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Abstract Here, we report for the first time the complete mo-
lecular characterization of a begomovirus infecting tomato crops
in Espirito Santo state, Brazil. Based on the analysis of partial
nucleotide sequences of isolates obtained from 20 samples, col-
lected from 2007 to 2011, all isolates were preliminary classified
as Tomato commom mosaic virus (ToCmMV). Complete nucle-
otide sequences of the DNA-A and DNA-B components of one
isolate were determined. The DNA-A sequence shares 97.5 %
identity with that of ToCmMV-[BR:C0i22:07], thus confirming
it to be an isolate of ToOCmMYV. In addition, recombination anal-
ysis showed that this ToOCmMYV isolate probably evolved from
an inter-species recombination event and likely contributed to
the emergence of the weed-infecting begomovirus, Sida yellow
leaf curl virus (ST'YLCV).
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Begomoviruses (genus Begomovirus, family Geminiviridae)
have a genome composed of one (monopartite) or two
(bipartite) circular, single-stranded DNA molecules of approxi-
mately 2.6 kb and are transmitted by the whitefly Bemisia tabaci
(Homoptera: Aleyrodidae) in a persistent circulative manner to
dicotyledonous plants (Brown et al. 2012). They are considered
as a major group of plant pathogens in tropical and subtropical
regions worldwide, where they cause severe losses in many eco-
nomically important crops such as beans (Phaseolus spp.), cas-
sava (Manihot esculenta) and tomato (Solanum lycopersicum)
(Polston and Anderson 1997; Ribeiro et al. 2003). Losses caused
by begomoviruses increased dramatically after the introduction
into the Western Hemisphere of B. tabaci Middle East-Asia
Minor 1 (MEAMI, formerly known as B. tabaci biotype B)
(Lourencao and Nagai 1994), known to have a wider host range
than the formerly widespread B. fabaci New World 1 (NW1,
formely B. tabaci biotype A) (Bedford et al. 1994). In Brazil,
especially after the introduction of B. fabaci MEAMI1 in the mid
1990’s, serious epidemics of begomovirus diseases have been
reported (Ribeiro et al. 1998). Currently, there are 11 recognized
begomovirus species infecting tomato in different states of
Brazil: Tomato golden mosaic virus (TGMV), Tomato rugose
mosaic virus (ToORMV), Tomato chlorotic mottle virus
(ToCMoV), Tomato yellow spot virus (ToYSV), Tomato severe
rugose virus (ToSRV), Tomato common mosaic virus
(ToCmMYV), Tomato mild mosaic virus (ToOMIMV), Tomato yel-
low vein streak virus (ToYVSV), Tomato interveinal chlorosis
virus (ToICV), Tomato mottle leaf curl virus (ToMoLCV) and
Tomato golden vein virus (TGVV) (Rocha et al. 2013). However,
at present, ToSRV is reported as the prevalent begomovirus spe-
cies on tomato crops (Fernandes et al. 2008; Gonzalez-Aguilera
et al. 2012).

In Espirito Santo state, an important tomato growing region,
epidemics of begomovirus disease causing yield losses of up to
80 % have been reported since 2006 in counties such as Alfredo
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Chaves, Afonso Claudio, Domingos Martins, Laranja da Terra
and Venda Nova do Imigrante (H. Costa, unpublished). Infected
plants usually show symptoms of severe mosaic and leaf rolling
and these symptoms vary in intensity depending upon the variety
and the age of the plant at infection time.

Although the first epidemic cases were only reported from
2006 in Espirito Santo state, Ambrozevicius et al. (2002) had
already detected a begomovirus in tomato plants collected in
Varzea Alegre in 1999, although the species was not identified.
Until now, it remains unknown which begomovirus occurs in
Espirito Santo state. In this study, we report the occurrence and
the complete molecular characterization of a begomovirus iso-
lated from tomato plant collected in Espirito Santo state.

