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Abstract: In northwestern Argentina (NWA), pepper crops are threatened by the emergence of
begomoviruses due to the spread of its vector, Bemisia tabaci (Gennadius). The genus Begomouvirus
includes pathogens that can have a monopartite or bipartite genome and are occasionally associated
with sub-viral particles called satellites. This study characterized the diversity of begomovirus
and alphasatellite species infecting pepper in NWA using a metagenomic approach. Using
RCA-NGS (rolling circle amplification-next generation sequencing), 19 full-length begomovirus
genomes (DNA-A and DNA-B) and one alphasatellite were assembled. This ecogenomic approach
revealed six begomoviruses in single infections: soybean blistering mosaic virus (SbBMV), tomato
yellow spot virus (ToYSV), tomato yellow vein streak virus (ToYVSV), tomato dwarf leaf virus
(ToDfLV), sida golden mosaic Brazil virus (SiGMBRV), and a new proposed species, named pepper
blistering leaf virus (PepBLV). SbBMV was the most frequently detected species, followed by ToYSV.
Moreover, a new alphasatellite associated with ToYSV, named tomato yellow spot alphasatellite 2
(ToYSA-2), was reported for the first time in Argentina. For the Americas, this was the first report
of an alphasatellite found in a crop (pepper) and in a weed (Leonurus japonicus). We also detected
intra-species and inter-species recombination.
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1. Introduction

Begomovirus, the largest genus within the family Geminiviridae, comprises viruses with circular
ssDNA genome that infect both dicotyledon and monocotyledon plants and are transmitted by the
whitefly Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae) [1]. Most of the new world (NW) native
begomoviruses have bipartite genomes, known as DNA-A and DNA-B (each component being between
2.6 kb and 2.8 kb in size), but there are some with monopartite genome [2,3].

Northwestern Argentina (NWA) is one of the major horticultural production areas where
begomoviruses cause economic losses. In this region, sweet pepper (Capsicum annuumL.) is an important
crop mostly grown under greenhouse conditions with a production area of about 6662 ha [4]. In the
Americas, the genetic diversity of begomoviruses identified in pepper is less than that reported in
tomato [5]. There is no information about begomoviruses infecting pepper in Argentina. The first
records of begomoviruses affecting pepper crops were reported for the United States and Mexico in
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the 1990s [6,7]. Pepper golden mosaic virus (PepGMYV) is widely distributed in Mexico and Central
America [8-11]. PepGMYV and pepper huasteco yellow vein virus (PHYVV) are commonly found in
mixed infections [12,13]. Furthermore, potato yellow mosaic virus (PYMV) was identified in Trinidad
and Tobago, and a squash yellow mild mottle virus (SYMMoV) was reported in Costa Rica [14,15].
In Brazil, the major reports of begomovirus infecting pepper correspond to tomato severe rugose virus
(ToSRV) and tomato yellow vein streak virus (ToYVSV) [16,17]. Moreover, the pepper leafroll virus
(PepLRV) has been recently reported in Peru [18].

Viral metagenomics (viromics) is a powerful tool for viral diversity exploration in a wide range of
environments [19]. When a metagenomic study is linked to a host, it is called ecogenomics [20].
In particular, rolling circle amplification (RCA) [19] as a viral genome enrichment technique,
coupled with next-generation sequencing (NGS), has been used to identify geminiviruses, especially
begomoviruses and their satellites in different crops [21-25].

Circomics, the combination of RCA-restriction fragment length polymorphism (RCA-RFLP) and
pyro-sequencing, has shed light on begomovirus species identification [26,27]. Another similar
methodology is vector-enabled metagenomic (VEM), which surveys begomovirus using whiteflies [28-30].
VEM involves the purification of virus particles obtained from the insect vector and metagenomic
sequencing. Deep sequencing of virion-associated nucleic acids (VANA), small-interfering RNAs (siRNA),
and total RNA libraries were also applied for geminivirus identification [31-35]. The application of deep
sequencing strategies in virology offers the opportunity to detect mutations, as well as to understand
evolutionary strategies and viral population dynamics [36].

This study reported the use of a viral metagenomic approach to the characterization of the diversity
of begomovirus and alphasatellite species infecting pepper in NWA. The described protocol allowed
the generation of full-length genomic sequences of begomoviruses for their application in phylogenetic
and recombination analyses.

2. Materials and Methods

2.1. Sampling and RCA-Seq

A total of 101 pepper plants with characteristic symptoms of virus infection were sampled in
Pichanal and Oran (Salta province) and Yuto (Jujuy province) from 2005 to 2015. Total DNA from
infected apical leaves was purified using Nucleo-Spin Plant II Kit (Macherey-Nagel, Dtiren, DEU).
Begomovirus infection was confirmed by multiplex-PCR with universal degenerate primers targeting
DNA-A and RubiscoL primers as a control [18,37]. Positive PCR samples (52) were subjected to RCA
to amplify circular DNA using Templi-phi™ (GE Healthcare, Buckinghamshire, UK). RFLP patterns
were obtained with Apal, BamHI, Pstl, and Xhol enzymes and evaluated by electrophoresis in a 1.2%
agarose gel. Based on the diversity of RCA-RFLP fragments patterns, 20 begomovirus-infected samples
were selected for NGS analysis. The selection covered all the observed patterns in an attempt to
capture most of the variability among samples. RCA products were purified with Wizard® SV Gel and
PCR Clean-Up System (Promega, Madison, USA). Nextera XT DNA libraries were constructed for
RCA products and were sequenced (2x 150 bp paired ends) on Illumina HiSeq 1500 system (INDEAR,
Rosario, Santa Fe, ARG).

2.2. NGS Data Pipeline

Pre-processing NGS reads generated from RCA (RCA-NGS) consisted of removing adapter
and poor-quality sequences using Trimmomatic [38]; quality was assessed by FASTQC [39].
The pre-processed Illumina reads from each sample were de novo assembled using IVA (Iterative Virus
Assembler) [40]. The results of each assembly were compared against the NCBI nt database using
BLAST. For samples that did not produce full-length viral contigs, reads were mapped against the
pepper genome (C. annuum Zunla Ref_v1.0; Accession number: GCF_000710875.1) using Bowtie2 [41],
and mapped reads were removed. The remaining reads were re-assembled, as previously described.
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Lastly, if the assembly did not result in a complete genome, a reference guided assembly was performed
using the closest virus found by BLAST as reference. All contigs were manually inspected to remove
RCA repeated extremes using Dotter [42], and then open reading frames (ORF) integrity was checked
using Artemis [43]. Pairwise comparisons of DNA-A and DNA-B assembled sequences were first
detected against nr database using BLASTN [44], and then pairwise identities were calculated using
SDT v1.2 (Species Demarcation Tool) as a begomovirus taxonomy requirement [45]. Moreover,
the intra-species identity of Soybean blistering mosaic virus (SbBMV) and Tomato yellow spot virus (ToYSV)
was compared using SDT v1.2.

2.3. Cloning and Sanger Sequencing of the New Begomouvirus Species ldentified by RCA-NGS

In order to validate the de novo-assembled sequences obtained by RCA-NGS from pepper
sample 663, the genomic components were cloned and Sanger-sequenced for their comparison. RCA
products were digested with Xhol and Kpnl to release DNA-A and DNA-B, respectively. Monomers
were obtained by agarose gel purification, ligated into a digested dephosphorylated pBluescript
SK+ vector (Stratagene, La Jolla, CA) and transformed into Escherichia coli JM109. Plasmids carrying
DNA-A or DNA-B were sequenced in both orientations using a primer walking strategy (Macrogen
Inc., Seoul, South Korea). DNA-A and DNA-B sequences were assembled with Geneious v9.1.5 [46].
Begomovirus full-length genome sequences, obtained by RCA-NGS and Sanger sequencing, were
compared by pairwise genetic identity calculation using SDT v1.2.

2.4. Cloning and Sanger Sequencing of ToYSV and a New Associated Alphasatellite from a Weed Sample

It was not possible to assemble a full-length DNA-A of begomovirus by RCA-NGS from pepper
sample 423, nor was it possible to clone one. Therefore, weed sample 417 (Leonurus japonicus Houtt),
which was taken from the same field as pepper sample 423 and showed the same RCA-RFLP patterns
as those of BamHI (2.6 kb and 1.4 kb fragments), was selected for cloning, sequencing, and comparison.

RCA products from weed sample 417 were digested with Apal to release DNA-A, and with
BamHI to release DNA-B and the alphasatellite genome. Monomers were gel-purified, ligated into
a digested and dephosphorylated pBluescript SK+ vector (Stratagene, La Jolla, CA), and transformed
into E. coli JM109. Plasmids carrying the full genomic components were sequenced by primer walking
(Macrogen Inc., Seoul, South Korea). DNA-A, DNA-B, and alphasatellite sequences were assembled
with Geneious v9.1.5, and the nucleotide identity was calculated by SDT v1.2.

