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SUMMARY

Cacao swollen shoot virus (CSSV) is a major pathogen of cacao

(Theobroma cacao) in Africa, and long-standing efforts to limit

its spread by the culling of infected trees have had very limited

success. CSSV is a particularly difficult virus to study, as it has a

very narrow host range, limited to several tropical tree species.

Furthermore, the virus is not mechanically transmissible, and its

insect vector can only be used with difficulty. Thus, the only effi-

cient means to infect cacao plants that have been experimentally

described so far are by particle bombardment or the agroinocula-

tion of cacao plants with an infectious clone. We have genetically

transformed three non-host species with an infectious form of

the CSSV genome: two experimental hosts widely used in plant

virology (Nicotiana tabacum and N. benthamiana) and the model

species Arabidopsis thaliana. In transformed plants of all three

species, the CSSV genome was able to replicate, and, in tobacco,

CSSV particles could be observed by immunosorbent electron

microscopy, demonstrating that the complete virus cycle could be

completed in a non-host plant. These results will greatly facilitate

the preliminary testing of CSSV control strategies using plants

that are easy to raise and to transform genetically.
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Cacao swollen shoot virus (CSSV) is a member of the genus Bad-

navirus, family Caulimoviridae, and infects naturally only cacao

(Theobroma cacao) and a few other tree species, such as baobab

(Adansonia digitata), kapok (Ceiba pentandra) and cola (Cola

gigantea, C. chlamydanta). Its genome is composed of a circular

double-stranded DNA molecule of approximately 7.1 kb enclosed

in unenveloped bacilliform particles of variable length (for a

review, see Muller, 2008). As with all pararetroviruses, the CSSV

genome replicates via an RNA intermediate, which serves as a

template for the synthesis of double-stranded DNA progeny

genomes, the same RNA serving as the mRNA encoding the viral

proteins. Related badnaviruses infect other important tropical

crops, such as banana, sugarcane, yam, pepper and pineapple

(Borah et al., 2013). CSSV is a serious problem for the production

of chocolate and related products, as it has a major impact on

cocoa production in West Africa, and the eradication programmes

currently used as control measures have had very limited effec-

tiveness (Dzahini-Obiatey et al., 2006). Plant breeding approaches

to address the problem have not proved to be promising so far,

as, to the best of our knowledge, there is no resistant cacao germ-

plasm that can be used in classical breeding programmes. Cacao

genotypes with a varying level of tolerance exist, but the tolerance

is difficult to study, as it appears to be polygenic, and its expres-

sion is strongly influenced by environmental conditions (Adomako

et al., 2006). These factors make natural genetic tolerance prob-

lematic to integrate into cacao molecular breeding programmes.

Furthermore, CSSV has proven to be a difficult virus to study.

Viral particles are difficult to purify from infected cacao tissues

and, as a result, the CSSV genome was only cloned and

sequenced in 1993 (Hagen et al., 1993). The development of

more efficient full-length cloning strategies subsequently led to

the cloning and sequencing of the genome of five additional CSSV

strains (Muller and Sackley, 2005). In addition, artificial infection

of cacao plants is relatively difficult (Hagen et al., 1994; Jacquot

et al., 1999), as is transmission by natural vector mealybugs

(Roivainen, 1976), and there are no known easily infected

herbaceous hosts.

A recombinant plasmid vector bearing 1.2 copies of the CSSV

genome has been used previously to infect cacao seeds by particle

bombardment (Hagen et al., 1994), and the same 1.2-copy con-

struct in a vector for Agrobacterium-mediated plant transforma-

tion, pBCPX2, has been used to infect cacao seedlings by

inoculating the bacterium into the stems of young seedlings

(Jacquot et al., 1999). To the best of our knowledge, these techni-

ques have not been attempted on non-host species. We have

used the same vector (Fig. 1A) to infect cacao by rub inoculating
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seeds with a suspension of Agrobacterium bearing pBCPX2. The

seed coat was removed from fresh cacao seeds immediately after

their removal from the pod, and the exposed cotyledons were

rubbed briefly with carborundum. The rubbed seeds were then

dipped in a suspension of Agrobacterium, prepared as described

by Jacquot et al. (1999), and the plants were grown in the glass-

house. As shown in Fig. 1C, the agro-inoculated cacao plants dis-

played typical disease symptoms. These plants were used as

positive controls in further experiments.