During 2007 to 2011, tomato plants showing symptoms
characteristic of those caused by begomovirus infection were
sampled in fields around the counties of Afonso Claudio (six
fields; February 2007 to October 2010), Domingo Martins
(four fields; May 2011) and Venda Nova do Imigrante (five
fields; May 2009 to February 2011). One to three samples were
collected from each field for a total of 20 samples. Total DNA
was extracted from symptomatic leaf tissue of each sample
(Dellaporta et al. 1983) and used for PCR amplification with
the begomovirus universal primer pair PAL1v1978/PAR1c496
(Rojas et al. 1993), which direct the amplification of a frag-
ment of approximately 1.1 kbp comprising the 5'-region of the
rep gene, the entire intergenic region, and the 5'-region of the
¢p gene. PCR products were purified with the QIAquick PCR
purification kit (Qiagen) and directly sequenced using the
primer PAR1c496, directed to the 5'-region of the cp gene.

Approximately 500 nucleotides of the 5’ region of the cp
gene from each sample were compared to the corresponding
sequence of other begomovirus isolates available in public
databases. Pairwise nucleotide sequence comparisons per-
formed by Mega 6.0 (Tamura et al. 2013) revealed that the
sequences of all the isolates shared 99 to 100 % sequence
identity among themselves and with the sequence of Tomato
common mosaic virus (ToCmMYV, GenBank accession
EU710754).

As the partial nucleotide sequences for all 20 isolates were
almost identical, one isolate, named ES-14, from Venda Nova
do Imigrante county, was selected for the complete molecular
characterization. For this, total DNA extracted from the sam-
ple infected by ES-14 was used as a template for rolling circle
amplification (RCA) as described by Inoue-Nagata et al.
(2004). RCA products were digested with the restriction en-
donucleases EcoRl, BamHl, Taql, Hindlll, Kpnl, Xbal and
Stl in an attempt to clone the monomeric units of DNA-A
and DNA-B molecules. All ca. 2.7 kb fragments correspond-
ing to the unit genome-length of begomoviruses were ligated
to the pBLUESCRIPT SK+ plasmid vector (Stratagene) and
introduced into Escherichia coli DH5x by transformation.
Viral inserts were commercially sequenced (Macrogen Inc.)
by primer walking. For sequence analysis, the BLAST
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algorithm (http://www.ncbi.nlm.nih.gov/) was used for
sequence similarity searches, Sequence Demarcation Tool
(SDT; Mubhire et al. 2014) was used to calculate pairwise
identity scores, MUSCLE (Edgar 2004) implemented in
MEGA 6.0 (Tamura et al. 2013) was used for multiple se-
quence alignments, the maximum-likelihood (ML) method
(3,000 bootstrap replications) was used for phylogenetic re-
construction, Simplot 3.5.1 (Lole et al. 1999) was used for
generating similarity plots, and RDP3 (Martin et al. 2010)
was used for recombination analysis.

Thirty clones had their inserts sequenced and they shared
100 % nucleotide identity among themselves, but all of them
were clones of the DNA-B component. In order to isolate the
DNA-A component, 31 additional clones were evaluated by
restriction fragment length polymorphism (RFLP) analysis
using the Mspl restriction endonuclease. The digestion pattern
of all clones was identical to that of the DNA-B clones. As an
alternative for the determination of the DNA-A component
sequence, the RCA product of ES-14 isolate was directly se-
quenced using the primer pair PAL1v1978 and PAR1c496
(Rojas et al. 1993) plus primers TCmR (5'-TAA CGT GCC
CGA CGA GAT G-3') and TCmF (5-GAG CCC AAG TTG
TAT AAT TT-3'), designed based on the available sequence of
ToCmMV (EU710754) (Castillo-Urquiza et al. 2008). High
quality sequences were assembled using the Staden package
(Staden 1996) to obtain the complete DNA-A nucleotide se-
quence of the ES-14 isolate.

The DNA-A component is 2592 nucleotides long and
shares the highest nucleotide identity (97.5 %) with
ToCmMV (EU710754). Therefore, in accordance with the
current guidelines for begomovirus species demarcation
(Brown et al. 2015), the ES-14 isolate was named Tomato
common mosaic virus-[Brazil-Venda Nova do Imigrante-
ES14-Tomato-2007], acronym ToCmMV-[BR-VdIm-ES14-
To-07].