2.5. Phylogenetic Analysis of Assembled Begomovirus Sequences

The phylogenetic relationships of full-length assembled sequences generated in this work were
analyzed with all South American begomovirus sequences reported in GenBank (December 2018).
A set of 100 DNA-A sequences and 81 DNA-B sequences were aligned using the MUSCLE program
implemented in Geneious v9.1.5. Maximum likelihood (ML) phylogenies for both DNA-A and
DNA-B were inferred using RAXML v8.2 [47], using the GTR GAMMA +I model and 1000 bootstraps.
The resulting trees were plotted using iTOL v5 (Interactive Tree Of Life) [48].

2.6. Phylogenetic Analysis of Alphasatellite Sequences

Phylogenetic relationships of alphasatellite sequences obtained from pepper sample 423 and weed
sample 417 were analyzed with worldwide geminivirus-associated alphasatellite sequences reported
in GenBank (at date 10-01-2018). A set of 46 alphasatellite sequences were aligned in Geneious v9.1.5
by applying the MUSCLE algorithm and the phylogenetic tree using RAXML v8.2, with the GTR
GAMMA +I model and 1000 bootstraps. The resulting tree was plotted using iTOL.
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2.7. Recombination Analysis

Potential recombination sequences were detected with RDP4 v4.95 (Recombination Detection
Program) using RDP, GENECONYV, MaxChi, Bootscan, 3Seq, Chimaera, and Siscan methods
implemented with default setting [49]. The DNA-A and DNA-B alignments obtained for phylogenetic
analysis were filtered at a 69% sequence identity. Only breakpoints with Bonferroni-corrected p < 0.05
were reported. The complex patterns of recombination characterized using RDP4 were manually
checked, taking into account the following different characteristics: event number, support in different
phylogenetic trees, determination of breakpoint position with different methods and matrix-based
visualizations, and statistical and phylogenetic tests.

In addition, an intra-species recombination analysis for Sb BMV and ToYSV was performed by
RDP4 and phylogenetic network using SplitsTree4 v4.14.6 [50]. First, DNA-A sequences of SbBMV or
ToYSV generated in this work and previously reported were aligned with MUSCLE. The presence of
significant recombination was tested using a phylogenetic network along with the PHI test (pairwise
homoplasy index test) estimated with p < 0.05 [51]. To detect recombinant sequences, each sequence
was progressively removed from alignment until the PHI test for the remaining sequences was no
longer significant (p > 0.05) [52].

3. Results

3.1. Reconstruction of Begomovirus and Alphasatellite Genomes Infecting Pepper

Begomovirus infections were detected by multiplex-PCR in 51.48% of the pepper samples collected
in NWA. RCA-NGS analysis was done in 20 of those samples (Table 1). After trimming, all samples
retained at least 1.6 million reads that were then assembled. IVA assembly resulted in a small number of
contigs, which were manually inspected. Most of them corresponded to viral contigs, and the remaining
ones were easily identified as pepper fragments. We analyzed the fraction of reads corresponding to
the pepper genome and found it to be variable, between 12% and 87% (Table 1).

For 20 samples, 19 DNA-A, 20 DNA-B, and one alphasatellite full-length genome sequences were
reconstructed (Table 2). For sample 423, no DNA-A was obtained, but a DNA-B and an alphasatellite
were reconstructed. On average, the pepper genome accounted for over 59% of each sample, but for
most cases, this was not an obstacle to recover the full-length viral genome. The elimination of mapped
reads of the pepper genome was necessary to improve the assembly results in only five samples (302,
423, 588, 654, and 663). The assembly of the filtered reads from sample 654 resulted in one contig,
containing both DNA-A and DNA-B. Hence, a reference assembly strategy was chosen, using the
SbBMV as a template, leading to complete DNA-A and DNA-B for this sample. For sample 302, three
small contigs were obtained after eliminating pepper reads, all matching with sida golden mosaic
Brazil virus (SiGMBRYV, also mentioned Sida Brazil virus in Genbank). Using this virus as a template,
both full-length DNA-A and DNA-B were reconstructed.
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Table 1. Details of samples, virus isolates (country, province, location, host species-sample number and
year of collection), Illumina HiSeq 1500 system data generated (number of raw paired reads, number of
pairs after quality trimming, percentage of the sample that mapped against C. annum), and results of
the de novo assembly contig obtained by IVA (Iterative Virus Assembler).

Sample Isolate Pairzialv:ea ds l,i,ifliill:z;t % C. annum Viral Contigs
145 AR:Salta:Pichanal:Pepper145:2005 4,612,436 2,469,680 46.64 2
169 AR:Salta:Pichanal:Pepper169:2006 10,002,748 4,604,741 66.78 2
262 AR:Salta:Pichanal:Pepper262:2007 8,874,712 4,060,381 76.03 2
263 AR:Salta:Pichanal:Pepper263:2007 10,935,998 4,851,060 44.78 2
265 AR:Salta:Pichanal:Pepper265:2007 4,846,478 2,218,946 32.66 2
267 AR:Salta:Pichanal:Pepper267:2007 10,927,593 4,694,431 54.31 2
269 AR:Salta:Pichanal:Pepper269:2007 9,735,179 4,060,166 77.69 2
271 AR:Salta:Pichanal:Pepper271:2007 10,869,197 4,959,285 54.16 2
302 AR:Salta:Oran: Pepper302:2007 5,122,034 2,563,396 78.54 1
309 AR:Salta:Pichanal:Pepper309:2007 9,401,380 4,537,658 85.43 2
316 AR:Salta:Pichanal:Pepper316:2008 9,626,908 5,106,324 25.19 2
317 AR:Salta:Pichanal:Pepper317:2008 3,952,259 1,675,427 32.37 2
322 AR:Salta:Pichanal:Pepper322:2008 10,178,983 4,918,919 12.87 2
328 AR:Jujuy:Yuto: Pepper328:2008 5,322,366 2,446,806 21.44 3
423 AR:Jujuy:Yuto: Pepper423:2008 4,965,540 2,438,148 87.37 0
588 AR:Jujuy:Yuto: Pepper588:2011 3,955,481 1,903,671 59.05 2
589 AR:Jujuy:Yuto: Pepper589:2011 10,554,833 4,753,535 59.32 2
654 AR:Salta:Oran: Pepper654:2014 10,858,704 4,626,688 75.22 1
658 AR:Salta:Oran: Pepper658:2014 4,316,078 2,066,084 86.22 2
663 AR:Salta:Oran: Pepper663:2014 10,342,387 4,946,984 83.71 2
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Table 2. Details of begomovirus and alphasatellite sequences generated from rolling circle amplification-next generation sequencing (RCA-NGS) data.

6 of 20

Sample Assembly Method  Coverage Genome Length Genomic Component  Virus Acronym G.enBank SDT % Identity Best BLAST Hit
Accession Number
Soybean blistering mosaic
7831.28 2603 DNA-A SbBMV MN486865 95.4 virus DNA-A (EF016486)
145 de novo
Solanum mosaic Bolivia
7838.68 2551 DNA-B SbBMV MN486866 82.8 virus DNA-B (HM585436)
Soybean blistering mosaic
7836.68 2586 DNA-A SbBMV MN486867 94 virus DNA-A (EF016486)
169 de novo
Solanum mosaic Bolivia
7848.72 2589 DNA-B SbBMV MN486868 58.7 virus DNA-B (HM585436)
Tomato yellow spot virus
7437.22 2466 DNA-A ToYSV MN508241 98.2 DNA-A (K]742419)
262 de novo
Tomato yellow spot virus
7742.25 2602 DNA-B ToYSV MN508242 95.5 DNA-B (K]742420)
Soybean blistering mosaic
7859.79 2603 DNA-A SbBMV MN486869 93.4 virus DNA-A (EF016486)
263 de novo
Solanum mosaic Bolivia
7855.25 2551 DNA-B SbBMV MN486870 83 virus DNA-B (HM585436)
Soybean blistering mosaic
7803.97 2603 DNA-A SbBMV MN486871 93.4 virus DNA-A (EF016486)
265 de novo
Solanum mosaic Bolivia
7855.33 2552 DNA-B SbBMV MN486872 82.8 virus DNA-B (HM585436)
Tomato yellow spot virus
7790.12 2632 DNA-A ToYSV MN508243 97.6 DNA-A (KJ742419)
267 de novo
Tomato yellow spot virus
7836.16 2594 DNA-B ToYSV MN508244 96 DNA-B (K]742420)
Tomato yellow spot virus
6504.38 2632 DNA-A ToYSV MN508245 97.6 DNA-A (K]742419)
269 de novo
Tomato yellow spot virus
7627.65 2594 DNA-B ToYSV MN508246 97.6 DNA-B (K]742420)
Soybean blistering mosaic
7809.05 2592 DNA-A SbBMV MN508206 92.6 virus DNA-A (EF016486)
271 de novo
7859.85 2578 DNA-B SbBMV MN508207 83.1 Solanum mosaic Bolivia

virus DNA-B (HM585436)
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Table 2. Cont.

