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Abstract Begomoviruses are whitefly-transmitted, single-
stranded DNA viruses that infect a variety of cultivated
(crop) and non-cultivated (weed) plants. The present study
identified a novel begomovirus and satellites (alpha- and
betasatellite) in Senna occidentalis (syn. Cassia occiden-
talis) showing leaf curl symptoms. The begomovirus
shared a maximum sequence identity of 88.6 % with french
bean leaf curl virus (JQ866297), whereas the alphasatellite
and the betasatellite shared identities of 98 % and 90 %
with ageratum yellow vein India alphasatellite (LK054802)
and papaya leaf curl betasatellite (HM143906), respec-
tively. No other begomovirus or satellites were detected in
the suspected plants. We propose to name the virus “senna
leaf curl virus” (SenLCuV).

The family Geminiviridae is divided into seven genera —
Becurtovirus, Begomovirus, Curtovirus, Eragrovirus,
Mastrevirus, Topocuvirus and Turncurtovirus — based on
phylogenetic relationship, genome organization, insect
vector and host range [1]. Begomoviruses constitute the
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largest genus in the family Geminiviridae and are trans-
mitted by whiteflies of the species Bemisia tabaci to a wide
range of cultivated and noncultivated dicot plants [2].
Several begomoviruses are known to infect legume crops
and causes significant yield loss [3]. Some of the bego-
moviruses have also been reported from leguminous weeds
such as Senna occidentalis, Leucaena leucocephala and
Rhynchosia minima [4, 5]. The weeds serve as alternative
hosts and function as hotspots of recombination, leading to
the evolution of new viruses or strains [4]. In the present
study, we identified a novel begomovirus and associated
satellites (alpha- and betasatellites), in Senna occidentalis
(syn. Cassia occidentalis).

Leaf samples from S. occidentalis plants showing cur-
ling of leaves (Fig. 1B) were collected in the vicinity of
agricultural fields in Mohali, India (Latitude: 30° 42’ 45.1”
North; Longitude: 76° 42’ 30.7" East). Leaf sample from a
total of 20 symptomatic and five asymptomatic plants were
collected and stored at -80 °C. Based on the symptoms,
begomovirus infection was suspected. Total DNA was
isolated from leaf tissue using the CTAB method [6].
Rolling-circle amplification (RCA) was performed — using
total DNA as template and ®29 polymerase — to amplify
viral DNA (Illustra TempliPhi Kit, GE Healthcare). RCA
products were digested by BamHI, HindlIll, Kpnl, Ndel,
Pstl, Sacl and Xbal restriction endonucleases (New Eng-
land Biolabs, UK) and loaded onto an agarose gel. Gel
electrophoresis of RCA products digested with BamHI,
Hindlll, Kpnl and Xbal yielded the expected fragments of
~2.7 kb, corresponding to the genome size of a bego-
movirus (Fig. 1C), whereas the digestion with Ndel, Pstl
and Sacl yielded fragments of ~ 1.3 kb, corresponding to
the size of a satellite (Fig. 1D). The asymptomatic plants
showed the absence of any band representing a viral or
satellite DNA (Fig. 1C and D). A total of 18 out of 20
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Fig. 1 Asymptomatic (A) and
symptomatic (B) S. occidentalis
plants. Symptomatic plants
showing downward curling of
leaves (B). Restriction digestion
of the rolling-circle-amplified
(RCA) DNA (C, D). Lanes 1
and 2 of panel C show RCA
products digested by Kpnl, and
the lanes 1 and 2 of panel D
show RCA DNA digested by
Sacl. Lane M in panels C and D
shows the size markers (A DNA
digested by EcoRI/Hindlll)
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symptomatic plant samples yielded fragments correspond-
ing to the size of a begomovirus (~2.7 kb) and the satel-
lites (~1.3 kb). The RCA fragments (~2.7 and 1.3 kb)
obtained using the restriction enzymes (BamHI, Hindlll,
Kpnl, Ndel, Pstl, Sacl and Xbal) were cloned separately in
the SK+ cloning vector (Agilent Technologies), yielding
seven types of clones for each positive sample. Two clones
for each restriction enzyme fragment (2 x 7 = 14) were
sequenced partially, using M13 universal primers, from
each of the 18 positive samples. Upon partial sequencing, a
total of 18 plants tested positive for the virus and the
betasatellite, and a total of 15 plants tested positive for the
virus, the alphasatellite and the betasatellite. Partial
sequencing of the 252 (14 x 18 = 252) clones confirmed
the presence of a single type of begomovirus, alphasatellite
and betasatellite. Five random clones each for the virus,
alphasatellite and betasatellite were sequenced using pri-
mer walking to determine the full-length genomic
sequence.

