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RESUMO

PEREIRA, Hermano Monteiro de Barros, M.Sc., Universidade Federal de Vigosa,
fevereiro de 2017Phylogeny and recombination of New World begomoviruses.
Orientador: Francisco Murilo Zerbini Junior. Coorientadora: Camila Geovana Ferro.

O géneroBegomovirugfamilia Geminiviridag é constituido por virus que apresentam

um ou dois componentes gendmicos de DNA circular de fita simples (ssDNA), infectam
plantas dicotileddneas e sdo transmitidos naturalmente pela moscaBeansia tabaci
(Homoptera: Aleyrodidae). Os begomovirus constituem um importante grupo de
patdégenos de plantas responsaveis por perdas severas em diversas culturas de importancia
econdmica, principalmente em regides tropicais e subtropicais. Com base em
relacionamento filogenético e organizacdo do genoma, os begomovirus podem ser
divididos em dois grupos: Velho Mundo (VM) e Novo Mundo (NM). Os begomovirus

do NM possuem em sua maioria dois componentes gendmicos, denominados DNA-A e
DNA-B. Recentemente, a associacado de alguns begomovirus do NM com DNAs satélites
foi demonstrada. Begomovirus evoluem a taxas comparaveis as de virus que possuem
genoma de RNA. Embora se saiba que a mutacdo e a recombinacdo sdo os principais
mecanismos geradores de variabilidade para esses virus, ainda falta uma maior
compreensao das for¢cas evolucionarias que atuam sob as populagdes virais. Os objetivos
deste estudo forami) @bter mais informacdes sobre os mecanismos evoluciondrios que
influenciam a variabilidade genética dos begomovirus no NMavaliar, por meio de
filogenia, o efeito de recombinacgéo na evolucao dos begomovirus daiNkhehsurar,

por meio de analise filogeografica, o efeito da migracdo na evolug¢do dos begomovirus do
NM. Sequéncias-referéncia de todo® O -A e DNA-B de begomovirus do NM foram

obtidas do GenBank para montagem dos conjuntos de dados. Andlises de recombinacéo
evidenciaram um relacionamento entre begomovirus e alfassatélites do NM, sugerindo
que a recombinacao é um importante mecanismo evolucionario afetando a evolu¢éo do
DNA-A, e em particular do genRep (presente em ambos 0s agentes). A retirada de
blocos recombinantes mostrou-se desnecessaria para a construcéo de filogenias, uma vez
gue nédo alterou o sinal filogenético. Foi encontrado um forte agrupamento entre as
espécies baseado nos seus locais de origem, sugerindo que a introducao/migracdo de
genomas oriundos de diferentes areas contribui grandemente para o aumento dos eventos

de recombinacdo e pseudo-recombinagcdo, 0 que aumentaria a probabilidade do

vii



surgimento de novas variantes virais mais bem adaptadas que seus parentais. Resultados
da filogeografia também indicam que DNA-A e DNA-B possuem historias evolutivas
distintas, ja que as andlises sugerem ancestrais diferentes. Em conjunto, os sesultado

indicam um importante papel da recombinacdo na diversificacdo dos begomovirus do
NM.
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ABSTRACT

PEREIRA, Hermano Monteiro de Barros, M.Sc., Universidade Federal de Vigosa,
February, 2017.Phylogeny and recombination of New World begomoviruses.
Advisor: Francisco Murilo Zerbini Janio€o-adviser: Camila Geovana Ferro.

The genu8egomovirugfamily Geminiviridag includes viruses with mono- and bipartite
genomes of circular, single-stranded DNA (ssDNA), which infect dicot plants and are
transmitted by the whiteflgemisiatabaci Begomoviruses constitute an important group

of plant pathogens responsible for severe losses in several crops of economic importance,
mainly in tropical and subtropical regions. Based on phylogenetic relationships and
genomic organization, begomoviruses can be divided into New World (NW) and Old
World (OW) groups. NW begomoviruses have mostly bipartite genomes, with the two
components named DNA-A and DNA-B. Recently, the association of a small number of
NW begomoviruses with alphasatellites was demonstrated. Begomoviruses evolve at high
rates, compared to viruses with RNA genomes. Although it is well established that
mutation and recombination are the main sources of genetic variability for these viruses,
a better understanding of the evolutionary forces that act upon begomovirus populations
is still lacking. The objectives of this study weng:t¢ obtain more detailed information

on the evolutionary mechanisms that influence the genetic variability of NW
begomoviruses; (ii) to assess, phylogenetically, the effect of recombination on the
evolution of NW begomoviruses; (iii) to measure, by phylogeographic analysis, the effect
of migration on the diversification of NW begomoviruses. Datasets including all RNA-

and DNA-B reference sequences of NW begomoviruses were obtained from GenBank.
Recombination analysis revealed a relationship between NW begomoviruses and
alphasatellites, suggesting that recombination is an important evolutionary mechanism
affecting DNA-A evolution, particularly of th&ep gene ( present in both agents).
Removal of recombinant blocks from the datasets was shown to be unnecessary, as it did
not affect the phylogenetic signal whegconstructing phylogenies. Clusters among
species were observed based on theiraldocof origin, suggesting that the
introduction/migration of genomes from different areas greatly contributes to
recombination and reassortment, which would increase the probability of the emergence
of new variants better adapted than their parental viruses. Phylogeography results suggest
that the DNA-A and DNA-B have distinct evolutionary histories, since they have



different common ancestors. Together, the results indieateamportant role of

recombination in the diversification of NW begomoviruses.



INTRODUCAO GERAL

Os virus classificados na famili@eminiviridaepossuem genoma composto de
DNA fita simples (ssDNA) circular, envolto por um unico tipo de proteina capsidial que
confere a particula uma morfologia icosaédrica geminada (Zett#hi2017). A familia
€ composta por nove génerdde§omovirus Becurtovirus Capulavirus Curtovirus
Eragrovirus Grablovirus Mastrevirus Topocuviruse Turncurtovirug, definidos com
base no tipo de inseto vetor, gama de hospedeiros, organizacdo ger@mica
relacionamento filogenético (Varsagi al, 2014; Varsanget al, 2017; Zerbiniet al,

2017).

O géneroBegomovirusinclui virus de plantas de grande relevancia para a
agricultura, devido a severidade das doencas por eles causadas, principalmente em
regides tropicais e subtropicais (Patil e Fauquet, 2009; Rachla 2013; Sattaet al,

2013; Mabvakureet al, 2016; Zaidiet al, 2016). Os virus classificados nesse género
possuem um ou dois componentes gendmicos, infectam plantas dicotiledéneas e séo
transmitidos naturalmente pela mosca-bradeaisia tabac{(Homoptera: Aleyrodidae)
(Brown et al, 2015). Com base em estudos filogenéticos e caracteristicas do genoma, 0s
begomovirus podem ser divididos em dois grupos: Velho Mundo (VM; Europa, Africa e
Asia) e Novo Mundo (NM; as Américas) (Rybicki, 1994; Padigaal, 1999; Paximadis

et al, 1999; Briddoret al, 2010).

A maioria dos begomovirus do VM possui genoma monossegmentados e estédo
normalmente associados a DNAs satélites (Mansbaal, 2003). Os begomovirus
encontrados no Novo Mundo possuem genoma bissegmentado, com excegatwmtin
leaf deformation virugToLDeV), encontrado no Peru e no Equador (Melgaegjal,

2013; Sanchez-Campaat al, 2013). Os componentes gendmicos dos begomovirus



bissegmentados sdo denominados DNA-A (que contém genes envolvidos na replicagéo,
supresséo de respostas de defesa da planta e encapsidacdo do genoma virdh) e DNA-
(que contém genes envolvidos no movimento viral intra- e intercelular) (Bogs

2005).