Sample Assembly Method  Coverage Genome Length Genomic Component  Virus Acronym G.enBank SDT % Identity Best BLAST Hit
Accession Number
307.31 2653 DNA-A SIGMBRV MN508222 95.4 Sida Brazil virus DNA A
o (KY555798)
302 filtering + reference
. Sida Brazil virus DNA B
221.93 2399 DNA-B SiGMBRV MN508223 94.9 (KY555799)
Tomato yellow vein streak
2396.62 2564 DNA-A ToYVSV MN508216 98.7 virus DNA-A (KC136337)
309 de novo
Tomato yellow vein streak
5370.95 2560 DNA-B ToYVSV MN508217 95.8 virus DNA-B (KC136338)
Soybean blistering mosaic
7863.88 2603 DNA-A SbBMV MN508208 93.4 virus DNA-A (EF016486)
316 de novo
Solanum mosaic Bolivia
7882.99 2549 DNA-B SbBMV MN508209 82.8 virus DNA-B (HM585436)
Soybean blistering mosaic
7803.6 2603 DNA-A SbBMV MN508210 95.5 virus DNA-A (EF016486)
317 de novo
Solanum mosaic Bolivia
7833.51 2584 DNA-B SbBMV MN508211 58.3 virus DNA-B (HM585436)
Soybean blistering mosaic
7865.51 2605 DNA-A SbBMV MN508212 94 virus DNA-A (EF016486)
322 de novo
Solanum mosaic Bolivia
7885.42 2550 DNA-B SbBMV MN508213 82.9 virus DNA-B (HM585436)
Tomato yellow spot virus
7787.35 2641 DNA-A ToYSV MN508247 95.8 DNA-A (K]742419)
328 de novo
Tomato yellow spot virus
7846.58 2609 DNA-B ToYSV MN508248 94.5 DNA-B (K]742420)
. Tomato yellow spot
938.35 1350 Alphasastellite ToYSA 2 MN518745 85.1 :
03 filtering + de novo alphasatellite (KX348228)
Tomato yellow spot virus
432.04 2594 DNA-B ToYSV MN518746 95.9 DNA-B (K]742420)
7253.73 2540 DNA-A ToDfLV MN508218 97.4 Tomato dwarf leaf virus
588 filtering + de novo DNA-A JN564749)
7777.29 2501 DNA-B ToDfLV MN508219 97.2 Tomato dwarf leaf virus

DNA-B (JN564750)
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Table 2. Cont.

8 of 20

Sample Assembly Method  Coverage Genome Length Genomic Component  Virus Acronym G.enBank SDT % Identity Best BLAST Hit
Accession Number
Tomato dwarf leaf virus
7834.03 2539 DNA-A ToDfLV MN508220 98.1 DNA-A (JN564749)
589 de novo
Tomato dwarf leaf virus
7818.73 2501 DNA-B ToDfLV MN508221 99.2 DNA-B (JN564750)
Soybean blistering mosaic
o 7767.16 2603 DNA-A SbBMV MNb508214 93.4 virus DNA-A (EF016486)
654 filtering + reference
Solanum mosaic Bolivia
7808 2641 DNA-B SbBMV MN508215 82.9 virus DNA-B (HM585436)
Tomato yellow spot virus
3845.53 2630 DNA-A ToYSV MN518733 98.5 DNA-A (FJ538207)
658 de novo
Tomato yellow spot virus
5562.73 2591 DNA-B ToYSV MN518734 98.5 DNA-B (K]742420)
Solanum mosaic Bolivia
o 4660.23 2651 DNA-A PepBLV MN518735 83.1 virus DNA-A (HM585435)
663 filtering + de novo
1256.06 2614 DNA-B PepBLV MN518736 83.7 Sida mosaic Bolivia virus

DNA-B (HM585442)
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Different validation steps of sequences obtained by RCA-NGS were performed. One consisted of
comparing the RFLP patterns obtained in silico from the generated sequences with those obtained
by RCA-RFLP of the same samples. The patterns achieved were similar for each pepper sample,
validating the results of this methodology (Table S1). Likewise, new begomovirus and alphasatellite
species were validated by comparison with sequences obtained by Sanger (Table 3). This validation
step was made to discard possible chimeric sequences generated by a wrong assembly result since
begomoviruses are usually in mixed infections and share a high percentage of nucleotide identity.

Table 3. Details of begomovirus and alphasatellite sequences generated by cloning and Sanger sequencing.

Isolate (Country: SDT % Identity of
Province: Location: . Virus BLAST Hit/Acronym of
. GenBank Viral . . o
Sample Host Species-Sample Accession Number Sequence Length Acronym/Genomic  Begomovirus Identified
Number: Year 1 8 Component /GenBank
of Collection) Accession Number
98.9% ToYSV DNA-A
MN518741 2632 ToYSV/DNA-A (K]742419)
96% ToYSV DNA-B
A MN518742 2592 ToYSV/DNA-B (K]742420)
17 AR: Jujuy:Yuto:
Leonurus417:2014 84.2% Tomato yellow
MN518743 1350 ToYSA 2 spot alphasatellite
(KX348228)
84.2% Tomato yellow
MN518744 1350 ToYSA 2 spot alphasatellite
(KX348228)
MN518737 83% SoMBoV DNA-A
663 AR:Salta:Oran: MN518738 2651 PepBLV/DNA-A (HM585435)
Pepper663:2014 9 Si
MN518739 78% SiMBV1 DNA-B
MN518740 26014 PepBLV/DNA-B (NC_015044)

This ecogenomic approach revealed single begomovirus infection by six begomovirus species
infecting pepper in Argentina: SbBMV, ToYSV, ToYVSV, tomato dwarf leaf virus (ToDfLV), SSGMBRV
and a newly proposed species of begomovirus (Table 2). In addition, a new alphasatellite infecting
pepper was identified (sample 423, Table 2). SbBMV was the most abundant species in the selected
samples, followed by ToYSV (Table 2). DNA-A de novo assembled from pepper sample 663 shared
83.1% of sequence identity with the solanum mosaic Bolivia virus (SoMBoV, HM585435) (Table 2).
Since the nucleotide identity was below 91%, the corresponding threshold for species demarcation [53],
we proposed this as a new begomovirus species, with the name pepper blistering leaf virus (PepBLV),
according to symptoms observed in pepper field plant (Figure 1a). DNA-B de novo assembled from
pepper sample 663 shared 83.7% of sequence identity with the DNA-B of sida mosaic Bolivia virus-1
(SiMBoV1, NC015044). PepBLV DNA-A was 2651 bp in size and contained six ORFs: AV1, AC1, AC2,
AC3, and AC4. DNA-B was 2614 nt in size with two ORFs: BV1 and BC1, according to the bipartite
genome organization of new world begomoviruses (Figure 1b). The common region between DNA-A
and DNA-B shared 98% identity. The comparison between the sequences of PepBLV DNA-A and
DNA-B obtained by RCA-NGS (Table 2) and those obtained by Sanger sequencing (Table 3) showed at
least 99.84% nucleotide identity. Thus, the RCA-NGS and de novo assembly procedures showed to be
a valid approach for the identification and molecular characterization of new begomovirus species.
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Figure 1. (a) Symptoms of blistering, curling, and chlorosis of pepper leaves infected with pepper
blistering leaf virus (PepBLV). (b) Genome organization of PepBLV. Open reading frames (ORFs)
(AV1, AC1, AC2, AC3, AC4, BV1, BC1) are color-coded according to the possible function of their
protein products (cp, capsid protein; rep, replication-associated protein; trap, transactivator protein; ren,

replication enhancer; sd, possible symptom determinant; ss, possible silencing suppressor; nsp, nuclear
shuttle protein; mp, movement protein). CR, common region, with the hairpin, is indicated.