The same Agrobacterium strain bearing pBCPX2 was used to

stably transform tobacco (Nicotiana tabacum Xanthi XHFD8) accord-

ing to standard protocols (Horsch et al., 1985). As pBCPX2 also

includes an nptII kanamycin resistance gene, transformed plants

were selected on kanamycin-containing medium. DNA blot hybrid-

ization was used in a manner that made it possible to distinguish

the longer than unit-length copy of the CSSV genome stably inte-

grated in the plant genome from unit-length episomal circular cop-

ies of the CSSV genome produced by replication from the integrated

copies. Figure 2A shows the structure of the T-DNA that was

expected to be integrated in the transformed tobacco genomes, and

the cleavage sites of three restriction enzymes that cut only once in

the CSSV genome. Digoxigenin (DIG)-labelled DNA probes corre-

sponding to an 881-nucleotide fragment of the CSSV genome were

synthesized using the PCR DIG Probe Synthesis Kit (Roche Applied

Science, Mannheim, Germany) according to the manufacturer’s

instructions, using pBCPX2 as template and primers CSSV40681

(TGTGCCCCAATATACTGCAA) and CSSV4949–

(ACAATCTGCTGGTGGGTTTC). When transformed plant DNA is

digested with NdeI, hybridization with the probe, which anneals at

the position indicated in Fig. 2A, will reveal the circular CSSV

Fig. 1 Infection of cacao plants with Cacao swollen shoot virus (CSSV). (A)

Structure of the plasmid pBCPX2 which was used for Agrobacterium-mediated

infection of cacao and stable transformation of non-host plant species. The

open reading frames (ORFs) of the longer than unit-length copy of the CSSV

genome are shown in orange. Not shown to scale. Young leaves of mock-

inoculated (B) and infected (C) cacao plants, 7 weeks after inoculation.

Fig. 2 Presence of linearized episomal Cacao swollen shoot virus (CSSV)

genomic DNA in transgenic tobacco (Nicotiana tabacum) lines. (A) Schematic

diagram of the T-DNA of pBCPX2, which can be transferred by Agrobacterium

to plant genomes, showing the longer than unit-length copy of the CSSV

genome (orange arrow) and the kanamycin resistance marker gene (white

arrow). (B) DNA from transgenic tobacco lines X1–X11 was digested with

NdeI, which cleaves the CSSV genome once; hybridization with the CSSV-

specific probe revealed 7.1-kb DNA corresponding to episomal CSSV DNA and

right border fragments of different sizes. (C) DNA of lines X5 and X8 was

digested with NdeI, NsiI or SphI, which cleave the CSSV genome once.

Hybridization revealed episomal CSSV DNA and fragments of other sizes

corresponding to border or internal fragments. Cacao 1, CSSV-infected cacao

plant; wt, wild-type non-transformed plant.
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molecules as linearized 7.1-kb fragments, and also right-border frag-

ments of various sizes composed of both the remaining portion of

the T-DNA and DNA of the flanking sequences in the plant genome.

Of the 11 transformed tobacco lines tested (Fig. 2B), X5 and X8 dis-

played a fragment that migrated at the same position as the posi-

tive control-infected cacao DNA sample. This suggests the presence

of episomal CSSV DNA, but does not formally exclude the possibility

that the 7.1-kb bands could also be border fragments including inte-

grated and plant DNA. In order to clarify this point, DNA of lines X5

and X8 was also digested with NsiI and SphI, which both cut the

CSSV genome once, but also cut the inserted T-DNA between the

CSSV sequence and the nptII gene (Fig. 2A). When NsiI- or SphI-

digested DNA of X5 and X8 was probed (Fig. 2C), the 7.1-kb band

was still observed, as well as the expected 4.0- and 5.2-kb bands

digested from the T-DNA. The additional smaller bands in X8 sug-

gest the presence of a second T-DNA copy. These results confirm

that the CSSV genome replicated in tobacco lines X5 and X8 to pro-

duce episomal circular viral genomes.