Trés tipos de DNAs satélites podem estar associados a begomovirus: alfassatélites
(anteriormente denominados DNA-1), betassatélites (anteriormente PPNA-
deltassatélites (Zhou, 2013; Lozaeb al, 2016). Esses agentes sdo dependentes do
begomovirus auxiliar para movimento, encapsidacao e transmissao pelo vetor e, no caso
dos beta- e deltassatélites, também para a replicacdo (Zhou, 2013; FialletGilyé
2016). Os alfassatélites ocorrem majoritariamente associados a complexos
begomovirus/betassatélites no Velho Mundo (Letka, 2015), entretanto, recentemente
foram encontrados em associacdo com begomovirus bissegmentados do Novo Mundo
(Brasil, Cuba e Venezuela) (Paprotkaal, 2010; Romat al, 2010; Jesket al, 2014).

Os alfa- e betassatélites constituem-se de uma molécula de ssDNA de
aproximadamente 1300 nucleotideos. Ambos possuem organizacao genémica distinta dos
begomovirus, entretanto possuem uma estrutura em forma de grampo, idéntica a dos
begomovirus, que é fundamental para a replicacdo por circulo rolante. O genoma dos
betassatélites compartilha apenas a sequéncia conservada presente na al¢ca do grampo (5'-
TAATATTAC-3') com o begomovirus auxiliar. Outras caracteristicas do genoma desses
agentes sdo uma regido altamente conservada entre os betassatélites ("satellite conserved
region", SCR), em posicéo analoga a regido comum dos begomovirus; uma regido rica
em adenina; e um unico gemetaCl, codificado no sentido complementar (Briddgn
al., 2008). A proteina betaC1l atua como determinante de patogenicidade, supressora de
silenciamento génico transcricional e pos-transcricional éCail, 2004; Yanget al,

2011; Liet al, 2014). No genoma dos alfassatélites & encontrada uma estrutura em forma



de grampo que contém o nanonucleotiBEOAGTATTAC-3, idéntico ao dos virus
classificados na familiblanoviridae (Zhou, 2013). Também é identificado um Unico
gene,alpha-Rep que codifica uma proteina essencial a replicagdo. Dessa forma, os
alphassatélites sdo capazes de replicar de forma independente do begomovirus auxiliar,
embora necessitem do virus para encapsidac¢do, movimento na planta e transmisséo pelo
vetor (Zhou, 2013).

A terceira classe de DNAs satélites associados aos begomovirus sdo os
deltassatélites, constituidos por uma molécula de ssDNA com tamanho aproximado de
700 nucleotideos. O genoma possui uma estrutura em forma de grampo com a sequéncia
conservada 5'-TAATATTAC-3', sequéncias similares aos iterons de begomovirus, uma
regido rica em adenina e uma pequena regido com alta identidade com a SCR dos
betassatélites (Fiallo-Olivéet al, 2012). Essa classe de satélite foi encontrada
inicialmente em associacao a begomovirus bissegmentados em plantas ndo-cultivadas em
Cuba (Fiallo-Olivéet al, 2012), e posteriormente foram relatados em batata-doce
(Ipomoea batatgse Ipomoea indicana Espanha &lerremia dissectana Venezuela
(Lozanoet al, 2016). Os possiveis efeitos da presenca dessas moléculas na infec¢éo por
begomovirus é desconhecido.

Os geminivirus, incluindo os begomovirus, possuem elevada variabilidade
genética, equivalente a dos virus com genoma de RNA&t{&e 2007; Prasannet al,
2010; Rochaet al, 2013). Isso € devido principalmente aos frequentes eventos de
recombinacao (Padign et al, 1999; Limaet al, 2013; Lefeuvre e Moriones, 2015), a
pseudo-recombincéo entre os virus de genoma bissegmentado (Aetdahd2006), e a
alta taxa de mutacao (Duffy e Holmes, 2008; Duffy e Holmes, 2009; ¢irag 2017).

A recombinacdo ocorre durante o processo de replicacdo viral e consiste na

incorporagéo de um fragmento da fita de DNA ou RNA na fita de um individuo diferente



(Padidamet al, 1999). Esse processo contribui grandemente para a diversidade genética
dos begomovirus, aumentando seu potencial evolucionario e adaptagéo local (revisado
por Lefeuvre e Moriones, 2015).

A estratégia de replicacao dependente de recombinacéo (RDR)dtlakkz001;

Preiss e Jeske, 2003), em adi¢éo a replicagdo por circulo rolante (RCR) (Seualers
2001), pode explicar a elevada frequéncia de eventos de recombinacdo envolvendo os
begomovirus. Além disso, as infeccbes mistas podem contribuir para uma maior
variabilidade genética, principalmente em plantas ndo-cultivadas que constantemente séo
encontradas infectadas por virus que apresentam um relacionamento filogenético distante
(Torres-Pachecet al, 1996; Harrisoret al, 1997; Sanzt al, 2000; Pitaet al, 2001,
Ribeiroet al, 2003; Garcia-Andréat al, 2006; Davincet al, 2009). Dessa forma, nessas
plantas ha uma maior probabilidade de recombinacgéo entre espécies pouco relacionadas,
0 que pode gerar begomovirus com maior grau de adaptabilidade em comparacao a seus
progenitores (Garcia-Andrésal., 2006; Alabiet al, 2008; Silveet al, 2012).

Os mecanismos precisos que controlam a recombinacdo em begomovirus
permanecem desconhecidos (Lefeuvre e Moriones, 2015). No entanto, € conhecido que
sitios recombinantes ndo sao uniformemente distribuidos ao longo do genoma, com a
existéncia de sitios frequentes ("hot spots") e néo-frequentes ("cold spots") de
recombinacao (Stanley, 1995; Faugeteal, 2005; Garcia-Andrést al, 2007; Lefeuvre
et al, 2009). Analises bioinformaticas para detectar virus recombinantes ocorrendo
naturalmente revelaram que a origem de replicacdo viral € um sitio frequente de
recombinacao (Gutierrez, 1999; Hanley-Bowdeiral, 1999).

Embora o papel da recombinacédo na geracédo de variabilidade de begomovirus
esteja claro, uma andlise detalhada de 15 conjuntos de dados de sequéncias de

begomovirus, incluindo virus mono- e bissegmentados no NM e VM, demonstrou que em



todos os casos a mutacao é o mecanismo que contribui em maior grau para a variabilidade
genética (Limeaet al, 2017). Os autores concluiram também que nao existe relacao entre
as frequencias relativas desses dois processos e suas contribuicbes relativas para a
variabilidade genética das popula¢des de begomovirus.

A filogeografia pode ser utilizada com a finalidade de avaliar a evolucdo das
espécies. Essa ferramenta avalia como 0s eventos historicos ajudaram a formar a
distribuicdo geografica atual dos genes, populacdes e espécies. Além disso, visa entender
como as populacdes vém comportasdae longo do tempo e inferir padroes de variacao
em seu tamanho efetivo para interpreta-los sob o ponto de vista evolutivo e biogeogréfico.
Deter o conhecimento e entender esses mecanismos € de grande importancia quando se
trata da conservacéo da diversidade genética das espécies (Avise, 2000; Templeton, 2004;
Avise, 2009).