The results for pepper sample 423 were challenging because only one full-length DNA-B and
one alphasatellite sequence were obtained by de novo assembly procedure. No DNA-A full-length
sequences were obtained by RCA-NGS or cloning. The DNA-B sequence showed 95.9% nucleotide
identity with ToYSV DNA-B (KJ742420) (Table 2). The shorter sequence obtained by de novo assembly
showed 85.1% identity with tomato yellow spot alphasatellite (KX348228) (Table 2); therefore, it should
be classified as a new species according to the 88% threshold demarcation criteria for the recently
established subfamily Geminialphasatellitinae in the family Alphasatellitidae [54]. With the purpose of
confirming the begomovirus species that is associated with this new alphasatellite, weed sample 417
(Leonurus japonicus Houtt), which showed the same RCA-RFLP pattern with BamHI (2.6 kb and 1.4 kb
fragments) as the pepper sample 423, was selected for cloning and Sanger sequencing. Full-length
sequences of DNA-A (2632 bp), DNA-B (2595 bp), and two alphasatellite sequences (1350 bp) were
obtained from this sample. DNA-A sequence (MN518741) displayed 98.9% of nucleotide identity with
ToYSV DNA-A (KJ742419) (Table 3). DNA-B (MN518741) presented 96% of nucleotide identity with
ToYSV DNA-B (KJ742420). The two alphasatellite sequences (MN518743 and MN518744) showed
the same nucleotide identity (84.2%) with tomato yellow spot alphasatellite (KX348228) (Table 3).
The nucleotide identity between alphasatellite sequences from pepper sample 423 (MN518745, obtained
by NGS) and weed sample 417 (MN518743 and MN518744, obtained by Sanger) was 98.2%; therefore,
all the sequences belonged to this new proposed alphasatellite. Again, the comparison of sequences
obtained by both methods (RCA-NGS and Sanger-sequencing of clones) demonstrated the accuracy
of this ecogenomic approach. Finally, the name tomato yellow spot alphasatellite 2 (ToYSA 2) was
proposed for this putative new alphasatellite because it was found to be associated with ToYSV in
C. annum and L. japonicus. This alphasatellite presented one open reading frame coding for a potential
replication-associated protein (rep) and the conserved hairpin structure, the organization predicted for
Geminialphasatellitinae species.

Regarding SbBMYV, the pairwise nucleotide sequence comparison between the nine SbBMV
sequences generated in this work with the one previously reported in Genbank was an example of
conflict-resolution criteria for strain begomovirus taxonomy (Figure 2a) [53]. SbBMV (Sample 271)
shared the highest percent identity (94%) with isolate (Sample 654) and <94% with all other Sb BMV
isolates; therefore, it was not considered a new strain, although, in the phylogenetic analysis, it was
distantly related to the other isolates (Figure 2a,b, and Figure 3).
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Figure 2. (a) Pairwise identity matrix of all soybean blistering mosaic virus (SbBMV) DNA-A sequences
inferred using Species Demarcation Tool (SDT) v1.2. (b) Phylogenetic networks for all SbBMV DNA-A
sequences obtained with the NNet algorithm using Splits Tree. Pairwise homoplasy index (PHI)
test indicated evidence of recombination between the different SbBMV isolates; (c) Phylogenetic
networks for SbBBMV DNA-A sequences, excluding the recombinant sequences (Sample 145, Sample
317, and EF016486) and nonsignificant PHI test.
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Figure 3. Maximum likelihood phylogenetic tree of full genome sequences of begomoviruses infecting
pepper in northwestern Argentina (NWA) and the representative South American begomoviruses.
Branches with more than 50% bootstrap support are shown: (a) DNA-A tree rooted with tomato leaf
curl New Delhi virus DNA-A (U15015); (b) DNA-B tree rooted with tomato leaf curl New Delhi virus

DNA-B (U15017).

Likewise, the pairwise sequence comparisons between all ToYSV sequences (five generated in this work
and 21 reported) did not allow us to identify virus strains with the current taxonomy criteria (Figure Sla).

The sequences of SbBMV DNA-A from NWA (nine isolated from pepper and one from soybean)
presented an overall nucleotide sequence identity that varied from 88.9% to 99.7%, resulting in the
highest degree of genetic variability detected (Figure 2a). For ToYSV DNA-A (five isolated from pepper,
one from Leonurus, and two previously reported isolated from bean and chia), the nucleotide sequence
variability was lower, from 94.7% to 98.5% identity (Figure Sla, Table 3). The genetic variability of
DNA-B sequences was similar for both viruses, showing nucleotide sequence identity from 96.5% to

99.8% for SbBMV and from 94.5% to 97.4% for ToYSV.
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3.2. Phylogenetic Analyses

A phylogenetic tree based on the complete DNA-A sequence of the begomoviruses from pepper
and other reported South American begomoviruses was constructed (Figure 3a). The pepper-infecting
begomoviruses were placed in three different clusters: one including SbBMV, ToYVSV, ToDfLV,
and PepBLYV; another one containing ToYSV with Brazilian begomovirus from weeds; and the other
including SIGMBRV. PepBLYV (the proposed new species) showed a closer phylogenetic relationship
with SoMBoV (HM585435) (Figure 3a). PepBLV DNA-B showed a closer phylogenetic relationship
with MelMV (NC-028141) (Figure 3b). Interestingly, although the DNA-B sequences retained their
location in three different groups, such as those in DNA-A, the closest relationships were not the same
as those observed in the tree for the DNA-A sequence (Figure 3a,b).

The phylogenetic tree of all complete alphasatellite sequences showed that the proposed new
species, TOYSA 2, shared a common ancestor with euphorbia yellow mosaic alphasatellite (FN436008),
tomato yellow spot alphasatellite (KX348228), and cleome leaf crumple alphasatellite (FN436007),
all belonging to the Clecrusatellite genus (Figure 4a).
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Figure 4. (a) Maximum likelihood phylogenetic tree of tomato yellow spot alphasatellite 2 (ToYSA-2)
and the representative geminivirus-associated alphasatellite sequences reported up to now and rooted
with a representative group of DNA-R sequence of nanoviruses. Branches with less than 50% bootstrap
support have been collapsed; (b) A “three color” pairwise identity matrix of alphasatellite data set
inferred using SDT v1.2.

3.3. Recombination Analyses

Seven methods implemented in the RPD4 recombination analysis program supported that ToYSV
had a recombination origin and all ToYSV sequences, both sequences reported in this work and those
previously reported in GenBank, shared the same recombination event (Table 4). The recombinant
breakpoint for ToYSV sequences was located in the Rep region and involved a ToDfLV (Sample 589)
as a major parent, and a Brazilian isolate of sida yellow mosaic virus (SiYMV; AY090558) as a minor
parent. The recombination analysis revealed that PepBLV was involved in recombination events as
a mayor parent of SoMBoV (HM585435) and CeYSV (JN419002) (Table 4).
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Table 4. Recombination events detected for begomovirus infecting pepper in northwestern Argentina
(NWA). Results based on data set comprising all begomoviruses from South America and analyzed
using RDP4 (Recombination Detection Program).

. Major Minor Beginning Ending
Recombinant Sequence Parental Parental Methods Av. p-Value Breakpoint  Breakpoint
DNA-A
ToYSV (DQ336350,

Sample 658, 328, 269, 267,
262, NC007726, KX348179,
KX348178, KX348177,
KX348176, KX348175,
KX348174, KX348173, ToDfLV SiYMV

—12
KX348172, KX348171,  (Sample589)  (AY090558) ~ RGBMCST 105710 2664 2029
KX348170, KX348169,
KX348168, KX348167,
KX348166, KX348165,
(KJ742419, KC706628,
JX513952, F]538207)
PepBLV SbBMV —18
SoMBoV (HMS85435) (o P e RBMCST 243210 30 1948
SbBMV SbBMV T
SbBMV (Sample317,145) ¢ IR O sy RGBMCST 513010 201 584
PepBLV CleGMV 9
Covsv (Na19002) (PP (Coisaey)  RGBMCST 231210 2001 22
SbBMV
(Sample 322, SbBMV 11
SBMV (EFO16486) ("8 OO0 sy RGBMCST 397110 867 176
263, 169)
DNA-B
ToYSV ToYSV o
ToYSV (KX348212) OG0 (ooisae  RMCST 930310 58 1373
ToYSV ToYSV 7
ToYSV (KX348211) (OOiR13)  (Oosr)  ROBMCST 336910 437 1257
ToYSV ToYSV ,7
ToYSV (KX348205) (Ooi3)  (Oosg  ROMCST  7.057x10 982 2510
ToYSV ToYSV B
ToYSV (Sample 269) (K742420)  (Sampledns) ROBMCST 185610 2203 2406
SbBMV (Sample 263) SbBMV SBMV. — RGBMCST 5872 x 10~ 2256 2336

(Sample 654)  (Sample 271)

Moreover, inter-species recombination events were detected for SbBMV and ToYSV (Table 4, Figure S2).
The split-decomposition networks from 10 SbBMYV aligned sequences showed several conflicting phylogenetic
signals, possibly due to recombination (Figure 2b). When pepper samples 145, 317, and EF01648 sequences
were removed from the data set, the conflicting signals disappeared in the phylogenetic network, and the
PHI test analysis (p = 0.556) indicated the absence of recombination (Figure 2c). Both methods, RPD4 and
SplitsTree4, identified the same recombinant SbBMV isolates for DNA-A (Table 4), whereas for DNA-B, the PHI
test did not indicate evidence of recombination (p = 0.785), and RDP4 detected sample 263 as recombinant
between the isolates 654 and 271 (Table 4).

