and temperature) and regular
fertilizer application, in the absence of herbivory. The red
vein-banding symptoms previously described in cacao leaves in
Nigeria (Thresh, 1960b) has been ascribed to what is now thought
to be CSSGMV-infected trees under field conditions, hence
the proposed name cacao red vein-banding virus (Chingandu
et al., 2019). In this study, red vein-banding symptoms were not
observed by 120 dpi in cacao “Amelonado” seedlings inoculated
with pCSSGMV-Nig9-IC via either biolistic or agroinoculation.
Perhaps the “ephemeral” red vein-banding and other symptoms
reported in previous studies can only be recapitulated under
field conditions or for differentially susceptible cacao genotypes
such as in hybrids that are now commonly planted in West
Africa. Further, the red vein-banding symptoms reported in
association with CSSGMV in Nigeria (Chingandu et al., 2019)
were observed in >5-year-old cacao trees, and the age of the
host should be considered as a possible factor, among others that
could influence symptomatology. Cacao “Amelonado” plants
agroinoculated with a CSSTBV infectious clone exhibited red
vein-banding symptoms 60 dpi (Jacquot et al.,, 1999). Because
mixed infections of CSSD badnaviruses and potential co-
infection by other plant viruses cannot be ruled out (Chingandu
et al,, 2019; Ramos-Sobrinho et al., 2020, 2021), badnaviral
etiology underlying the previously reported foliar red vein-
banding requires further investigation.

Swollen shoot symptoms have been observed infrequently
in CSSD-cacao trees in Nigeria, where CSSGMYV is believed to
be endemic and possibly the most prevalent badnavirus species
(Lister and Thresh, 1957; Ollennu and Owusu, 2003; Chingandu
etal,, 2019). The occasional observation of swollen shoots among
the CSSD isolates in Nigeria lead to the categorization of the
suspect badnavirus as a “mild” strain when compared to the
“severe” New Juaben CSSD-isolate from Ghana, which routinely
caused swelling symptoms on infected cacao plants (Lister
and Thresh, 1957; Thresh, 1959; Ollennu and Owusu, 2003;
Chingandu et al., 2019). Here, 100% (15/15) of the pCSSGMV-
Nig9-IC-agroinoculated plants were shown to be systemically
infected, with rates of infectivity for BI cacao seedlings ranging
from 60-100%. Notably, swelling symptoms on the primary
stem (e.g., that will become the trunk of the mature tree) were
observed in 20% (3/15) of CSSGMV-agroinoculated plants, while
analogous swelling was not observed in the BI plants. Biolistic
inoculation of monomers of the Agoul “severe strain” (accession
L14546) from Togo, which appears to be genotypically similar
to the New Juaben isolate (accession AJ608931) and recently
re-named CSSTBV (Muller et al., 2018), in cacao “Amelonado”
resulted in infectivity rates of 65-88%, with at least 30% (9/30)
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of the seedlings developing stem-swelling symptoms ~120 dpi
(Hagen et al,, 1994). Agroinoculation of cacao “Amelonado”
with an infectious clone (1.2-mers) of CSSTBV-Agoul resulted
in 83% (49/59) and 85% (17/20) of inoculated plants exhibiting
swelling symptoms 120 dpa (Jacquot et al, 1999). Based on
several reports of experimental inoculation of cacao with an
infectious clone of CSSTBV, and results described here, stem-
swelling was observed in CSSGMV-infected cacao plants more
rarely than has been previously reported for CSSTBV-infected
plants, which developed stem-swelling at a higher rate (e.g., 20%
for CSSGMV compared to >80% for CSSTBV).

Lastly, notable differences between the inoculation methods
used here and by Jacquot et al. (1999) include use of the
A. tumefaciens strain GV3101 instead of LBA4404 and the
resuspension and incubation of the A. tumefaciens GV3101 in
an induction media to induce expression of the Ti plasmid Vir
genes. The syringe infiltration inoculation method and plant age
were similar, but the percent of infection was higher under the
conditions reported here, at 100% compared to 85%. In Hagen
etal. (1994), the infectious material was a monomer excised from
the plasmid backbone before inoculation, a greater mass of DNA
was loaded onto tungsten particles, the pressure of helium pulse
was substantially lower, and seeds instead of whole plants were
inoculated. However, similar rates of infection were observed,
with 100% infection being observed in one of three experiments
performed in the present study. Virus detection methods differed
in Hagen et al. (1994) and Jacquot et al. (1999), which used ELISA
and dot blot hybridization. Also, Hagen et al. (1994) analyzed the
test plants at a single time point, compared to the Jacquot et al.
(1999) study that analyzed inoculated plants 8- and 12-weeks
post-inoculation. The more sensitive detection method used in
this study (i.e., PCR amplification) compared to ELISA or dot-
blot hybridization may explain the earlier detection of CSSGMV
in cacao plants, at 30 and 60 dpi, compared to later time points
reported in the previous studies.

The depth of coverage of the CSSGMV-Nig9 genome from
both RNA and DNA Illumina sequence reads determined from
systemically infected leaves of inoculated cacao plants was
considerably high, ranging from 40 to 22,561x. Analysis of the
RNA and DNA reads revealed statistically SNVs, indicative of
virus population dynamics in an environment conducive to
replication, a supposition that is supported by the high number of
reads associated with the individual SNVs. In the latter scenario,
the SNVs were convincingly attributable to the accumulation of
bonafide errors introduced during viral replication, and not to
background noise (Bansal, 2010; King et al., 2020).

Evidence for replication of pCSSGMV-Nig9-IC in T. cacao
“Amelonado” and systemic infection of CSSGMV-Nig9 was
demonstrated in this study. Also, foliar CSSGMV-caused
symptoms were distinguishable from CSSTBV-Agoul in that
they developed sooner, and were manifest as necrotic leaf
crinkle, primary vein necrosis, and chlorotic mottling. Further,
CSSGMV-inoculated plants only rarely developed swollen stems,
compared to the high frequency of stem-swelling associated
with CSSTBV (Hagen et al., 1994; Jacquot et al., 1999). The

absence of the red vein-banding phenotype needs further
investigation and could be attributable to different factors,
including differences between cacao genotype and environmental
effects on symptom development. These results provide ample
evidence to suggest that there are discernable symptoms caused
by the different species of the CSSD complex, confirming
earlier hypotheses (Abrokwah et al., 2016; Muller et al., 2018;
Chingandu et al., 2019) and belaboring the need to explore the
relationship between symptoms and CSSD-associated badnaviral
species. The development of pCSSGMV-Nig9-IC provides a
new, tool to pursue studies of plant-virus-vector interactions,
characterization of viral genes and gene function, and for
screening badnavirus-resistant cacao germplasm. Also, this
newly developed CSSGMYV infectious clone, together with those
of other cacao-infecting badnavirus species, will contribute
to a genetically diverse panel of CSSD-badnavirus clones.
Such a panel would facilitate identification of badnavirus
and host factors through differential gene expression studies
and elucidate the genetic basis for differential susceptibilities
among CSSD-badnavirus species in the context of cacao genetic
group diversity.
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