O objetivo deste estudo foi obter mais informacdes sobre os mecanismos
evolucionarios que influenciam a variabilidade genética dos begomovirus no NM.
Analises de recombinacdo evidenciaram um relacionamento entre begomevirus
alfassatélites do NM, sugerindo que a recombinacdo € um importante mecanismo
evolucionario afetando a evolucédo do DNA-A, e em particular doRepéresente em
ambos os agentedjoi encontrado um forte agrupamento entre as espécies baseado nos
seus locais de origem, sugerindo que a introdugdo/migracédo de genomas oriundos de
diferentes areas contribui grandemente para o aumento dos eventos de recombinacao e
pseudo-recombinacdo, 0 que aumentaria a probabilidade do surgimento de novas

variantes virais mais bem adaptadas que seus parentais.
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Summary

Begomoviruses are whitefly-transmitted, single-stranded DNA plant viruses that
constitute one of the largest and most important groups of emerging plant viruses,
growing in importance as the number of species characterized and their economic impact
continues to increase. Most New World (NW) begomoviruses have two genomic
components designated @BIA-A and DNA-B, and their genomes have the capacity to
evolve quickly via mutation, reassortment and recombination. Datasets including all
DNA-A and DNA-B reference sequences of NW begomoviruses were obtained from
GenBank and analyzed to understand begomovirus evolution in the NW. Recombination
was confirmed as a very important evolutionary mechanism acting on DNA-A evolution,
particularly upon theRep gene. The analysis revealed a relationship between NW
begomoviruses and alphasatellites. Removal of recombinant blocks from the datasets was
shown to be unnecessary, as it did not affect the phylogenetic signal when reconstructing
phylogenies. Clustering of specieasound based on their local of origin, suggesting

that the introduction/migration of genomes from different areas greatly contributes to the
increase of recombination and reassortment events, which would increase the probability
of the emergence of new variants better adapted than their parents. Phylogeography
results suggest that the DNA-A and DNA-B have distinct evolutionary histories, since

they have different common ancestors.
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Introduction

The familyGeminiviridaeincludes plant viruses with a genome comprised of one
or two molecules of circular, single-stranded DNA (ssDNA) encapsidated by a single
structural protein in twinned quasi-icosahedral particles [1]. Members of this family infect
a broad range of plants species causing devastating diseases, mainly in subtropical and
tropical countries[2-6]. The family is divided into nine generdBggomovirus
Becurtovirus Capulavirus Curtovirus Eragrovirus Grablovirus Mastrevirus
Topocuvirus and Turncurtoviriased on the type of insect vector, host range, genome
organization and phylogenetic relationships [1, 7].

Begomoviruses infect dicot plants and are transmitted by whiteflies Betnesia
tabaci cryptic species complex (Hemiptera: Aleyrodidae). These viruses constitute the
largest and one of &most important groups of plant viruses, growing in importance as
the number of species characterized and their economic impact continues to increase [8,
9]. Members of this genus are further subdividet o groups:Old World (OW;
Europe, Africa, Asia and Oceania) and New World (NW; the Americas) based on genome
features, phylogeny and geographical distribution [10-15].

Begomoviruses in the New World are mostly bipartite (DNA-A and DNA-B),
except forTomato leaf deformation virudroLDeV), an indigenous NW monopartite
virus [16]. The DNA-A contains five open reading frames (ORFs) which encode proteins
with functions in viral replication, suppression of host defenses and particle formation,
while the two ORFs in the DNA-B encode proteins which are involved in intra- and
intercellular movement in the plant, host range determination and suppression of host

defenses [14, 17-19].
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Commonly, two classes of circular single-stranded DNA molecules have been
described in association with geminiviruses, the alphasatellites and the betasatellites [20]
Recently, a third class of DNA satellites, the deltasatellites, has been reported in
association with begomoviruses [21].

Betasatellites have so far only been identified in the Old World, associated with
mono- and bipartite begomoviruses [22]. Alphasatellites have also been found in
association with NW bipartite begomoviruses, in Brazil, Cuba and Venezuela [23-26]
Both are ssDNA molecules of approximately half the size of begomovirus DNAs and
code a single gen@C1 and alpha-Represpectively [20, 27]. These molecules are
dependent on a helper virus for movement, encapsidation and transmission by the insect
vector, and in the case of betasatellites also for replication [28, 29]. The deltasatellites
have 700 nucleotides, do not encode proteins, and their effects in infections by
begomoviruses are unknown [21].

Begomovirus genomes atapable of evolving rapidly through both mutation and
recombinationhaving levels of genetic variability resembling those of viruses with RNA
genomes. Recombination greatly contributes to the genetic diversity of begomoviruses,
increasing their evolutionary potential and local adaptation (revised by Lefeuvre and
Moriones [30]). Pseudo-recombination (or reassortmisrénother source of genetic
variability, which may occur by the exchange and acquisition of genomic components
between bipartite viruses and sate8 [10, 14, 31-33]. However, and despite the
significant contribution of recombination and pseudo-recombination in the generation of
genetic variability in begomoviruses, their diversification is driven primarjy b
mutational dynamics [34].

Mixed infections by begomoviruses are common in non-cultived hosts, and these

hosts can contribute for greater genetic variability since they are often infectiedd®s
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that present a distant phylogenetic relationship [26, 35-44]. Therefore, in these plants
there is a greater probability of recombination between distantly related begomgviruses
which can generate new vieswith agreater degree of adaptability in comparison to its
progenitors [37, 38].

Frequent recombination events, pseudo-recombination in bipartite viruses, and
high mutation rates all contribute significantly to the emergence of new begonegvirus
increasing their potential of adaptation to different hosts and environmental conditions
[33]. The expanded geographical range Bf tabaci populations [specially the
Mediterranean (MED) and Middle East-Asia Minor 1 (MEAM1) species, which are more
invasive and polyphagous] has facilitated the dissemination of begomoviruses beyond
their normal geographical ranges [5], as well as the horizontal transfer of indigenous
begomoviruses into crop plants [2, 45].

The recent description of a number of highly divergent gemini-like viruses in
several countries, including Brazil [46-49], the detection of alphasatellites and the
discovery of a new group of DNA satellites in association with NW begomoviruses [21,
23-26], all indicate that we are only beginning to recognize the full extent of the diversity
of this group of pathogens. As much as we understand the evolutionary forces that act
upon begomovirus populations, it is still not clear how these forces interact to drive the
ewlution of these viruses and of their associated DNA satellites.

The objective of this study was to obtain more detailed information about the
evolutionary mechanisms that influence the genetic diversity of begomoviruses in the
New World. Network analysis evidenced the relationship between NW begomoviruses
and alphasatellites, suggesting that recombination directly affects the evolution of the
DNA-A, particularly theRepgene. We show that begomoviruses cluster phylogenetically

based on their respective places of origin, suggesting that the introduction/migration of
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viruses from different areas greatly contributes to the increase of recombination and
pseudo-recombination, which could increase the probability of the appearance of new

viral variants better adapted than their progenitors.

Methods

Begomovirus datasets

All reference sequences of DNA-A and DNA-B of NW begomoviruses were
obtained from GenBank (www.ncbi.nim.nih.gov/refseq/). The dataset also included
sequences of some OW bipartite begomovsuggch are more similar to NW than OW
begomoviruses [50, 51]. To confirm assigned taxonomy, the sequences were analyzed
using Species Demarcation Tool v. 1.2 [52].

Sequences were classified according tortsampling sites, using natural
geographic features to divide the NW into five regions: Eastern South America (ESA,;
Argentina, Bolivia, Brazil, Paraguay andruguay), Western South America (WSA;
Chile, Colombia, Ecuador and Peru), Central America (CA; Costa Rica, Guatemala,
Honduras, Nicaragua and Panama), North America (NA; Mexico and the United States)
and the Caribbean (CAR; Cuba, Jamaica, Puerto Rico and Venezuela).

Multiple sequence alignments were prepared for the full-length DNA-A and
DNA-B and for theCP, Rep MP andNSPgenes of each viral species using the MUSCLE

algorithm [53] implemented in MEGAG [54].
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Network and recombination analyses

Evidence of non-tree-like evolution was assessed for DNA-A, DNEB Rep
NSPandMP datasets using the Neighbor-Net method [55] implemented in SplitsTree v.
4.10 [56]. Network images were edited using CorelDraw.