On the other hand, a multiple-reticulated network was obtained for 30 ToYSV DNA-A aligned
sequences with PHI test (p < 0.001), suggesting intra-species recombination for ToYSV (Figure S1b).
RPD4 detected intra-species recombination only for the DNA-B of the same isolates (Table 4).

4. Discussion

The importance of begomovirus as causative agents of pepper diseases in NWA was confirmed
since the detection of 51.48% of the samples were infected with these viruses. In Brazil, yield losses
between 28 and 45% have been attributed to begomovirus infection in pepper, indicating the potential
importance of such diseases [55]. The diversity of begomoviruses infecting pepper has been determined
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in this study using the RCA-NGS approach for the first time in Argentina. Six pepper-associated
begomovirus species were identified in this study: SbBMV, ToYSV, ToYVSV, ToDfLV, SiGMBRY,
and PepBLYV, a proposed new species.

SbBMV was the most abundant begomovirus detected, whereas, in Brazil, TOSRV was found
to be the most important and widespread begomovirus in pepper [55]. Since the selection of the
samples was based on the observed diversity of RCA-RFLP patterns, the higher abundance of SbBMV
could also be related to its higher diversity. Sb BMV was previously reported in soybean crops in
Argentina [56]. Here, the DNA-B sequence was reported for the first time, thereby completing the
genome characterization of SbBMV. We detected three possible SbBMV recombinants (pepper samples
145 and 317, and soybean isolate EF016486) between isolates of SbBMV using RDP4 and SplitsTree4
(Table 4, Figure 2b). DNA-A of SPMBV showed higher variability in NWA, only involving two hosts
(pepper and soybean) in a shared geographical area. The detected intra-species recombination events
could also contribute to this variability. Moreover, intra-species recombination was detected for ToYSV
(Table 4). Inter-species recombination is an important process during the evolution of begomoviruses
and has a role in the emergence of a new strain [57]. ToYSV was the second most abundant species
detected infecting pepper and was previously identified in bean and chia in Argentina [56,58]. ToYSV
has a wide host range, including Solanaceae, Amaranthaceae, Fabaceae, and Lamiaceae families [59-61].
ToYSV is more closely related to sida-infecting begomovirus, and previous analysis of recombination
indicated that a fragment corresponding to capsid protein in ToYSV is probably derived from sida
mottle virus (SiMoV; [62]). In this study, the recombination event for ToYSV was detected in the
replication-associated protein -AC4-intergenic region fragment and involved a ToDfLV as the major
parent and SiYMYV as the minor parent (Table 4, Figure S2).

We also identified ToDfLV, ToYVSV, and SiGMBRYV infecting pepper. ToDfLV was previously reported
infecting tomato in Argentina [63]. ToOYVSV was first identified infecting potato in Argentina and Brazil;
then, it was reported infecting tomato in Brazil, Argentina, Uruguay, and Chile, and bean in Argentina [64-67].
ToYSV was also reported infecting pepper, but with minor importance, in Brazil [16,55]. Consequently,
ToYVSV is one of the species with the greatest distribution among the bordering countries. SiIGMBRV was
reported infecting Sida sp. in Brazil and bean in Argentina [68,69]. Briefly, of the six begomovirus species
detected in pepper in Argentina, only ToYVSV was also detected infecting pepper in Brazil, and ToYSV was
reported as being able to infect biolistically inoculated peppers [59].

These results confirm that RCA-NGS is a powerful tool for viral DNA diversity exploration and is
challenging the way that we identify and classify viruses [70]. We were able to reconstruct the complete
genome for both components in most samples, even when the proportion of pepper reads in the RCA
amplified DNA was high. As mentioned earlier, a new species denominated PepBLV was identified
and characterized. Our results showed that the complete DNA-A sequence of PepBLV generated
by RCA-NGS exhibited 99.84% nucleotide identity with the Sanger-sequenced one, supporting the
strategy of RCA-NGS de novo assembly of the full-length genome used here. We also compared the
RFLP patterns obtained from RCA-RFLP and in silico RFLPs of de novo assembled sequences for each
sample to verify begomovirus identification (Table S1). Although we used four different restriction
endonuclease enzymes that recognized 6-bp sequences for the RCA-RFLP analysis, we suggested
choosing one with 4-bp recognized sequences. A step of RCA-RFLP could be a good procedure for
screening the samples for sequencing and for validating the results obtained by RCA-NGS. We used
these RCA-RFLP comparisons to assess the potential problem of generating chimeric begomovirus
genomes that could derive from the assembly of sequences belonging to different species in a mixed
infection sample. There are several reports about the occurrence of mixed infection in the field, caused
by the transmission of the viruses by the same vector [12,55,63,71]. However, in this work, we only
detected single infections in pepper.

In addition, we identified a new alphasatellite species, which we denominated tomato yellow spot
alphasatellite 2 (ToYSA 2), associated with ToYSV in pepper and L. japonicus. This was the first record
of an alphasatellite infecting pepper and the first alphasatellite reported in Argentina. ToYSA 2 is
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phylogenetically related to alphasatellites associated with new world begomoviruses in non-cultivated
plants, like euphorbia yellow mosaic alphasatellite (EuYMA) identified in Euphorbia heterophylla and
Sida spp., cleome leaf crumple alphasatellite (CILCrA) in Cleome affinis, and tomato yellow spot
alphasatellite (ToYSA) in Leonurus sibiricus (synonym L. japonicus) [68,71,72]. We found ToYSA 2
associated with ToYSV in L. japonicus and pepper, showing that it could be transferred from weed
to crop or vice versa. ToYSV was previously identified infecting L. japonicus in Brazil and Paraguay;
those findings, along with this new identification in Argentina, reinforce its role as a potential source
of inoculum to tomato, soybean, bean, and pepper crops [60,61]. EuYMA is capable of symptom
modulation, viral accumulation, and whitefly transmission of euphorbia yellow mosaic virus (EuYMV),
thereby potentially interfering with virus dissemination in the field [73].

Finally, this work was a clear example that the combination of an ecogenomic approach with
powerful tools like RCA-NGS to reconstruct whole-genome DNA viruses is fundamental in ecological
and evolutionary genomic studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/2/202/s1,
Figure S1: (a) Pairwise identity matrix of all ToYSV DNA-A sequences inferred using SDT v1.2; (b) Phylogenetic
networks for ToYSV DNA-A sequences obtained with NNet algorithm using Splits Tree and significant PHI
test. Figure 52: Schematic representation of recombination events detected in DNA-A and DNA-B sequences
using RDP4. ORFs in relation to the recombination breakpoints are indicated with arrows above recombinants.
Sequence fragments were coloured according to their associated species. (a) Intra-species recombination events;
(b) Inter-species recombination events. Table S1: RFLPs patterns (pb) corresponding to each pepper-sample
generated by RCA-RFLP and in silico-RFLP from assembled DNA-A and DNA-B begomovirus sequences.
* sequence of alphasatellite from sample 423. Bands corresponding to DNA-A are in bold.

Author Contributions: Conceptualization, PM.L.L. and A.F.A.; Data curation, ].M.I.; Formal analysis, V.A.B.,
PM.LL,]M.L, and A EA,; Investigation, V.A.B., ] M., CRE, C.G.VM., A F.A and PM.L.L.; Project administration,
PM.L.L.; Resources, PM.L.L.; Supervision, PM.L.L. and A.FA.; Writing—original draft, V.A.B.; Writing—review
and editing, PM.L.L.,].M.L, and A.FA. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Instituto Nacional de Tecnologia Agropecuaria (INTA, PE- PNBIO-1131044;
PNPV-P1-1135022). Verénica A. Bornancini and M Irazoqui hold a fellowship from Consejo Nacional de
Investigaciones Cientificas y Técnicas (CONICET).

Acknowledgments: We are grateful for the excellent technical assistance of Verénica Ranieri and Agr. Engineer
Gustavo M. Ruiz (Herbarium “Marcelino Sayago”, Facultad de Ciencias Agropecuarias, Universidad Catdlica de
Coérdoba) for weed species determination. We thank Santiago F. Elena for critically reading the manuscript.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1.  Van Regenmortel, M.H.V.; Fauquet, C.M.; Bishop, D.H.L. Virus Taxonomy. Seventh Report of the International
Committee on Taxonomy of Viruses; Academic Press: Cambridge, MA, USA, 2000; p. 1162.