The DNA-A component (GenBank accession KT203558) of
ToCmMV-[BR-VdIm-ES14-To-07] shares 97.5 % nucleotide
sequence identity with ToCmMYV (EU710754) and 85.2 % with
Sida yellow leaf curl virus (StYYLCV, EU710750) (Fig. 1a). The
DNA-B component of ToCmMV-[BR-VdIm-ES14-To-07]
(KT203559) is 2568 nucleotides long and shares the highest
nucleotide identity (98.8 %) with ToCmMV (EU710755),
followed by Tomato crinkle leaf yellows virus (ToCrLY'V,
AY090556) with 79.2 % (Fig. 1b). No sequences are available
for either the DNA-A of ToCrLYV or the DNA-B of SiYLCV,
and that is the major reason why the DNA-A and DNA-B trees
have slightly different topologies (Fig. 1a and b).

As expected, the begomovirus described here exhibits the
typical genome organization of New World, bipartite
begomoviruses, with five ORFs in the DNA-A and two
ORFs in the DNA-B. The DNA-A and DNA-B of the
ToCmMV-[BR-VdIm-ES14-To-07] isolate have the same
iteron sequences (GGTG/GGTG), suggesting that they
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DNA-A
Nucleotide identity (%)

ToCmMV-[BR-VdIm-ES14-To-07] KT203558 100
ToCmMV EU710754 97.5

CCSV KF358470 78.2
ToRYLCV JN381819 81.7
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100 AbMBV NC016574 81.2
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80 ToCrLYV 79.2
£[ ToCmMV EU710755 98.8
1001 ToCmMV-[BR-VdIm-ES14-To-07] KT203559 100
ACMV NC001468 60.7
0.1

Fig. 1 Phylogenetic trees based upon an alignment of the nucleotide
sequences of DNA-A (a) and DNA-B (b) components of the
begomovirus described in this work (Tomato common mosaic
virus-[Brazil-Venda Nova do Imigrante-ES14-Tomato-2007], acronym
ToCmMV-[BR-VdIm-ES14-To-07]) with the sequences of the
corresponding components of selected viruses obtained from GenBank.
Bootstrap (3,000 replicates) values are shown as percentage values, and
only the nodes with values greater than 50 % are labeled. GenBank
accession number are show in the tree, and the name of the viruses are
as follows: AbMBYV, Abutilon mosaic Brazil virus; CCSV, Cotton
chlorotic spot virus; CoMoV, Corchorus mottle virus; EuYMYV,
Euphorbia yellow mosaic virus, OMoV, Okra mottle virus; SiCmMYV,

comprise a cognate pair. However, only inoculation experi-
ments using infectious clones would provide definitive evi-
dence that they are indeed a cognate pair.

Phylogenetic relationships between ToCmMV-[BR-VdIm-
ES14-To-07] DNA-A and other closely related
begomoviruses was incongruent with nucleotide sequence
comparisons (Fig. 1a), which suggested the occurrence of a

Sida commom mosaic virus; SimMYV, Sida micrantha mosaic virus;
SiYLCYV, Sida yellow leaf curl virus; SiYMV, Sida yellow mosaic
virus; ToLDV, Tomato leaf distortion virus; ToMIMV, Tomato mild
mosaic virus; TORYLCYV, Tomato rugose yellow leaf curl virus; ToYSV,
Tomato yellow spot virus. DNA-A and DNA-B components of an isolate
of an Old World begomovirus, African cassava mosaic virus (ACMYV),
were used as outgroups. The bar below each tree indicates nucleotide
substitutions per site. Nucleotide sequence identities between the DNA-
A (KT203558) and DNA-B (KT203559) components of ToCmM V-[BR-
VdIm-ES14-To-07] and the viruses in the phylogenetic trees are
presented