Recombination analysis was performed using the Rdp, Geneconv, Bootscan,
Maximum Chi Square, Chimaera, SisterScan and 3Seq methods implemented in
Recombination Detection Program (RDP) v. 4.77 [Blignments were scanned with
default settings for the different methods. Statistical significance was inferpeddbyes
lower than a Bonferroni-corrected cut-off of 0.05. Only recombination events detected by
at least three different methods were considered to be rellabse/oid the interference
of recombination in the phylogenetic analysis, recombinant blocks in multiple sequence
alignments were replaced by question marks (lost data) and later applied to the phylogeny

in these data.

Phylogenetics analysis

Phylogenetic trees for the full-length DNA-A were inferred using the maximum
likelihood (ML) method with RAXML v. 7.0.3 [58]. Phylogenetic trees for the full-length
DNA-B and for theCP, Rep MP andNSPgenes were estimated using Bayesian inference
with the program MrBayes v. 3.0b4 [59]. The models were generated with MrModeltest
v. 2.2 [60] on the Akaike Information Criterion (AIC). Phylogenetic trees were visualized
with the program FigTree (tree.bio.ed.ac.uk/software/figtree) and edited using

CorelDraw.
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Phylogeographc analysis

Spatial dispersion of NW begomoviruseasgstimated separately for the DNA-
A and DNA-B by Bayesian inference with the program BEAST v. 2.4.4 [61]. The
geographic matrix was constructed based on the sampling locations of each $pecies.
dataset was analyzed under demographic models of constant size, exponential growth and
Bayesian Skyline. Strict and relaxed molecular clocks were used for all the models
applied, assuming reversible substitutions. To analyze the effective size of the sample,
the parameters used were analyzed using TRACER v. 1.4 (beast.bio.ed.ac.uk/Tracer), to
verify if they converged. The MCMC tree was summarized using TreeAnnotator v. 2.4.4

(beast.bio.ed.ac.uk/TreeAnnotator), visualized with FigTree and edited with CorelDraw.

Results
Begomovirus diversity in the New World

Datasets containing a total of 125 and 97 full-length DNA-A and EBNA-
sequences, respectively, were assembled, in which each sequence represents a NW
begomovirus species (Suppl. Table SAjthough most begomoviruses naturally
occurring in the NW have bipartite gencsnenly the DNA-A is used to assign taxonomy
[62]. Therefore, bipartite begomoviruses for which only the DNA-A sequence is available
were included, leading to the higher number of DNA-A sequences retrieved. Using
pairwise comparisons of the DNA-sequences and the >91% nucleotide identity
criterion established b@eminiviridaeStudy Group of the ICTV [8], we confirmed that
all 125 DNA-A sequences corresponded to different species, with nucleotide identity
percentages ranging from 65% to 90%. Percent identities for the full-lengthBONA-

sequences ranged from 65% to 98% (data not shown).
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Non-tree-like evolution

Network analysis based on the DNA-A (Fig. 1a) revealed four main clusters (I, 11,
[l and 1V), with the remaining viruses constituting an undefined group. The clusters are
mostly associated with geography: clusters | and Il include viruses from CA/NA/CAR
(plus two NW-like OW viruses, CoGMV and CoYVV), while cluster Il is comprised
entirely of viruses from ESAQxalis yellow vein virusalthough reported in the United
States, was found in ornamental plants originating from Brazil). The exception is cluster
IV, which contains viruses from all regions.

A complex recombination pattern was observed, based on several ramifications in
the networke, with strong evidence of a recombinant origin for the viruses in cluster IV
(Fig. 1a). Interestingly, we also found evidence of a recombinant origin for viruses in
cluster Il (Fig.1a), which contains the two NW-IikBV viruses. Cluster IV displays a
higher degree of divergence compared to the other clusters, suggesting a strong
recombination event that diverts the viruses in this cluster from the remaining ones in the
dataset.

Networks based on théP and Repgenes (Figs. 1b and 1c, respectively) are
deeply incongruent, visualized across different patternsR€paetwork shows a similar
pattern to the DNA-A, suggesting that this clustering is strongly influenced by
recombination occurring mostly in tHeep gene. In theRep network (Fig. 1c), the
evidence of recombination in cluster Il is stronger than in the network based on the DNA-
A (Fig. 19.

Due to the complex recombination pattern presented by cluster IV (Figs. 1a and
1c) and the fact that some of these viruses are associated with alphasatellites (EuYMV

and MCIMV), a new dataset was generated which included three sequences of NW
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alphassatelites. Analyzing the network, it is possible to recognize a distinct pattern of
recombination between alphasatellites and divergent viruses (Fignditgting that
viral and alphasatellitRepsequences share a common recombination event.

Network analysis based on tB&A-B indicated a weak recombination signal.
The network reveled three main clusters (I, Il and 1l1), with support for cluster | (Fig. 1e).
Cluster | was also observed in the DNA-A network (Fig. 1a). Networks based NS Ehe
andMP genes were highly congruent (Figs. 1f and 1g) and exhibited the same patterns

visualized in the DNA-B network, with the same three clusters.

Recombination analysis
RDP results for the DNA-A dataset confirmed the complex pattern of
recombination indicated by network analysis (100 evedéta not show) emphasizing
the high divergence present in cluster IV. Fifteen recombination events were detected
involving viruses in cluster IV and with breakpoints occurring mostly inRepgene
(Table 1), confirming the involvement of this gene in the origin of these divergent viruses.
Because of the high divergence involving the 20 viruses in cluster IV, we prepared
a dataset without their sequences. RDP results of this dataset (Suppl. Table S2) showed
70 recombination events involving sequences from clusters |, Il and Ill. Viruses in cluster
| share a recombination event with breakpoints located i€EhandRepgenes (events
5 and 50; Suppl. Table S2). Interestingly, all viruses belonging to cluster Il share at least
one recombination event with breakpoints infle@ gene (events 13, 14, 20, 33, and 48;
Suppl. Table S2). For the full-lenglbNA-B, 39 unique recombination events were

observed, with breakpoints occurring in ti8PandMP genes (Suppl. Table S3).
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Phylogenetics analysis

A maximum likelihood phylogenetic tree based on Ei¢A-A (without the 20
divergent virusesshows the same clusters found in network analysis (Fig. 2a; clusters I,
[, 111). Cluster Il indicates a strong phylogenetic relationship between NW viruses and
the two NW-like viruses from Vietnam (CoGMV and CoYVV). Cluster Il includes only
viruses from ESA (as noted above, OxYVV is actually a ESA virus). On the contrary,
cluster | contains viruses from all geographic regions except ESA.

Although the ML phylogenetic tree (Fig. 2a) exhibits the same topology observed
in the network tree (Fig. 1a), the ML tree shows a very low bootstrap support for several
branches, in particular the most basal onEss is probably due to the several
recombination events involving the DNA-A. Regardless, it complicates the interpretation
of this tree.

To investigate the effects of recombination events in the DNA-A phylogeny, a
ML phylogenetic tree based on an alignment without recombinants blocks was built (Fig.
2b). The recombination-free tree displays the same three clusters (I, Il and IIl) observed
in the original DNA-A tree (compare Figs. 2a and 2b), indicating that the absence of
recombinant blocks in the alignment did not restore the phylogenetic signal. Bootstrap
support was again low for several branches, indicating the unfeasibility of using the
complete DNA-A for the construction of reliable phylogenetic trees of NW
begomoviruses.

Using datasets comped ofCP andRepgene nucleotide sequences, both without
the 20 divergent sequences, phylogenetic trees were built using Bayesian inference. The

CP andRepphylogenetic trees (Figs. 2c and 2d, respectively) are deeply incongruent.
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The Reptree is similar to the DNA-A tree (compare Figs. 2a and 2d) and displays two
well-supported clades (clusters | and Il) that are not resolved {DRhe=e.