Sequence analysis of the viral clones from five different
samples, using sequence demarcation tool (SDT) [7],
revealed the presence of highly similar sequences (Sup-
plementary Table 1). The complete nucleotide sequence of
a viral clone (SenLCuV:Moh6:2013) was submitted to the
GenBank database (KU852742). The full-length viral
genome was 2742 bp long and displayed a typical
monopartite begomovirus genome organization. The viral
genome had two open reading frames (ORFs), V1 and V2,
on the viral-sense strand and four ORFs (C1, C2, C3 and
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C4) on the complementary-sense strand. In addition, it
contained a probable ORF, C5 (Supplementary Figure 1A).
The conserved nonanucleotide sequence (TAATATTAC)
was present within the region reported to be the origin of
replication (Supplementary Figures 1A and B). Compar-
ison of the predicted iterons from other begomoviruses
with the corresponding region in the virus under study
suggested that CCGCT is the probable iteron (Supple-
mentary Figure 1B). Pairwise identity analysis (Supple-
mentary Table 2), using SDT [7], showed that the
begomovirus under study shares the highest nucleotide
sequence identity of 88.6 % with french bean leaf curl
virus (JQ866297) and corchorus yellow vein mosaic virus
(KC223600). This is below the threshold of 91 % [2] and
thus qualifies this isolate to be considered a member of a
new begomovirus species.

Phylogenetic analysis of the begomovirus under study
was performed using the neighbor-joining method with
1000 bootstrap replicates in MEGA 6.0 [8]. The tree was
rooted using an outlier sequence representing a different
begomovirus species. Phylogenetic analysis revealed that
the begomovirus under study formed a separate cluster and
showed only a distant relationship to the previously known
begomoviruses (Fig. 2). Thus, the begomovirus detected in
this study should be considered a member of a new species.
We propose to name this virus “senna leaf curl virus”
(SenLCuV).

Begomoviruses are known to have a high recombination
rate and evolve rapidly through genetic recombination [9].
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Fig. 2 Dendrogram showing
the relationship between
SenLCuV (indicated by **) and
other begomoviruses. The
percentage of replicate trees in
which the associated sequences
clustered together in the
bootstrap test (1000 replicates)
is shown next to the branches
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To identify putative recombinant sites, recombination
analysis was performed with aligned sequences of probable
parents using MUSCLE in MEGA 6.0 [8]. The resultant
alignment was exported as a FASTA file and used for
predicting recombinant fragments in Recombination
Detection Program version 4 [10]. The methods, RDP,
GENECONYV, Bootscan, MaxChi, Chimaera, SiScan and
3Seq were used to scan the recombination events and
identify probable parental sequences and recombination
breakpoints. A recombination event detected by five
methods with p-values less than 0.05 was considered for
further analysis. Analysis suggested that the putative
fragment was 1431 nucleotides long and covered a part of
the C1 ORF and the whole V1, C3, C2 and C5 ORFs
(Supplementary Figure 1C). The major and minor parents
resembled pedilanthus leaf curl virus (PeLCV) and cotton
leaf curl Kokhran virus (CLCuKV).

Sequencing of ~1.3-kb RCA restriction fragments
resulted in identification of an alphasatellite and a
betasatellite. All five clones gave highly similar sequences
for the alphasatellite and betasatellite. The alphasatellite
and betasatellite were also detected by polymerase chain
reaction (PCR) amplification using the primer pairs nano-
for/nanorev and P01/04, respectively [11]. The
alphasatellite (KU852743) and betasatellite (KU852744)
were 1389 and 1362 bp long, respectively. The
alphasatellite showed 98 % sequence identity to ageratum
yellow vein India alphasatellite (AYVIA; LKO054802).
AYVIA detected in this study contained all of the features
of an alphasatellite, including the presence of a Rep gene

and an A-rich region (Supplementary Figure 1A). The
betasatellite showed 90 % sequence identity to papaya leaf
curl betasatellite (PalL.CuB; HM143906). The betasatellite
contained all of the features of betasatellites, including the
satellite-conserved region (SCR), the A-rich region and the
BC1 gene (Supplementary Figure 1A). It also contained the
conserved nonanucleotide sequence (TAATATTAC) that
is common among the betasatellites and begomoviruses
(Supplementary Figure 1A and C).

Although alphasatellites depend on helper-virus-en-
coded proteins for movement within and between plants,
they are capable of autonomous replication in permissible
plant cells, due to their own Rep proteins [12]. On the other
hand, betasatellites are completely dependent on their
helper begomoviruses. Betasatellites are predicted to con-
tain the iteron-like sequences that are involved in trans-
replication compatibility of betasatellites with different
helper viruses [13, 14]. The iteron-like sequences present
in betasatellites are suggested to functionally mimic the
iterons of the helper begomoviruses [13, 14]. Upon anal-
ysis, we found the presence of iteron-like sequences in the
PalLCuB genome (Supplementary Figure 1B). These may
be required for trans-replication of PaLCuB by SenLCuV
in the host plant.

Here, we report the presence of a novel begomovirus,
SenLCuV, a betsatellite, PaLCuB, and an alphasatellite,
AYVIA, in a legume weed, S. occidentalis. Recombination
analysis indicated that SenLCuV might have evolved
through recombination between viruses resembling PeLCV
and CLCuKV. However, neither of these two viruses
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(PeLCV and CLCuKV) was detected in S. occidentalis
during our study. A detailed study on a larger number of
samples collected from across the country needs to be
carried out to determine if the recombination took place in
S. occidentalis or, alternatively, if it took place in another
plant, followed by transmission of SenLCuV to S. occi-
dentalis. S. occidentalis is prevalent across the country and
grows perennially [15]. Hence, it may serve as a constant
source of inoculum for whiteflies to spread the virus to
other compatible hosts. The presence of SenLCuV in other
crops remains to be surveyed to understand the epidemi-
ology and host range of SenLCuV.
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