2. Sanchez-Campos, S.; Martinez-Ayala, A.; Marquez-Martin, B.; Aragén-Caballero, L.; Navas-Castillo, J.;
Moriones, E. Fulfilling Koch'’s postulates confirms the monopartite nature of Tomato leaf deformation virus:
A begomovirus native to the New World. Virus Res. 2013, 173, 286-293. [CrossRef]

3. Macedo,M.A; Albuquerque, L.C.; Maliano, M.R.; Souza, J.O.; Rojas, M.R.; Inoue-Nagata, A.K.; Gilbertson, R.L.
Characterization of Tomato leaf curl purple vein virus, a new monopartite New World begomovirus infecting
tomato in Northeast Brazil. Arch. Virol. 2018, 163, 737-743. [CrossRef] [PubMed]

4. Organizacion de las Naciones Unidas para La Alimentacién y la Agricultura (FAO). Available online:
http://faostat3.fao.org/ (accessed on 7 August 2019).

5. Brown, ].K,; Poulos, B.T.; Nelson, M.R. Two whitefly-transmitted geminiviruses isolated from pepper affected
with Tigré disease. Phytopathology 1989, 79, 908.

6.  Brown, ].K,; Poulos, B.T. Serrano golden mosaic virus: A newly identified whitefly-transmitted geminivirus of
pepper and tomato in the United States and Mexico. Plant Dis. 1990, 74, 720. [CrossRef]

7. Torres-Pacheco, I.; GarzonTiznado, J.A.; Brown, ].K.; Becerra, A.; Rivera-Bustamante, R.F. Detection and
distribution of geminiviruses in Mexico and the southern United States. Phytopathology 1996, 86, 1186-1192.
[CrossRef]


http://www.mdpi.com/1999-4915/12/2/202/s1
http://dx.doi.org/10.1016/j.virusres.2013.02.002
http://dx.doi.org/10.1007/s00705-017-3662-0
http://www.ncbi.nlm.nih.gov/pubmed/29224131
http://faostat3.fao.org/
http://dx.doi.org/10.1094/PD-74-0720C
http://dx.doi.org/10.1094/Phyto-86-1186

Viruses 2020, 12, 202 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Brown, J.K,; Idris, A.M.; Ostrow, K.M.; Goldberg, N.; French, R.; Stenger, D.C. Genetic and phenotypic
variation of the Pepper golden mosaic virus complex. Phytopathology 2005, 95, 1217-1224. [CrossRef]
McLaughlin, P.D.; McLaughlin, W.A.; Maxwell, D.P,; Roye, M.E. Identification of begomoviruses infecting
crops and weeds in Belize. Plant Viruses 2008, 2, 58—63.

Barboza, N.; Blanco-Meneses, M.; Esker, P.; Moriones, E.; Inoue-Nagata, A.K. Distribution and diversity
of begomoviruses in tomato and sweet pepper plants in Costa Rica. Ann. Appl. Biol. 2018, 172, 20-32.
[CrossRef]

Torres-Pacheco, I.; Garzén-Tiznado, ].A.; Herrera-Estrella, L.; Rivera-Bustamante, R.F. Complete nucleotide
sequence of Pepper huasteco virus: Analysis and comparison with bipartite geminiviruses. J. Gen. Virol. 1993,
74,2225-2231. [CrossRef]

Méndez-Lozano, J.; Torres-Pacheco, I.; Fauquet, C.M.; Rivera-Bustamante, R.F. Interactions between
geminiviruses in a naturally occurring mixture: Pepper huasteco virus and Pepper golden mosaic virus.
Phytopathology 2003, 93, 270-277. [CrossRef]

Umaharan, P; Padidam, M.; Phelps, R.H.; Beachy, R.N.; Fauquet, C.M. Distribution and diversity of
gemminiviruses in Trinidad Tobago. Phytopathology 1998, 88, 1262-1268. [CrossRef] [PubMed]

Castro, R.M.; Moreira, L.; Rojas, M.R,; Gilbertson, R.L.; Hernandez, E.; Mora, F.; Ramirez, P. Occurrence
of Squash yellow mild mottle virus and Pepper golden mosaic virus in Potential New Hosts in Costa Rica.
Plant Pathol. ]. 2013, 29, 285-293. [CrossRef] [PubMed]

Bezerra-Agasie, I.C.; Ferreira, G.B.; de Avila, A.C; Inoue-Nagata, A.K. First Report of Tormato severe rugose
virus in Chili Pepper in Brazil. Plant Dis. 2006, 90, 114. [CrossRef] [PubMed]

Nozaki, D.N.; Krause-Sakate, R.; Pavan, M.A. Begomovirus infectando a cultura de pimentao no Estado de
Sao Paulo. Summa Phytopathology 2010, 36, 244-247. [CrossRef]

Martinez-Ayala, A.; Sanchez-Campos, S.; Céceres, F.; Aragon-Caballero, L.; Navas-Castillo, ].; Moriones, E.
Characterisation and genetic diversity of Pepper leafroll virus, a new bipartite begomovirus infecting pepper,
bean and tomato in Peru. Ann. Appl. Biol. 2013, 164, 67-72. [CrossRef]

Rojas, M.R.; Gilbertson, R.L.; Maxwell, D.P. Use of degenerate primers in the polymerase chain reaction to
detect whitefly transmitted geminiviruses. Plant Dis. 1993, 77, 340-347. [CrossRef]

Edwards, R.A.; Rohwer, F. Viral metagenomics. Nat. Rev. Microbiol. 2005, 3, 504-510. [CrossRef]
Roossinck, M.].; Saha, P.; Wiley, G.B.; Quan, J.; White, ].D.; Lai, H.; Chavarria, F; Shen, G.; Roe, B.A.
Ecogenomics: Using massively parallel pyrosequencing to understand virus ecology. Mol. Ecol. 2010, 1,
81-88. [CrossRef]

Hagen, C.; Frizzi, A.; Gabriels, S.; Huang, M.; Salati, R.; Gabor, B.; Huang, S. Accurate and sensitive diagnosis
of geminiviruses through enrichment, high-throughput sequencing and automated sequence identification.
Arch. Virol. 2012, 157, 907-915. [CrossRef]

Dayaram, A.; Opong, A.; Jaschke, A.; Hadfield, J.; Baschiera, M.; Dobson, R.C.; Offei, S.K.; Shepherd, D.N.;
Martin, D.P; Varsani, A. Molecular characterisation of a novel cassava associated circular ssDNA virus.
Virus Res. 2012, 166, 130-135. [CrossRef]

Idris, A.; Al-Saleh, M.; Piatek, M.].; Al-Shahwan, I.; Ali, S.; Brown, ]J.K. Viral metagenomics: Analysis of
begomoviruses by illumina high-throughput sequencing. Viruses 2014, 6, 1219-1236. [CrossRef] [PubMed]
Zubair, M.; Zaidi, S.S.; Shakir, S.; Farooq, M.; Amin, I; Scheffler, J.A.; Scheffler, B.E.; Mansoor, S. Multiple
begomoviruses found associated with cotton leaf curl disease in Pakistan in early 1990 are back in cultivated
cotton. Sci. Rep. 2017, 7, 680. [CrossRef] [PubMed]

Fontenele, R.S.; Abreu, R.A.; Lamas, N.S.; Alves-Freitas, D.M.T.; Vidal, A.H.; Poppiel, R.R.; Melo, EL;
Lacorte, C.; Martin, D.P.; Campos, M.A; et al. Passion fruit chlorotic mottle virus: Molecular characterization
of a new divergent geminivirus in Brazil. Viruses 2018, 10, e169. [PubMed]

Wyant, P.S.; Strohmeier, S.; Schéfer, B.; Krenz, B.; Pereira Assungao, I.; de Andrade Lima, G.S.; Jeske, H.
Circular DNA genomics (circomics) exemplified for geminiviruses in bean crops and weeds of northeastern
Brazil. Virology 2012, 427, 151-157. [CrossRef]

Jeske, H.; Kober, S.; Schifer, B.; Strohmeier, S. Circomics of Cuban geminiviruses reveals the first alpha-satellite
DNA in the Caribbean. Virus Genes 2014, 49, 312-324. [CrossRef]