A Baysean tree based on DNA-B sequences (Fig. 3a) displays three main clusters
(1, 11, 1I). The clustering observed in the phylogenetic tree is very similar to that found
in the network analysis (compare Figs. 1e and 3a). Differently from the DNA-A tree, all
clades were robustly supported in the DNA-B tree, indicating a high reliability of the
analysis Interestingly, the&NSPandMP Baysean trees (Figs. 3b and 3c, respectively) are
not incongruent and both are very similar to the DNA-B tree. All clades observed for the
DNA-B tree were also present in tR&Ptree, but with lower posterior probability values.
Clades are very well supported in e tree.

Recombinants blocks detected by RDP analysis (Suppl. Table S3) were removed
from the DNA-B alignment and a recombination-free phylogenetic tree was built by
Bayesian inference (Fig. 3d). The same clusters (I, Il, Ill) were found (compare Figs. 3a
and 3d). In cluster Il it is possible to observe a small difference involving SiMBoV1 and
TRYLCV. These two sequences cluster together in the recombination-free phylogenetic

tree (Fig. 3d), which is not observed in the original tree (Fig. 3a).

Phylogeography

Using Bayesian Skyline demographic models, phylogeographic relationships
were constructed based on DNA-A (excluding the 20 divergent viruses) andBDNA-
sequences. In the DNA-A tree (Fig. 4a), the same clusters observed in the ML
phylogenetic tree are present (clusters I, Il and Ill; compare Figs. 2a and 4a). Cluster
includes sequences from CA/NA/CAR, plus BDMV from WSA. This suggests migration

among the different biogeographicregions, thus allowing greater probability of
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recombination. The analysis also suggests that ESA viruses originated from NA/CAR
viruses.

Phylogeographic analysis was also performed based on a recombination-free
DNA-A alignment (Fig. 4b). The same clusters (I, Il, and Ill) were found, with the same
ancestor relationships (viruses from ESA originating from NA/CAR). However, the SA
viruses were split into two clades (Fig. 4Db; clusters llla and IlIb).

For the DNA-B, the trees based on the complete and recombination-free
alignments (Figs. 4c and 4d, respectively) exhibited the same three clusters observed in
the Bayesian phylogenetic tree (Fig. 3a). This great similarity can by explained based on
the lower ocurrence of recombination in the DNA-B dataset compared with theADNA-
dataset. However, the common ancestor for the DNA-B was mapped to South America,
differently from what was found for the DNA-A (compare Figs. 4a and 4c) and suggesting

that the DNA-A and DNA-B have distinct evolutionary histories.

Discussion

Differently from most plant viruses, which group together based on host range,
begomovirus populations segregate strongly based on geographical origin [2]. NW and
OW begomoviruses form clearly distinct phylogenetic clades [63], and within these two
major groups, viruses from the same geographical region are closer to each other,
irrespective of their hosts, than to viruses infecting the same hosts in different regions (for
example, begomoviruses from South America that infect solanaceous hosts are closer to
other begomoviruses from SA that infect leguminous or malvaceous hosts than to
begomoviruses that infect solanaceous hosts in the Indian subcontinent). Besides
mutation and selection, recombination is an important generation of variability acting on

the macroevolution of begomovirus populations [34, 64-66]. Here, we decided to assess
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the effect of recombination in NW begomovirus evolutiorgreater detail. Our results
confirm that recombination is a very important mechanism affe€@M4-A evolution.

More interestingly, we detected recombination in Repgenes of begomoviruses and
alphasatellites, suggesting that these two agents may share a common evolutionary
history in the NW. Evidence of migration among the different biogeogralptagions

was also detected.

Pairwise comparisons indicated that the DNA-B displays a higher range of
nucleotide identities. Molecular variability in tH@NA-A has been associated with
recombination events occurring mostly in fRepgene [67, 68]. We observed also that
this region is highly recombinant, and a much lower number of recombination events
were observed in the DNA-B dataset. Therefore, the greater molecular variability of
DNA-B components observed here cannot be explained by recombination.

Network analysis based on the DMAevidenced several recombination events,
and identified a group of 20 divergent viessnost likely due to frequent recombination
(cluster IV in Fig. 1a).

Network analysis of the DNA-B indicated that recombination is not responsible
for the greater variability exhibited by this component. The higher variability of the DNA-
B may result from a combination of factors, including the absence of overlapping genes
and the smaller number oifs- andtrans-interactions between its protein products. Thus
the DNA-B would be more permissive to variation, evolving mostly in response to the
host. An alternative explanation is that the DIBAsould have a distinct origin from the
DNA-A, initially arising as a satellite that was captured by a monopartite progenitor and
later evolved to become an integral part of the genome [10, 69].

Network analysis using a dataset comprised of viral and alphasaté#jie

sequences indicated an intrinsic relationship between each other. The same group of 20
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divergent begomoviruses (cluster IV) identified in the network analysis is also involved
in the recombination with alphasatellites. Interestingly, this group includes two of the
three viruses that have been recently associated with these subviral Bgphtebia
yellow mosaic virugeuYMV) and Melon chlorotic mosaic virugMCIMV). Previous
studies have indicated that these viruses comprise a distinct phylogenetic lineage of NW
begomoviruses, which remarkably is not associated with geographical location.[2, 70]
While the group is comprised mostly of begomovirus found in CA and NA, it includes
EuYMV and a few other viruses from ESA. The network analysis suggests a possible
involvement ofalpha-Repin promotingspeciation of this divergent group of NW
begomoviruses. Interestinglglpha-Reps believed to have originated from th&lA-R
component of nanoviruses (famiNanoviridag [20], a group of viruses that has never
been detected in the NW.

Phylogenetic trees exhibited a pattern similar to the clustering of network analysis,
almost entirely coincidental with the places of origin of each virus. A relationship among
CA and NA viruses is evident in cluster I. Also, the clade comprised of ESA viruses
(cluster 111) show a specific subclustering within this large region. Rathal. [2]
reported equivalent results, showing evidence of a geographical segregation of Brazilian
begomoviruses. However, the DNA-A phylogenetic tree displayed very low bootstrap
scores, indicating insufficient phylogenetic signal in the dataset. This was observed even
when a recombination-free dataset was analyzed (and even when the 20 divergent
sequences from cluster IV were removed from the dataset), suggesting that the full-length
DNA-A is inappropriate for phylogenetic reconstruction of NW begomoviruses. This
could be due to the high genetic variability of these begomoviruses, which prevents a

proper multiple sequence alignment.
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TheRepandCP phylogenetic trees are incongruent, but their clades are very well
suported. This suggests that these two genes may have different evolutionary histories,
which could explain the low statistical support of the phylogenetic analysis based on the
complete DNA-A. Interestingly, phylogenetic relationships inferred fiReem but not
from CP, reflect the phylogeny based on the complete DNA-A.

TheCP gene is the most conserved among begomoviruses [64,if4 pene has
been used for provisional classification of begomovirus species, and it is the only viral
gene involved in insect vector transmission and in particle formation [72, 73]. These
features could impose severe structural constraints on the CP protein, and in fact several
studies indicate that begomovirus CPs are under strong negative selection [67, 71, 74]
Thus, the CP may be a poor surrogate for the detection of evolutionary relationships
among begomoviruses.

TheRepgene, on the other hand, displays considerably greater genetic variability
and is a recombination hotspot [64, 65]. The N-terminal region of the Rep protein includes
conserved motifs essential for rolling-circle replication [75-77]. Conservation of the
integrity of these elements is critical for successful infection cycles, despite the variation
introduced by frequent recombination. Indeed, studies have provided evidence that the
high nucleotide variability in the 5'-terminal portion of fRepgene is accompanied by
strong purifying selection that preserves the amino acid sequence [2, 67]. In our results,
several of the recombination events detected did not involveepB'-terminal region,
indicating the conservation of these elements. Neverthalessariability inserted by
recombination irRepmay contribute to the diversification of the DNA-A.

