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Abstract Sri Lankan cassava mosaic virus (SLCMV) is a

bipartite begomovirus infecting cassava in India and Sri

Lanka. We have used Agrobacterium-mediated inoculation

(agroinoculation) of cloned SLCMV DNA to inoculate

additional hosts, Nicotiana tabacum and Arabidopsis.

Although SLCMV infection in these hosts caused stunting,

leaf deformation and developmental abnormalities, accu-

mulation levels of viral DNA in the infected plants

suggested that this virus was poorly adapted to them. In the

natural host, cassava, agroinoculation produced infection at

a low frequency. The monopartite nature of SLCMV,

reported earlier in N. benthamiana, was maintained in the

new hosts as well as in cassava.

Cassava mosaic disease (CMD) is one of the major con-

straints in the cultivation of cassava, an important tropical

root crop, in the African continent and India [5, 9]. Several

virus species are known to be associated with CMD, all

belonging to the family Geminiviridae, genus Begomovirus

[20, 21] and contain two single-stranded DNA components,

DNA-A and DNA-B, as their genome. DNA-A encodes

proteins related to replication and encapsidation of the viral

DNA and control of viral gene expression, whereas DNA-B

encodes movement-related proteins. DNA-A and DNA-B

share a *200-bp common region (CR), which carries

DNA replication and transcriptional signals. Replication of

the viral DNA initiates at a stem-loop structure within the

CR carrying the nonanucleotide sequence conserved in all

geminiviruses. In India, Sri Lankan cassava mosaic virus

(SLCMV) is the most common virus responsible for CMD

[4, 12, 15, 19], along with the closely related Indian cas-

sava mosaic virus, ICMV [9, 12, 15, 16, 19].

Although both of the DNA components of SLCMV,

when introduced by mechanical inoculation or biolistics,

are necessary for infection in the experimental host Nico-

tiana benthamiana, DNA-A alone can cause infection

when introduced by agroinoculation. This observation,

along with an unexpectedly high overall nucleotide

sequence identity of SLCMV DNA-B to ICMV DNA-B

suggested that SLCMV DNA-A possesses monopartite

characteristics, and its observed bipartite nature in the

natural host cassava has been possibly achieved by cap-

turing and suitably modifying ICMV DNA-B to give rise to

SLCMV DNA-B [19]. However, the monopartite nature of

SLCMV has not been tested on any host other than N.

benthamiana.

Infectious cloned geminiviral DNAs are powerful tools

in the study of viral host range, trans-replication of DNA

components and genetic determinants of symptom pro-

duction [19]. Of the three artificial methods used to

introduce geminiviral DNA to plant hosts (mechanical

rubbing, biolistic delivery and agroinoculation), agroinoc-

ulation is considered to be the most efficient. In

agroinoculation, the viral DNA is cloned in a binary vector,

followed by transfer to Agrobacterium tumefaciens and

injection of the bacterial suspension into the plant to allow

DNA transfer to take place [6]. For agroinoculation, cloned

tandemly arranged copies of the viral genome are inserted

in a binary vector such that, following transfer to the plant,

unit-length viral DNA can be released by replication or

recombination [22].

Cloned SLCMV DNA has been shown to be infectious to

the experimental host N. benthamiana by agroinoculation
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[18] and to N. benthamiana and cassava by biolistic inocu-

lation [4, 13]. We decided to use the method of

agroinoculation to investigate whether SLCMV DNA can be

introduced into the model plant Arabidopsis, the natural host

cassava and the common laboratory plant N. tabacum.

Because of the availability of the complete genome

sequence of Arabidopsis and a large number of well-char-

acterized mutant lines, a method of infecting Arabidopsis

using SLCMV would make available a system to study the

molecular interactions between the host and a virus of

agricultural importance. Moreover, in the natural host cas-

sava, although a biolistic method for the introduction of

cloned geminiviral DNA is available [1, 3], development of

agroinfectious clones of SLCMV will open up an additional

method of introducing geminiviral DNA, which can be

useful in screening large collections of cassava germplasm

for CMD resistance.