Ng, T.E; Duffy, S.; Polston, ].E.; Bixby, E.; Vallad, G.E.; Breitbart, M. Exploring the diversity of plant DNA
viruses and their satellites using vector-enabled metagenomics on whiteflies. PLoS ONE 2011, 6, e19050.
[CrossRef]


http://dx.doi.org/10.1094/PHYTO-95-1217
http://dx.doi.org/10.1111/aab.12398
http://dx.doi.org/10.1099/0022-1317-74-10-2225
http://dx.doi.org/10.1094/PHYTO.2003.93.3.270
http://dx.doi.org/10.1094/PHYTO.1998.88.12.1262
http://www.ncbi.nlm.nih.gov/pubmed/18944827
http://dx.doi.org/10.5423/PPJ.OA.12.2012.0182
http://www.ncbi.nlm.nih.gov/pubmed/25288955
http://dx.doi.org/10.1094/PD-90-0114C
http://www.ncbi.nlm.nih.gov/pubmed/30786504
http://dx.doi.org/10.1590/S0100-54052010000300011
http://dx.doi.org/10.1111/aab.12074
http://dx.doi.org/10.1094/PD-77-0340
http://dx.doi.org/10.1038/nrmicro1163
http://dx.doi.org/10.1111/j.1365-294X.2009.04470.x
http://dx.doi.org/10.1007/s00705-012-1253-7
http://dx.doi.org/10.1016/j.virusres.2012.03.009
http://dx.doi.org/10.3390/v6031219
http://www.ncbi.nlm.nih.gov/pubmed/24625811
http://dx.doi.org/10.1038/s41598-017-00727-2
http://www.ncbi.nlm.nih.gov/pubmed/28386113
http://www.ncbi.nlm.nih.gov/pubmed/29614801
http://dx.doi.org/10.1016/j.virol.2012.02.007
http://dx.doi.org/10.1007/s11262-014-1090-8
http://dx.doi.org/10.1371/journal.pone.0019050

Viruses 2020, 12, 202 18 of 20

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Rosario, K.; Seah, YM.; Marr, V,; Varsani, A.; Kraberger, S.; Stainton, D.; Moriones, E.; Polston, J.E.; Duffy, S.;
Breitbart, M. Vector-Enabled Metagenomic (VEM) Surveys Using Whiteflies (Aleyrodidae) Reveal Novel
Begomovirus Species in the New and Old Worlds. Viruses 2015, 7, 5553-5570. [CrossRef]

Rosario, K.; Marr, C.; Varsani, A.; Kraberger, S.; Stainton, D.; Moriones, E.; Polston, J.E.; Breitbart, M.
Begomovirus-Associated Satellite DNA Diversity Captured Through Vector-Enabled Metagenomic (VEM)
Surveys Using Whiteflies (Aleyrodidae). Viruses 2016, 8, 36. [CrossRef]

Candresse, T.; Filloux, D.; Muhire, B.; Julian, C.; Galzi, S.; Fort, G.; Bernardo, P.; Daugrois, ] H.; Fernandez, E.;
Martin, D.P; et al. Appearances can be deceptive: Revealing a hidden viral infection with deep sequencing
in a plant quarantine context. PLoS ONE 2014, 9, 102945. [CrossRef]

Poojari, S.; Alabi, O.].; Fofanov, V.Y.; Naidu, R.A. A leafhopper-transmissible DNA virus with novel
evolutionary lineage in the family Geminiviridae implicated in grapevine redleaf disease by next-generation
sequencing. PLoS ONE 2013, 8, e64194. [CrossRef]

Jo, Y;; Choi, H.; Kim, S.M.; Kim, S.J.; Lee, B.C.; Cho, WXK. The pepper virome: Natural co-infection of diverse
viruses and their quasispecies. BMC Genom. 2017, 18, 453. [CrossRef] [PubMed]

Chen, S.; Huang, Q.; Wu, L,; Qian, Y. Identification and characterization of a maize-associated mastrevirus in
China by deep sequencing small RNA populations. Virol. J. 2015, 12, 156. [CrossRef] [PubMed]

Boukari, W.; Alcala-Brisefio, R.I; Kraberger, S.; Fernandez, E.; Filloux, D.; Daugrois, ]. H.; Comstock, J.C.;
Lett, ].M.; Martin, D.P,; Varsani, A.; et al. Occurrence of a novel mastrevirus in sugarcane germplasm
collections in Florida, Guadeloupe and Réunion. Virol. | 2017, 14, 146. [CrossRef]

Posada-Céspedes, S.; Seifert, D.; Beerenwinkel, N. Recent advances in inferring viral diversity from
high-throughput sequencing data. Virus Res. 2017, 239, 17-32. [CrossRef]

Nassuth, A.; Pollari, E.; Helmeczy, K.; Stewart, S.; Kofalvi, S.A. Improved RNA extraction and one-tube
RT-PCR assay for simultaneous detection of control plant RNA plus several viruses in plant extracts.
J. Virol. Methods 2000, 90, 37-49. [CrossRef]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics
2014, 30, 2114-2120. [CrossRef]

Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. Available online:
http://www.bioinformatics.babraham.ac.uk/projects/fastqc (accessed on 5 November 2018).

Hunt, M,; Gall, A.; Ong, S.H.; Brener, |.; Ferns, B.; Goulder, P; Nastouli, E.; Keane, ].A.; Kellam, P.; Otto, T.D.
IVA: Accurate de novo assembly of RNA virus genomes. Bioinformatics 2015, 31, 2374-2376. [CrossRef]
Langmead, B.; Salzberg, S. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357-359.
[CrossRef]

Sonnhammer, E.L.; Durbin, R. A dot-matrix program with dynamic threshold control suited for genomic
DNA and protein sequence analysis. Gene 1995, 167, GC1-GC10. [CrossRef]

Rutherford, K; Parkhill, J.; Crook, J.; Horsnell, T.; Rice, P.; Rajandream, M.A.; Barrell, B. Artemis: Sequence
visualization and annotation. Bioinformatics 2000, 16, 944-945. [CrossRef]

Altschul, S.F; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.]J. Basic local alignment search tool. ]. Mol. Biol.
1990, 215, 403-410. [CrossRef]

Muhire, B.M.; Varsani, A.; Martin, D.P. SDT: A virus classification tool based on pairwise sequence alignment
and identity calculation. PLoS ONE 2014, 9, e108277. [CrossRef] [PubMed]

Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.;
Markowitz, S.; Duran, C.; et al. Geneious basic: An integrated and extendable desktop software platform for
the organization and analysis of sequence data. Bioinformatics 2012, 28, 1647-1649. [CrossRef]

Stamatakis, A. “RAxML Version 8: A tool for Phylogenetic Analysis and Post-Analysis of Large Phylogenies”.
Bioinformatics 2014, 30, 1312-1313. [CrossRef]

Letunic, I; Bork, P. Interactive Tree Of Life (iTOL) v4: Recent updates and new developments. Nucleic Acids Res.
2019, 47, W256-W259. [CrossRef]

Darren, PM.; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and analysis of recombination
patterns in virus genomes. Virus Evol. 2015, 1, vev003.

Huson, D.H.; Bryant, D. Application of phylogenetic networks in evolutionary studies. Mol. Biol. Evol. 2006,
23, 254-267. [CrossRef]

Bruen, T.C.; Philippe, H.; Bryant, D. A simple and robust statistical test for detecting the presence of
recombination. Genetics 2006, 172, 2665-2681. [CrossRef]


http://dx.doi.org/10.3390/v7102895
http://dx.doi.org/10.3390/v8020036
http://dx.doi.org/10.1371/journal.pone.0102945
http://dx.doi.org/10.1371/journal.pone.0064194
http://dx.doi.org/10.1186/s12864-017-3838-8
http://www.ncbi.nlm.nih.gov/pubmed/28595635
http://dx.doi.org/10.1186/s12985-015-0384-3
http://www.ncbi.nlm.nih.gov/pubmed/26437663
http://dx.doi.org/10.1186/s12985-017-0810-9
http://dx.doi.org/10.1016/j.virusres.2016.09.016
http://dx.doi.org/10.1016/S0166-0934(00)00211-1
http://dx.doi.org/10.1093/bioinformatics/btu170
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://dx.doi.org/10.1093/bioinformatics/btv120
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1016/0378-1119(95)00714-8
http://dx.doi.org/10.1093/bioinformatics/16.10.944
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1371/journal.pone.0108277
http://www.ncbi.nlm.nih.gov/pubmed/25259891
http://dx.doi.org/10.1093/bioinformatics/bts199
http://dx.doi.org/10.1093/bioinformatics/btu033
http://dx.doi.org/10.1093/nar/gkz239
http://dx.doi.org/10.1093/molbev/msj030
http://dx.doi.org/10.1534/genetics.105.048975

Viruses 2020, 12, 202 19 of 20

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Salemi, M.; Gray, R.R.; Goodenow, M.M. An exploratory algorithm to identify intra-host recombinant viral
sequences. Mol. Phylogenet. Evol. 2008, 49, 618-628. [CrossRef]

Brown, ].K.; Zerbini, EM.; Navas-Castillo, J.; Moriones, E.; Ramos-Sobrinho, R.; Silva, ]J.C.; Fiallo-Olivé¢, E.;
Briddon, R.W.; Hernandez-Zepeda, C.; Idris, A.; et al. Revision of Begomovirus taxonomy based on pairwise
sequence comparisons. Arch. Virol. 2015, 160, 1593-1619. [CrossRef]