Interesting results were obtained for the DNA-B datasets. Phylogenetic trees
based on the full-length DNA-B and ddSP and MP sequences exhibited similar

clustering, even though the DNA-B is more variable than the DNA-A [2]. Moreover, the
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recombination-free phylogenetic tree of the DNA-B exhibited the same clusters found in
the original tree. Although this could be due to the low number of recombination events
detected for this component, a more likely explanation is that the presence of recombinant
blocks in the alignment does not affect the phylogenetic signal. Indeed, all clades were
very well-supported with high bootstrap scores in both phylogenetic trees (with and
without recombinant blocks).

Previous studies have suggested that the DNA-B can tolerate a greater number of
mutations since it does not contain overlapping genes, and that the distinct origin of the
DNA-B, possibly from a satellite molecule captured by a monopartite begomaoways,
contribute to an increase in variability [10, 78]. In spite of its greater variability (or maybe
because of it), the great similarity among the trees based on the two coding regions of the
DNA-B and the tree based on the entire component confers greater reliability for using a
DNA-B dataset to reconstruct the phylogeny of NW begomoviruses.

Phylogeographic analysis provided additional evidence for the clustering of NW
begomoviruses based on geographical location. The DNA-A tree without the 20 divergent
sequences indicated a common ancestor from North America. All viruses from Eastern
South America clustered together in the same clade, suggesting an ecological barrier
effect, most likely of the Amazon rainforest and the Andes mountains. This is well
illustrated by the fact thd&ean golden mosaic virylBGMV) and Bean golden yellow
mosaic virugBGYMV), two begomoviruses that infect the same hoktsje been kept
separated since their description in the 1960's. BGMV is found from the eastern
boundaries of the Amazon rainforest to Argentina, and BGY#Mdund from southern
Mexico to Colombia [79, 80].

Cluster I in the DNA-A tree contains viruses from all regions except Eastern South

America. We believe it represents an evolutionary lineage separated from other NW
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begomoviruses. Therefore, begomoviruses placed in cluster | may represent a source of
genetic variability not available (due to geographical isolation) to begomoviruses in South
America. Introduction of these viruses could greatly affect begomovirus evolution in SA
as they can recombine and introduce new features into South American begomoviruses.

Nevertheless, we found evidence that some long distance spread occurred between
these areas. Evidence of migration can be observedxalis yellow vein virus
(OxYVV), which was originally described in North America [81] infecting a
vegetatively-propagated ornamental plant which is native to South America [82, 83]. This
virus clustered in the Eastern South America clade, indicating that it is related to viruses
from that region rather than from North America.

The phylogeographic analysis indicated that recombination influences the spread
of begomoviruses. The recombination-free tree showed a different topology compared to
the original tree. Nevertheless, posterior probabiNviglues are lower in the
recombination-free tree.

For the DNA-B, the analysis also indicated segregation based on geographical
location, although forming distinct clades compared to the DNA-A tree. Segregation
based on geography can be explained by the requisite relationship between DNA-A and
DNA-B components of bipartite begomoviruses, both being necessary for the virus to
establish a systemic infection and be transmitted under natural conditions [84]. Clade I
of the DNA-B tree contains mostly viruses from Eastern South America, but some
sequences from other regions are present (albeit with low posterior probability values).
The same topology was observed in the recombination-free tree, suggesting that
recombinantion does not affect the spread of the DNA-B.

This study confirmed the role of recombination as a mechanism of variability in

NW begomoviruses. Nevertheless, the phylogenetic signal is maintained in the presence
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of recombinants blocks. Migration was detected to be very frequent into the different

biogeographial regions, with its effect being highlighted by recombination, which was

responsible for inserting new molecular features to indigenous begomoviruses and for

mixing the genetic variability already present. Although migration and recombination

deeply affect the evolution of NW begomoviruses, the maintenance of distinct clusters

despite overlapping geograpaicregions and hosts was observed. These clusters

represent sources of genetic variability, which can be transferred to begomoviruses in

other clusters by migration and recombination.
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Table 1.Putative recombination events involving the DNA-A components of a set of 20 divergent New World begomoviruses.

Breakpoint®? Genomic . Putative parents
Events Begin End region Recombinants Minor Major Methods® P-value®
1 2625 2010 IR AbMBV NC_016574 SiYBV NC_020254 CuLCrV NC_002984 RGBMCS3 1.03E-43
SiMAIV NC 016573
2 2023 2641 Rep  SiYLCV EU710750 ToCmMV NC_010835 SiYMV NC_004639 RGBMCS3  2.04E-40
3 25 1912 CP DelLDV NC_008494 CoYSV NC 008492 Unknown RGBMCS3 3.38E-32
MacGMV NC_010952
SiGMoV NC_014130
4 869 1944 CP/Rep ToSLCV NC_004642 ToChLPVNC_005843 Unknown RGBMCS3 1.83E-29
5 1972 2619 Rep  TRYLCV NC_020257 EuMV NC_008304 TrYMV BR-Msj1-10A RGBMCS3  2.88E-26
SMLCuV NC_004645 SiMoV NC_004637
ToMYLCV NC_009490 SiYNV NC_020253
6 1933 11 Rep  ToCmMV NC 010835 EuMV NC_008304 TrYMV BR-Msj1-10A RGBMCS3  7.94E-26
MCLCuV NC_003865 OMoV NC_011181
SiYNV NC_020253
7 1964 2491 Rep  CLCrV NC_004580 Unknown BChMV NC_022005 RGBMCS3 1.70E-24
Unknown AbMV NC_001928
Unknown BDMV NC_001931
Unknown OYMV NC_014066
Unknown SIGMCRYV NC_004657
Unknown SiGMV NC_002046
8 1928 24 Rep/CR CabLCuVNC_003866 CuLCrV NC_002984 Unknown RGBMCS3 6.82E-25
RhGMYuV NC_012481
9 1960 165 Rep/IR BCaMV NC_003504 Unknown BGYMV NC_001439 RGBMCS3 7.59E-26

MCLCuV NC_003865
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Table 1 (cont.)

Breakpoint

Genomic

Putative parents

Events Begin End region Recombinarts Minor Major Methods P-value
10 1809 101 Rep/IR MCIMV NC_014380 Unknown BlelCV NC_019035 RGBMCS3 1.56E-21
11 1870 2572 Rep PepGMVNC_004101 Unknown ToChLPVNC 005843 RGBMCS3 4.43E-18
12 1801 2585 Rep SqLCV NC_001936 Unknown HeYMV BR-Mac7-10A RGBMCS3 2.39E-23
13 2076 2440 Rep EuYMV NC_012553 Unknown DaChMVNC 018716 RGBMCS3 1.66E-11

EuMV NC_008304

SqLCV NC_001936

SMLCuV NC_004645

ToMYLCV NC_009490

ToSLCV NC_004642
14 601 1005 CP SgLCV NC_001936 RhGMYuV NC_012481 MCLCuV NC_003865 RGBMCS3 9.64E-03
15 1032* 1145 CP CabLCuJVDQ178614 RhGMV NC_010294 BCaMV NC_003504 RGBMCS3 2.47E-04

CarYSYV NC_022007
RhGMYuV NC_012481

MacMPRVNC_004®7

a* preakpoint could not be precisely pinpointed.
bR, RDP; G, GeneConv; B, Bootscan; M, MaxChi; C, Chimera; S, SisScan; 3, 3SEQ.
°The reported values are for the methods indicated in red, and they are the Bwalstes calculated for the region in question.
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Figure legends

Figure 1. Phylogenetic evidence for recombination base(bdfull-length DNA-A, (b)

CP, (c) Rep (d) Repof begomoviruses and alphasatellitgs), full-length DNA-B, (f)

NSP and (g) MP nucleotide sequences of New World begomoviruses. Isolates from
Eastern South America (ESA) are indicated in green, Western South America (WSA) in
yellow, Central America (CA) in blue, North America (NA) in red, the Caribbean (CAR)

in purple and Old World (OW) in black. Neighbor-Net network analysis was performed
using SplitsTree4. Formation of a reticular network rather than a single bifurcated tree is

suggestive of recombination.