Infection was further demonstrated by immunosorbent elec-

tron microscopy (ISEM) detection of CSSV particles, using the

method described by Jacquot et al. (1999). As shown in Fig. 3,

scattered particles were detected in extracts of tobacco X8 plants,

which were indistinguishable from authentic CSSV particles

observed in cacao plants infected with the same 1.2-copy clone,

either by bombardment or agro-inoculation (Hagen et al., 1994;

Jacquot et al., 1999). Although this evidence shows that CSSV can

complete its replication cycle, including virion formation, none of

the tobacco plants expressed symptoms of infection.

In order to determine whether the replication of CSSV in

tobacco plants was specific to that species, we used standard pro-

tocols to transform two additional species: Nicotiana benthami-

ana, widely used as a model species in plant virology, and

Arabidopsis thaliana Col0, the dominant model for studies in plant

molecular genetics. As shown in Fig. 4A, N. benthamiana lines

B24, B25 and B28 clearly accumulated CSSV episomal DNA, simi-

lar to tobacco lines X5 and X8, and traces were observed in line

B29. Similar levels of accumulation of 7.1-kb CSSV DNA were

observed in Arabidopsis lines A1, A3 and A4 (Fig. 4B).

The ability to replicate the CSSV genome was inherited in

progeny plants (Table 1). With a few exceptions, in all tobacco

and N. benthamiana lines, the segregation of kanamycin resist-

ance was compatible with a single site of insertion into the plant

genome. There was clearly more than one copy in tobacco line

X10 and, as N. benthamiana lines B25, B28 and B29 were sterile,

their progeny could not be evaluated. Line B6 was of particular

interest, as only 8% of the progeny were kanamycin resistant.

This probably suggests transcriptional silencing of the transgene

Fig. 3 Observation of Cacao swollen shoot virus (CSSV) particles in

transgenic tobacco (Nicotiana tabacum) line X8. Immunosorbent electron

microscopy (ISEM) observation of CSSV particles in an extract of transgenic

tobacco line X8.

Fig. 4 Presence of linearized episomal Cacao swollen shoot virus (CSSV)

genomic DNA in transgenic Nicotiana benthamiana and Arabidopsis thaliana

lines. (A) DNA from transgenic N. benthamiana lines B24, B25, B28 and B29

was digested with NdeI, NsiI or SphI, which cleave the CSSV genome once.

Hybridization with the CSSV-specific probe revealed 7.1-kb DNA

corresponding to linearized episomal CSSV DNA and fragments of other sizes

corresponding to border or internal fragments. (B) DNA from transgenic A.

thaliana lines A1 to A6 was digested with NdeI or NsiI, which cleave the CSSV

genome once. Hybridization was as in (A). Cacao1, CSSV-infected cacao

plant; wt, wild-type non-transformed plant.
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(Vermeersch et al., 2013), which is also compatible with there

being a large number of copies inserted, as evidenced by large

numbers of border fragments observed in DNA blot hybridizations

(not shown).

The possibility that the nptII gene was transcriptionally

silenced in line B6 raises the interesting question of why a rela-

tively small proportion of the tobacco and N. benthamiana lines

accumulated detectable levels of CSSV episomal DNA. Only fur-

ther study will show whether this is a result of silencing at the

transcriptional or post-transcriptional level.

We have shown that CSSV can complete its cycle in non-host

plants of the Brassicaceae and Solanaceae families when a longer

than unit-length copy of the viral genome is stably inserted into

the non-host genome. This suggests that non-host cells contain all

of the factors necessary for the CSSV replication cycle and, by

elimination, indicates that one of the major determinants of the

CSSV host range is the ability of the virus to move within its host.

As none of the plant lines expressing the CSSV genome displayed

any physical abnormalities, the species tested may lack factors

related to symptom expression, or perhaps the level of activity of

the virus was insufficient to cause them.

The plants described here should prove to be useful for several

approaches to aid in our further understanding of CSSV. They

could be used as a platform to test the ability of various possible

virus resistance transgene strategies (Prins et al., 2008; Tenllado

et al., 2004; Tyagi et al., 2008) to confer protection against CSSV.

Another interesting possibility would be to test whether protection

against CSSV can be conferred by the inoculation of plants with

DNA or RNA, as demonstrated by Pooggin et al. (2003) for single-

stranded DNA plant viruses.
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