In this study, we have used cloned SLCMV DNA [4] to

test whether it can be introduced to Arabidopsis, N. taba-

cum, and cassava by agroinoculation, in addition to the

experimental host N. benthamiana reported earlier [18].

We show that agroinoculation can be used to introduce

SLCMV DNA to the above hosts, with variable degrees of

infectivity. In addition, we demonstrate the monopartite

nature of SLCMV in all of the hosts tested.

N. benthamiana plants were grown in pots inside a

temperature-controlled room maintained at 24 ± 1�C and a

14/10-h light–dark cycle. A. thaliana (L) Heynh. ecotype

Columbia (Col) plants were grown under constant illumi-

nation (*80 lmol m-2/s), maintained at 22 ± 1�C, in

clay pots containing Soilrite (Kelprlite, Bangalore, India;

1:1:1 ratios of vermiculite, perlite and sphagnum moss).

Stem cuttings from cassava and seed-germinated N. taba-

cum seedlings were grown in pots inside a glasshouse

maintained at 28 ± 2�C with supplementary lighting for a

14/10-h light–dark cycle and at 70% humidity.

Two DNA fragments derived from cloned SLCMV-

[Ker20]/Adivaram DNA-A [4], (EMBL accession no.

AJ579307) were used to construct the tandem copies of the

viral genome: a 1.7-kb HindIII-PstI fragment (nucleotides

2,502–1,438) and a 1.0-kb PstI-HindIII fragment (nucleo-

tides 1,439–2,501), the former containing the stem-loop

and the latter lacking it. Similarly, two DNA fragments

from the cognate DNA-B (AJ579308), a 1.5-kb BamHI-

HindIII fragment (nucleotide positions 1,424–138) and a

1.2-kb BamHI-HindIII fragment (nucleotide positions 139–

1,423) were used, the former containing the stem-loop

formation and the latter lacking it. The fragments were

cloned in the plasmid cloning vector pBSK? into PstI-

HindIII and BamHI-HindIII sites, respectively, followed by

ligation to the full length DNA-A in the former case and

DNA-B in the latter. The constructs were checked by

appropriate restriction digests to ensure that they formed

tandem repeats in each case in the same orientation. The

tandem repeats representing all four constructs were

excised from pBSK vectors and inserted into the binary

vector pCambia 2300 [14] using the SalI-SacI sites. The

tandemly repeated clones in the binary vector were named

SLCMV-A1.7 (A1.7), SLCMV-A1.0 (A1.0), SLCMV-

B1.5 (B1.5) and SLCMV-B1.2 (B1.2), of which A1.7 and

B1.5 have the stem-loop duplicated. All of the binary

vector clones were mobilized into the Agrobacterium strain

EHA105.

N. benthamiana plants with 5–6 leaves were injected

with 20 ll bacterial suspension (in a buffer consisting

10 mM MgCl2, 10 mM MES and 150 lM acetosyringone)

at the second and third leaf shoot axis using a fine needle.

Cassava and N. tabacum plants were inoculated in a similar

manner. In Arabidopsis, two leaves were inoculated after

injuring the dorsal and ventral leaf surface with a fine

needle just prior to the bolting stage.

DNA was isolated as per standard protocol [10, 17]

from newly emerged leaves showing symptoms and ana-

lyzed by Southern hybridization as described [19]. Viral

DNAs were detected using a 1,067-bp PstI-HindIII frag-

ment of SLCMV DNA-A as probe for detecting DNA-A

and a 654-bp BglII-SpeI fragment of SLCMV DNA-B

(nucleotide residues 318–972) for detecting DNA-B. The

presence of viral DNA was also analyzed by PCR

amplification using CP gene-specific primers (for-

ward primer: 50AGGATCCGATCTCTGTCATCAGGG 30

(nucleotide residues 271–287), Reverse primer: 50GGAG

CTCGGGACTGACAGTATTGAG 30 (nucleotide residues

1,114–1,097), the residues shown in italics being added for

ease in cloning, amplifying an 843-bp region of the cp

gene from DNA-A.