Figure 2. Phylogenetic relationships among New World begomoviruses based on DNA-
A sequences(a) Maximum likelihood tree based on the full-length DNA-f)
Maximum likelihood tree based on a recombination-free alignment of DNA-A sequences
(c) Bayesian tree based on BB gene(d) Bayesian tree based on Repgene. Isolates

from Eastern South America (ESA) are indicated in green, Western South America
(WSA) in yellow, Central America (CA) in blue, North America (NA) in red, the

Caribbean (BR) in purple and Old World (OW) in black.

Figure 3. Phylogenetic relationships among New World begomoviruses based on DNA-
B sequences. Bayesian trees base@piull-length DNA-B, (b) NSPgene(c) MP gene,
(d) recombination-free alignment of DNA-B sequences. Isolates from Eastern South
America (ESA) are indicated in green, Western South America (WSA) in yellow, Central
America (CA) in blue, North America (NA) in red, the CaribbeaAREin purple and

Old World (OW) in black.
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Figure 4. Phylogeographic clustering of New World begomoviruses baséal) @NA-

A, (b) recombination-free DNA-A(c) DNA-B, (d) recombination-free DNA-B. Isolates
from Eastern South America (ESA) are indicated in green, Western South America
(WSA) in yellow, Central America (CA) in blue, North America (NA) in red, the

Caribbean (CAR) in purple and Old World (OW) in black.
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Figure la
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Figure 1b
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Figure 1c
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Figure 1d
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Figure le
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Figure 1f
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Figure 1g
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Figure 2a
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Figure 2c
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Figure 2d o
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Figure 3b
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Figure 3c
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Figure 3d
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Figure 4a
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Figure 4b
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Figure 4c
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Figure 4d
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Supporting Information

Suppl. Table S1.New World begomovirus sequences retrieved from GenBank's non-redundant nucleotidsedata

Acession #
N° Species DNA-A DNA-B Acronym Location Date
Eastern South America
1 Abutilon mosaic Bolivia virus NC 015045 NC 015048 AbMBoV Bolivia 2007
2 Abutilon mosaic Brazil virus NC_016574 NC_016577 AbMBV Brazil 2007
3 Bean golden mosaic virus NC 004042 NC 004043 BGMV Brazil 1993
4 Blainvillea yellow spot virus NC_010837 NC_010838 BIYSV Brazil 2007
5 Centrosema yellow spot virus NC 016998 CeYSV Brazil 2009
6 Cleome leaf crumple virus NC_016578 NC_016572 CleLCrV Brazil 2007
7 Euphorbia yellow mosaic virus NC 012553 NC 012554 EuYMV Brazil 2007
8 Macroptilium yellow net virus NC_017001 NC_017002 MaYNV Brazil 2009
9 Macroptilium yellow spot virus NC 016999 MaYSV Brazil 2010
10 Macroptilium yellow vein virus NC_017000 MaYVV Brazil 2010
11 Melochia mosaic virus NC 028140 NC 028141 MelMV Brazil 2014
12 Melochia yellow mosaic virus NC_028142 NC_028143 MelYMV Brazil 2014
13 Okra mottle virus NC 011181 NC 011182 OMoV Brazil 2008
14 Passionfruit severe leaf distortion virus NC_012786 NC_012787 PSLDV Brazil 2001
15 Pavonia yellow mosaic virus NC_029105 PavYMV Brazil 2014
16 Sida Brazil virus FN436001 FN436002 SimBV Brazil 2007
17 Sida common mosaic virus EU710751 SiCmMV Brazil 2007
18 Sida micrantha mosaic virus NC_005330 NC_005331 SiIMMV Brazil 2004
19 Sida mosaic Alagoas virus NC 016573 NC 016579 SIMAIV Brazil 2010
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Suppl. Table S1. (cont.)

Acession #
N° Species DNA-A DNA-B Acronym Location Date
20 Sida mosaic Bolivia virus 1 NC_ 015046 NC 015044 SiMBoV1 Bolivia 2007
21 Sida mosaic Bolivia virus 2 NC_015043 NC_015047 SiMBoV2 Bolivia 2007
22 Sida mottle Alagoas virus NC_ 020256 SiMoAV Brazil 2010
23 Sida mottle virus NC_004637 SiMoV Brazil 1999
24 Sida yellow blotch virus NC 020254 SiYBV Brazil 2010
25 Sida yellow leaf curl virus EU710750 SiYLCV Brazil 2007
26 Sida yellow mosaic Alagoas virus NC_ 020255 SIiYMAV Brazil 2010
27 Sida yellow mosaic virus NC_004639 SiYMV Brazil 1999
28 Sida yellow net virus NC 020253 SIYNV Brazil 2010
29 Solanum mosaic Bolivia virus NC_024304 NC_024305 SoMBoV Bolivia 2007
30 Soybean chlorotic spot virus NC 018457 NC 018456 SoCSsV Brazil 2010
31 Tomato chlorotic mottle virus NC_003664 NC_003665 ToCMoV Brazil 1996
32 Tomato common mosaic virus NC 010835 NC 010836 ToCmMV Brazil 2007
33 Tomato dwarf leaf virus NC_016580 NC 016581 ToDfLV Argentina 2008
34 Tomato golden mosaic virus NC_ 001507 NC 001508 TGMV Brazil 1984
35 Tomato leaf distortion virus EU710749 ToLDV Brazil 2005
36 Tomato mild mosaic virus NC 010833 NC 010834 ToMMV Brazil 2005
37 Tomato mottle leaf curl virus JF803246 JF803264 ToMoLCV Brazil 2004
38 Tomato mottle wrinkle virus NC 025265 NC_ 025266 ToMoWV Argentina 2008
39 Tomato rugose mosaic virus NC_002555 NC_002556 ToRMV Brazil 1996
40 Tomato rugose yellow leaf curl virus NC020257 NC_020258 TRYLCV Uruguay 2009
41 Tomato severe rugose virus NC_009607 NC_009612 ToSRV Brazil 2003
42 Tomato yellow spot virus NC_007726 NC_007727 ToYSV Brazil 1999
43 Tomato yellow vein streak virus NC_010949 NC_010950 ToYVSV Brazil 1983
44 Cnidoscolus mosaic leaf deformation virus  BR-Mes315A BR-Msj1-10B CnMLDeV Brazil 2015
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Suppl. Table S1. (cont.)

Acession #
N° Species DNA-A DNA-B Acronym Location Date
45 Herissantia yellow mosaic virus BR-Mac7-10A HeYMV Brazil 2010
46 Herissantia rugose mosaic virus 1 BR_RIla5_10A HyRMV1 Brazil 2010
a7 Herissantia rugose mosaic virus 2 BR_Rla6_10A HyRMV2 Brazil 2010
48 Physalis yellow spot virus BR_Rlal_12A PhYSV Brazil 2012
49 Sidastrum yellow mosaic virus BR-Deg3-10A SdYMV Brazil 2010
50 Triumfetta mosaic virus BR-Fle1-10A TrMV Brazil 2010
51 Triumfetta yellow mosaic virus BR-Msj1-10A BR-Msj1-10B  TrYMV Brazil 2010
Wesern South America
52 Bean dwarf mosaic virus NC 001931 NC_ 001930 BDMV Colombia 1987
53 Tomato leaf deformation virus NC_014510 TolLDeV Peru 2003
Central America
54 Melon chlorotic leaf curl virus NC_003865 MCLCuV Costa Rica 1998
55 Potato yellow mosaic Panama ug NC 002048 NC_ 002049 PYMPV Panama 1997
56 Sida golden mosaic Costa Rica virus NC_004657 NC_004658 SIGMCRV Costa Rica 2003
57 Sida golden mosaic Honduras virus NC_ 004659 NC_ 004660 SIiGMHV Honduras 2003
58 Sida yellow vein virus NC_004661 NC_004662 SiYwv Honduras 2003
59 Tomato leaf curl Sinaloa virus NC_009606 NC_009605 ToLCSiV Nicaragua 2002
60 Tomato severe leaf curl virus NC_004642 ToSLCV Guatemala 1996
61 Tomato yellow mottle virus NC 019946 NC 019947 ToYMoV Costa Rica 2003
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Suppl. Table S1. (cont.)