recombination event. On the other hand, phylogenetic rela-
tionships for the DNA-B accurately reflect the nucleotide
identities, where ToCmMV-[BR-VdIm-ES14-To-07] clus-
tered with ToCmMYV and ToCrYLV (Fig. 1b).
Recombination is an important evolutionary process that
has been shown to play a major role in the evolution of
begomoviruses and all other geminiviruses. To test the role
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of this mechanism of genetic variation on the evolution of
ToCmMYV, we aligned all full-length South American
begomovirus genome sequences obtained from GenBank
(March 2015) and submitted to recombination analysis using
the methods included in the RDP 3.0 package with default
settings. No significant evidence of recombination events in-
volving the DNA-B was detected. For the DNA-A, we detect-
ed evidence of individual recombination events and
recombination breakpoint positions using RDP 3.0. Putative
recombination events were analyzed with Simplot using the
putative recombinant sequence as query.

Rocha et al. (2013) identified a recombination event in
ToCmMV (EU710754), where Euphorbia yellow mosaic
virus (EuYMYV, FN435995) and Sida mottle virus (SiMoV,
AJ557450) were the viruses used to infer the minor and
major parents, respectively. The same recombination event
was also detected here; however, two additional recombi-
nation events involving ToCmMV were detected in this
study.

We identified clear evidence of one additional recombina-
tion event in the ToCmMYV genome. The recombination

breakpoints were detected at nucleotide positions 1851 (AC1
ORF) and 9 (intergenic region, IR) with SiMoV (AJ557450)
and Tomato rugose yellow leaf curl virus (ToRYLCYV,
JN381813) as the viruses used to infer the major and minor
parents, respectively (Fig. 2a—c). Interesting, TORYLCV was
described recently as a begomovirus infecting tomato crops in
northern Uruguay (Marquez-Martin et al. 2012). In the second
recombination event, our analyses showed that ToCmMV
probably contributed with genetic material (~579 nucleotides)
to the emergence of SIYLCV (Fig. 2a, b and d).

This study describes the characteristics of a ToCmMYV iso-
late found infecting tomato plants in Venda Nova do
Imigrante, Espirito Santo state, Brazil. ToCmMYV was the only
begomovirus species detected during surveys performed
along a period of 5 years in this region. ToCmMYV was first
described in tomato plants collected in 2007 in the city of
Coimbra, Minas Gerais, as being a distinct lineage of
Brazilian begomoviruses (Castillo-Urquiza et al. 2008). The
report of ToOCmMYV in Espirito Santo state is an indicative that
this virus may be spreading to other tomato producing regions
in Brazil.

IR AV1 AC3 AC1 R
- X K F=
AC2 AC4
Event Recombinant :I:_l:;t :;’:::)nrt Breakpoints Methods P-value
ToCmMV [ S— Begin _End
1 ToCmMV SiMoV ~ ToRYLCV ~ 1851 9 RGBMCST  2.06 x 103°
SiyLCV 2 SiYLCV SiYMV ~ ToCmMV 2023 10 RGBMCST 3.29 x 1042
|
I SiMoV M siymv
I ToRYLCV I ToCmMmV
Simplot — Query: ToCmMV Simplot — Query: SiYLCV
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Fig. 2 a. Schematic representation of the begomovirus genome (above)
and recombination events involving the isolates of Tomato common
mosaic virus (ToCmMV) and Sida yellow leaf curl virus (SiYLCV).
The colours of blocks correspond to the different begomovirus species.
b. Details of recombination events in ToCmMYV and SiYLCV detected
using RDP3. R, G, B, M, C, S and T indicate detection by the RDP,

@ Springer

GENCONYV, BOOTSCAN, MAXCHI, CHIMERA, SISCAN and
3SEQ methods, respectively, with the present p-value being that
determined by the method indicated in bold. ¢, d. Putative
recombination events analyzed with Simplot program using ToCmMV
(C) and SiYLCV (D) DNA-A sequence as query
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This study adds to our understanding on the geographic
distribution and the mechanisms that contribute to evolution
of this group of viruses in Brazil, which contributes for devel-
oping disease management strategies. It is especially impor-
tant to minimize the risk of the establishment of a damaging
ToCmMYV epidemic in Brazil.
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