To check whether the clones representing tandem

repeats of SLCMV DNA components (A1.7, A1.0, B1.2

and B1.5) show infectivity on the host N. benthamiana by

agroinoculation, a total of 210 plants were inoculated with

various combinations (Table 1) in three independent

experiments. Out of 75 plants inoculated with DNA-A

alone, symptoms (upward leaf roll, leaf deformity and vein

swelling) started appearing in 69 plants by 7 days post-

inoculation (dpi), whereas mock-inoculated plants did not

show any symptoms, which agreed with earlier reports of

agroinoculation of SLCMV DNA [19]. In plants that were

inoculated with DNA-A ? DNA-B, downward leaf curling

was initially observed, but after 15 dpi, newly emerging

leaves showed upward leaf roll. Symptomatic plants did

not show any signs of recovery. On Southern analysis, all

symptomatic plants were seen to accumulate single-stran-

ded, supercoiled and other replicative forms of DNA-A

(Fig. 1c). Accumulation of DNA-B was transient and not

detectable after 25 dpi. This showed that the cloned DNAs,

shown earlier to be infectious on N. benthamiana by
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biolistic delivery [4], retain their infectivity when cloned in

a tandem-repeat arrangement and introduced to the plant by

agroinoculation.

In the case of N. tabacum, 46 out of a total of 60 plants

inoculated with different combinations started showing

symptoms (Table 1) after 25 dpi. By 60 dpi, severe stun-

ting and leaf deformity were observed (Fig. 1a), whereas

no symptoms were visible in mock-inoculated plants

(Fig. 1b). Symptomatic leaf samples, when analyzed by

Southern hybridization, were found to accumulate all of the

expected forms of viral DNAs, although to a much lesser

extent in comparison to N. benthamiana (Fig. 1d). The

proportion of N. tabacum plants infected was less than with

N. benthamiana (Table 1), typically approximately 76% as

compared to close to 100% in N. benthamiana. There was

no difference between the symptoms exhibited by plants

which had DNA-A only and those having DNA-

A ? DNA-B.

In the case of cassava, 62 plants were agroinoculated in

two independent experiments. Although at 35 dpi, leaf

deformity and necrosis (Fig. 2a) were observed in almost

60% of plants inoculated with various combinations

(mock-inoculated plants showing no symptoms, Fig. 2b),

the symptomatic leaves did not accumulate the viral DNA

to detectable levels when checked by Southern hybridiza-

tion. However, viral DNAs were detectable by PCR

(Fig. 2d) in all 42 symptomatic leaves tested, indicating

their accumulation at low levels. One plant inoculated with

A1.0 only developed mild mosaic symptoms typical of

CMD in newly emerging leaves at 45 dpi (Fig. 2c), in

which viral DNA was seen to accumulate by Southern

hybridization (Fig. 2e). Neither could DNA-B be amplified

from that plant, nor did a probe specific for DNA-B

hybridize with the plant DNA in Southern analysis, ruling

out accidental DNA contamination. This strongly indicated

that the infection had resulted from the inoculation of

DNA-A alone.

In the case of Arabidopsis, a total of 42 plants were

agroinoculated in three sets of experiments with three

combinations of SLCMV DNA, namely A1.0, A1.7 and

A1.7 ? B1.5. At 25 dpi, inoculated plants containing the

above DNAs showed the emergence of secondary rosettes,

increased branching, abnormal floral meristems, curling of

leaves and early dehiscence of the siliques (Fig. 3a, c), but

the mock-inoculated plants did not (Fig. 3b). Agroinocu-

lation was also attempted on younger plants, but they did

not survive, presumably because of the injuries sustained

during the inoculation process. Between the three types of

DNAs used for inoculation, there were no differences in the

expressed symptoms. All of the symptomatic plants

showed accumulation of viral DNA species having low

electrophoretic mobility, as assessed by Southern analysis

(Fig. 3d). To ascertain the identity of the inoculated mol-

ecule in the symptomatic plants, the cp gene was amplified

from total DNA isolated from a single symptomatic plant,

cloned and sequenced. The 843-bp fragment representing

nucleotide residues 271–1,114 (cp gene) was seen to be

identical to SLCMV-[Ker20]/Adivaram DNA-A, the

inoculated DNA.