Briddon, R.W.; Martin, D.P.; Roumagnac, P.; Navas-Castillo, J.; Fiallo-Olivé, E.; Moriones, E.; Lett, ].M.;
Zerbini, EM.; Varsani, A. Alphasatellitidae: A new family with two subfamilies for the classification of
geminivirus- and nanovirus-associated alphasatellites. Arch. Virol. 2018, 163, 2587-2600. [CrossRef]
Inoue-Nagata, A.K.; Lima, M.E,; Gilbertson, R.L. A review of geminivirus (begomovirus) diseases in
vegetables and other crops in Brazil: Current status and approaches for management. Hort. Bras. 2016, 34,
008-018. [CrossRef]

Rodriguez-Pardina, P.E.; Hanada, K.; Laguna, G.; Zerbini, EM.; Ducasse, D.A. Molecular characterization and
relative incidence of bean and soybean infecting begomoviruses in northwestern Argentina. Ann. Appl. Biol.
2010, 158, 69-78. [CrossRef]

Belabess, Z.; Peterschmitt, M.; Granier, M.; Tahiri, A.; Blenzar, A.; Urbino, C. The non-canonical tomato
yellow leaf curl virus recombinant that displaced its parental viruses in southern Morocco exhibits a high
selective advantage in experimental conditions. |. Gen. Virol. 2016, 67, 3433-3445. [CrossRef] [PubMed]
Celli, M.G.; Perotto, M.C.; Martino, J.A.; Flores, C.R.; Conci, V.C.; Rodriguez Pardina, P. Detection and
identification of the first viruses in chia (Salvia hispanica). Viruses 2014, 6, 3450-3457. [CrossRef] [PubMed]
Calegario, R.F; Ferreira, S.S.; Andrade, E.C.; Zerbini, EM. Characterization of Tomato yellow spot virus,
a novel tomato-infecting begomovirus in Brazil. PAB 2007, 42, 1335-1343. [CrossRef]

Barbosa, J.C.; Eckstein, B.; Bergamin Filho, A.J.; Rezende, A.M.; Dallagnol, L.J. First Report of Tomato yellow
spot virus Infecting Leonurus sibiricus in Brazil. Plant Dis. 2013, 97, 289-289. [CrossRef]

Fernandes-Acioli, N.A.N.; Boiteux, L.S.; Fonseca, M.E.N.; Segnana, L.R.G. Report of Tomato yellow spot virus
Infecting Leonurus sibiricus in Paraguay and Within Tomato Fields in Brazil. Plant Dis. 2014, 98, 1445-1445.
[CrossRef]

Andrade, E.C. Tomato yellow spot virus, a tomato-infecting begomovirus from Brazil with a closer relationship
to viruses from Sida sp., forms pseudorecombinants with begomoviruses from tomato but not from Sida.
J. Gen. Virol. 2006, 87, 3687-3696. [CrossRef]

Vaghi Medina, C.G.; Lopez Lambertini, PM. Tomato dwarf leaf virus, a New World begomovirus infecting
tomato in Argentina. Arch. Virol. 2012, 157, 1975-1980. [CrossRef]

Colariccio, A.; Eiras, M.; Chaves, A.L.R.; Bergmann, J.C.; Zerbini, EM.; Harakava, R.; Chagas, C.M.
Tomato yellow vein streak virus, a new begomovirus on tomato from Brazil: Complete DNA-A sequence and
some molecular and biological features. J. Plant Pathol. 2007, 89, 385-390.

Albuquerque, L.C.; Martin, D.P,; Avila, A.C.; Inoue-Nagata, A.K. Characterization of tomato yellow vein
streak virus, a begomovirus from Brazil. Virus Genes 2010, 40, 140-147. [CrossRef] [PubMed]

Bernis, M.E. Caracterizacion molecular del Tomato Yellow Vein Streak Virus (ToYVSV), un nuevo Begomovirus en la
Argentina. Facultad de Ciencias Quimicas; Universidad Nacional de Cérdoba: Cordoba, Argentina, 2007.
Arruabarrena, A.; Rubio, L.; Gonzalez-Arcos, M.; Maeso, D.; Fiallo-Olivé, E.; Moriones, E. First Report of the
Begomovirus Tomato yellow vein streak virus Infecting Tomato in Uruguay. Plant Dis. 2016, 100, 231. [CrossRef]
Paprotka, T.; Metzler, V.; Jeske, H. The first DNA 1-like alpha satellites in association with New World
begomoviruses in natural infections. Virology 2010, 404, 148-157. [CrossRef]

Varela, G.; Avalos, V,; Reyna, P; Laguna, G.; Rodriguez-Pardina, P. Identification, molecular characterization
and relative incidence of begomoviruses infecting bean crops in northwestern Argentina: An update.
Aust. Plant Pathol. 2018, 47, 343-350. [CrossRef]

Simmonds, P.; Adams, M.].; Benk$, M.; Breitbart, M.; Brister, ].R.; Carstens, E.B.; Davison, A.].; Delwart, E.;
Gorbalenya, A.E.; Harrach, B.; et al. Consensus statement: Virus taxonomy in the age of metagenomics.
Nat. Rev. Microbiol. 2017, 15, 161-168. [CrossRef]

Ferro, C.G,; Silva, ].P; Xavier, C.A.D.; Godinho, M.T.; Lima, A.T.M.; Mar, T.B.; Lau, D.; Zerbini, EM. The ever
increasing diversity of begomoviruses infecting non-cultivated hosts: New species from Sida spp. and
Leonurus sibiricus, plus two New World alphasatellites. Ann. Appl. Biol. 2017, 170, 204-218. [CrossRef]


http://dx.doi.org/10.1016/j.ympev.2008.08.017
http://dx.doi.org/10.1007/s00705-015-2398-y
http://dx.doi.org/10.1007/s00705-018-3854-2
http://dx.doi.org/10.1590/S0102-053620160000100002
http://dx.doi.org/10.1111/j.1744-7348.2010.00441.x
http://dx.doi.org/10.1099/jgv.0.000633
http://www.ncbi.nlm.nih.gov/pubmed/27902403
http://dx.doi.org/10.3390/v6093450
http://www.ncbi.nlm.nih.gov/pubmed/25243369
http://dx.doi.org/10.1590/S0100-204X2007000900016
http://dx.doi.org/10.1094/PDIS-07-12-0692-PDN
http://dx.doi.org/10.1094/PDIS-11-12-1016-PDN
http://dx.doi.org/10.1099/vir.0.82279-0
http://dx.doi.org/10.1007/s00705-012-1355-2
http://dx.doi.org/10.1007/s11262-009-0426-2
http://www.ncbi.nlm.nih.gov/pubmed/19937269
http://dx.doi.org/10.1094/PDIS-05-15-0531-PDN
http://dx.doi.org/10.1016/j.virol.2010.05.003
http://dx.doi.org/10.1007/s13313-018-0563-y
http://dx.doi.org/10.1038/nrmicro.2016.177
http://dx.doi.org/10.1111/aab.12329

Viruses 2020, 12, 202 20 of 20

72.  Instituto de Botanica Darwinion (IBOMA). Available online: http://www2.darwin.edu.ar/Proyectos/FloraArgentina/
DetalleEspecie.asp?forma=&variedad=&subespecie=&especie=japonicus&genero=Leonurus&espcod=9285
(accessed on 10 September 2019).

73. Mar, T.B.; Mendes, I.R.; Lau, D.; Fiallo-Olivé, E.; Navas-Castillo, J.; Alves, M.S.; Murilo Zerbini, F. Interaction
between the New World begomovirus Euphorbia yellow mosaic virus and its associated alphasatellite: Effects
on infection and transmission by the whitefly Bemisia tabaci. ]. Gen. Virol. 2017, 98, 1552-1562. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://www2.darwin.edu.ar/Proyectos/FloraArgentina/DetalleEspecie.asp?forma=&variedad=&subespecie=&especie=japonicus&genero=Leonurus&espcod=9285
http://www2.darwin.edu.ar/Proyectos/FloraArgentina/DetalleEspecie.asp?forma=&variedad=&subespecie=&especie=japonicus&genero=Leonurus&espcod=9285
http://dx.doi.org/10.1099/jgv.0.000814
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sampling and RCA-Seq 
	NGS Data Pipeline 
	Cloning and Sanger Sequencing of the New Begomovirus Species Identified by RCA-NGS 
	Cloning and Sanger Sequencing of ToYSV and a New Associated Alphasatellite from a Weed Sample 
	Phylogenetic Analysis of Assembled Begomovirus Sequences 
	Phylogenetic Analysis of Alphasatellite Sequences 
	Recombination Analysis 

	Results 
	Reconstruction of Begomovirus and Alphasatellite Genomes Infecting Pepper 
	Phylogenetic Analyses 
	Recombination Analyses 

	Discussion 
	References