As an extension of infectivity studies of cloned SLCMV

DNAs using the biolistic method reported earlier [4, 13, 15],

we wanted to know whether agroinoculation can be used as a

method to introduce infectious SLCMV DNA back in the

natural host cassava, to the common laboratory plant N.

tabacum and to the model plant Arabidopsis. We show here

that cloned SLCMV DNA can be introduced efficiently to

Arabidopsis and N. tabacum, in addition to N. benthamiana,

by agroinoculation. In cassava, because the inoculated DNA

accumulated to levels much lower than expected in most

symptomatic leaves, it can be concluded that the process

takes place with low efficiency. The efficiency of infection

of SLCMV DNAs used here, (SLCMV-[Ker20]) was seen to

be similar to that reported earlier for the Sri Lankan isolate

SLCMV-[Col] [19]. Compared to the biolistic method [13],

Table 1 Infectivity of cloned SLCMV DNAs in N. benthamiana, N. tabacum Arabidopsis and cassava using agroinoculation. The numbers

represent the symptomatic plants/inoculated plants

Inoculated DNA N. benthamiana1 N. tabacum2 Cassava3 Arabidopsis4

a b c a b a b a b c

A1.0 20/20 10/10 5/5 5/5 3/5 5/8 3/4 6/6 NI NI

A1.0 ? B1.2 20/20 10/10 5/5 5/5 2/5 5/8 NI NI NI NI

A1.0 ? B1.5 20/20 10/10 5/5 5/5 4/5 4/8 6/6 NI NI NI

A1.7 20/20 9/10 5/5 5/5 3/5 5/8 NI NI 5/5 4/4

A1.7 ? B1.2 20/20 10/10 5/5 5/5 2/5 4/8 NI NI NI NI

A1.7 ? B1.5 20/20 10/10 5/5 5/5 2/5 4/8 4/4 18/18 5/5 4/4

Mock 0/20 0/10 0/5 0/5 0/5 0/8 0/4 0/10 0/5 0/4

Observations were recorded at the following dpi, 71, 302, 353 and 174

a, b and c represent results of replicated experiments, NI indicates not inoculated
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the inoculation efficiencies on N. benthamiana by agroin-

oculation were superior, the respective figures being 60% for

biolistics compared to 100% for agroinoculation, thereby

establishing agroinoculation as a superior method of inoc-

ulation over the biolistic method.

Following agroinoculation-mediated transfer of cloned

viral DNA to plants, two viral plus-strand origins of repli-

cation present in the same tandemly repeated molecule can

result in initiation of DNA synthesis at one origin and ter-

mination at the other, leading to replication-mediated

release of unit-length viral DNA [22]. The repeat also makes

it prone to intra-molecular recombination, resulting in a

recombination-mediated release. In contrast, a tandemly

repeated molecule containing only a single replication origin

can generate replicating viral genomes only by recombina-

tion [22]. When the infection efficiencies of constructs with

and without the repeated stem-loops were compared, no

significant difference was observed (Table 1). Thus, we

conclude that replication is not the predominant mechanism

deciding the release of unit-length viral DNA following

agroinoculation, which would have otherwise shown a dif-

ference between the two constructs.

Since the percent infectivities of DNA-A alone were the

same to those of DNA-A ? DNA-B in all the four hosts

tested, it could be concluded that DNA-B was not essential

for infectivity of DNA-A. In addition, DNA-B was detected

only transiently in N. benthamiana plants inoculated with

DNA-A and DNA-B. In addition, on co-inoculation, there

was a change in the symptoms from initial downward leaf

curling, typical of a bipartite begomovirus infection, to

upward leaf roll, a symptom associated with monopartite

begomoviruses in N. benthamiana. This change was par-

ticularly seen in emerging leaves late in the infection,

reminiscent of a similar observation reported for biolisti-

cally inoculated N. benthamiana plants with ICMV DNA

components [13]. Taken together, the results strongly

Fig. 1 Infectivity of SLCMV DNAs on Nicotiana benthamiana and

N. tabacum. a Symptoms produced following agroinoculation, along

with the combination of DNA used and the days elapsed after

inoculation, days post-inoculation (dpi). b Mock-inoculated N.

tabacum plant showing no symptoms. c Southern hybridization

analysis of total genomic DNA of SLCMV inoculated and mock-

inoculated N. benthamiana plants at 30 dpi. Lane 1, 5 ng cloned

linearized DNA-A as positive control, lane 2, DNA from a mock-

inoculated plant, lanes 3–8, DNA from plants inoculated with

A1.7 ? B1.5. d Southern hybridization analysis of N. tabacum plants

at 30 dpi. Lane 1, 5 ng cloned linearized DNA-A as positive control,

lanes 2, 3 and 4 DNA from mock-inoculated plants, lanes 5–11, DNA

from plants inoculated with A1.7 ? B1.5. The blots were hybridized

with the DNA-A probe representing nucleotide residues 1,439–2,501.

The positions of single-stranded (ss), double-stranded (ds) and

subgenomic (sg) DNA are indicated by arrows
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indicate the monopartite nature of SLCMV-[Ker20] DNA-

A, the second such example after SLCMV-[Col] DNA-A

[18], reinforcing the evidence that SLCMV behaves like a

monopartite begomovirus and extending such behaviour in

three additional hosts, namely N. tabacum, Arabidopsis and

cassava.

Agroinoculation as a means to introduce cloned gem-

iniviral DNAs to cassava had been reported earlier [2]. In

this study, we show that agroinoculation can be used, albeit

with low efficiency, to introduce SLCMV DNA to cassava.

Thus, agroinoculation, in addition to biolistic inoculation,

potentially opens up another whitefly-independent means

of screening a large amount of cassava germplasm for

resistance against SLCMV. It also provides an opportunity

to test the effects of site-directed mutagenesis on the

infectivity of the viral DNA and symptom development in

the natural host. Interestingly, A1.0 was infectious to

cassava, independent of DNA-B, thus illustrating for the

first time its monopartite nature in its natural host.

This is also the first report of infection of the model

plant Arabidopsis with SLCMV DNA. An interesting fea-

ture of the viral DNA extracted from such infected plants

was its reduced electrophoretic mobility. This may result

from accumulation of multimeric forms of the viral DNA,

as has been reported recently in the case of a newly

emerged recombinant DNA component of a geminivirus

infecting Sida micrantha [7]. It has been proposed that such

multimeric forms may arise due to the inability of the

replication complex to recognize initiation and termination

sequences efficiently due to poor adaptation of the virus to

the host. Such phenomena might also be occurring between

SLCMV and Arabidopsis. The symptoms observed in

Arabidopsis resembled those reported earlier for another

geminivirus, beet curly top virus [8, 11], suggesting

Fig. 2 Infectivity of SLCMV DNAs on cassava. a Symptoms on a

leaf showing deformity and necrosis, along with the DNA used for

inoculation and the period after which the photograph was taken; b
leaf from a mock-inoculated plant. c Mild mosaic on a leaf from a

plant inoculated with the DNA shown. d PCR amplification products

indicating SLCMV DNA-A in leaves showing deformity and

necrosis; lanes 1–10, inoculated plants at 35 dpi., lane 11, naturally

infected plant (collected from the field), lanes 12 and 13, mock-

inoculated plants. e Southern hybridization of DNA extracted from

cassava leaves; lanes 1 and 2, 5 ng cloned DNA-A and DNA-B,

respectively, lane 3, DNA from a leaf of an inoculated plant

exhibiting mosaic symptoms, lane 4, DNA from a mock-inoculated

plant, lane 5, DNA from a CMD-affected plant. The blot was probed

with SLCMV DNA-A; the positions of single-stranded (ss) and

double-stranded (ds) DNAs are indicated by arrows
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possible common interacting pathways between plant fac-

tors and closely related viruses. Agroinoculation of

Arabidopsis opens up the possibility of using its extensive

genomic information and mutant lines available to study

interaction with SLCMV.
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