Acession #
N° Species DNA-A DNA-B Acronym Location Date
Caribbean
62 Abutilon mosaic virus NC 001928 NC_ 001929 AbMV Porto Rico 1989
63 Bean chlorosis virus NC_019569 NC_019568 BChV Venezuela 2006
64 Bean chlorotic mosaic virus NC_ 022005 NC 022003 BChMV Venezuela 2007
65 Bean golden yellow mosaic virus NC_001439 NC_001438 BGYMV Puerto Rico 1996
66 Cabbage leaf curl Jamaica virus DQ178614 CabLCulVv Jamaica 2005
67 Dalechampia chlorotic mosaic virus NC_018716 NC_018718 DaChMV Venezuela 2007
68 Datura leaf distortion virus NC 018717 NC 018715 DalLDV Venezuela 2007
69 Jatropha mosaic virus NC_024012 NC_ 024013 JaMV Jamaica 2004
70 Macroptilium golden mosaic virus NC 010952 NC 010953 MacGMV Jamaica 2004
71 Macroptilium mosaic Puerto Rico virus NC_004097 NC_004098 MacMPRV Puerto Rico 1998
72 Macroptilium yellow mosaic virus NC 010647 NC 010648 MacYMV Jamaica 2006
73 Melon chlorotic mosaic virus NC_014380 NC_014381 MCIMV Venezuela 2009
74 Merremia mosaic Puerto Rico virus NC 015490 NC 015491 MerMPRYV Puerto Rico 1998
75 Merremia mosaic virus NC_007965 NC_007966 MerMV Puerto Rico 1997
76 Potato yellow mosaic Trinidad virus NC 004638 NC_ 004644 PYMTV Trinidad and Tobagc 2003
77 Potato yellow mosaic virus NC 001934 NC_001935 PYMV Venezuela 1991
78 Rhynchosia mild mosaic virus NC 015488 NC 015489 RhMMV Puerto Rico 1997
79 Rhynchosia rugose golden mosaic virus HM236370 HM236371 RhRGMV Cuba 2009
80 Sida golden mosaic Buckup virus NC_014794 NC_014795 SiGMBuV Jamaica 2004
81 Sida golden mosaic Florida virus NC_014446 NC_014447 SIGMFIV Cuba 2009
82 Sida golden yellow vein virus NC_004635 NC_014799 SIGYVWV Jamaica 2008
83 Sida yellow mottle virus NC 016082 NC 016083 SiYMoV Cuba 2009
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Suppl. Table S1. (cont.)

Acession #
N° Species DNA-A DNA-B Acronym Location Date
84 Tobacco leaf curl Cuba virus AMO050143 ToLCCUV Cuba 2004
85 Tobacco yellow crinkle virus NC 015627 NC 015628 ThYCV Cuba 2007
86 Tomato chlorotic leaf distortion virus NC_015962 NC_015961 ToCILDV Venezuela 2004
87 Tomato mild yellow leaf curl Aragua virus NC_ 009490 NC 009491 ToMYLCV Venezuela 2003
88 Tomato mosaic Havana virus NC_003867 NC_003868 ToMHaV Cuba 1998
89 Tomato mosaic leaf curl virus NC_005850 NC 005851 ToMLCV Venezuela 2004
90 Tomato mottle leaf curl Zulia virus NC 015122 TMoLCV Venezuela 2004
91 Tomato mottle Taino virus NC 001828 NC 001917 ToMoTaV Cuba 1997
92 Tomato yellow leaf distortion virus NC 011348 NC 017913 ToYLDV Cuba 2007
93 Tomato yellow margin leaf curl virus NC _ 005852 NC 005853 ToYMLCV Venezuela 2004
94 Wissadula golden mosaic St Thomas viru NC_ 010948 NC 010951 WGMSTV Jamaica 2005
North America
95 Bean calico mosaic virus NC_003504 NC_003505 BcaMV Mexico 1986
96 Bean yellow mosaic Mexico virus NC 015487 BYMMXxV Mexico 2006
97 Blechum interveinal chlorosis virus NC_019035 NC_019036 BlelCV Mexico 2011
98 Cabbage leaf curl virus NC _ 003866 NC 003887 CabLCuV USA 1996
99 Capraria yellow spot Yucatan virus NC_022007 NC_022008 CarYSYVv Mexico 2007
100  Chino del tomate virus NC_003830 NC_003831 CdTVv Mexico 1999
101  Corchorus yellow spot virus NC_008492 NC_008493 CoYSV Mexico 2005
102  Cotton leaf crumple virus NC_004580 NC_004581 CLCrV Mexico 1991
103  Cucurbit leaf crumple virus NC_002984 NC_002985 CuLCrv USA 2000
104  Desmodium leaf distortion virus NC_ 008494 NC_008495 DelLDV Mexico 2005
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Suppl. Table S1. (cont.)

Acession #
N° Species DNA-A DNA-B Acronym Location Date
105 Dicliptera yellow mottle virus NC_ 003856 NC_ 003857 DiYMoV USA 1998
106  Euphorbia mosaic virus NC_008304 NC_008305 EuMV Mexico 2004
107  Macroptilium yellow mosaic Florida virus NC_004099 NC_004100 MacYMFV USA 1985
108  Okra yellow mosaic Mexico virus NC_014066 NC_014067 oYMV Mexico 2004
109  Okra yellow mottle Iguala virus AY751753 OYMolV Mexico 2004
110  Oxalis yellow vein virus strain NC_026253 OxYVV USA 2012
111  Pepper golden mosaic virus NC 004101 NC_004096 PepGMV Mexico 1996
112  Pepper huasteco yellow vein virus NC_001359 NC_001369 PHYVV Mexico 1993
113 Rhynchosia golden mosaic virus NC 010294 NC 010293 RhGMV Mexico 2007
114  Rhynchosia golden mosaic Yucatan virus NC_012481 NC_012482 RhGMYuV Mexico 2006
115 Sida golden mosaic virus NC_ 002046 NC_ 002047 SiGMV USA 1998
116  Sida golden mottle virus NC_ 014130 NC 014128 SiGMoV USA 1997
117  Sida mosaic Sinaloa virus NC_008059 NC_008056 SiIMSiV Mexico 2005
118 Sida yellow mosaic Yucatan virus NC_008779 NC_008780 SiYMYuV Mexico 2005
119  Squash leaf curl virus NC 001936 NC 001937 SgLCcVv USA 1993
120  Squash mild leaf curl virus NC_004645 NC_004646 SMLCuV USA 1979
121  Tomato chino La Paz virus NC 005843 ToChLPV Mexico 2002
122  Tomato golden mottle virus NC_008058 NC_008057 ToGMoV Mexico 2005
123  Tomato mottle virus NC 001938 NC 001939 ToMoV USA 1989
Old World and outgroup
124  Corchorus golden mosaic virus NC_009644 NC_009646 CoGMV Vietham 2003
125  Corchorus yellow vein virus NC_006358 NC_006359 CoYVV Vietnam 2000
126  Tomato leaf curl New Delhi virus NC 004611 NC 004612 ToLCNDV India 1994

63



Suppl. Table S2 Putative recombination events detected among begomoviruses from the New World, based on théhfDINIay

Events Breakpoints? Genomic regions Recombinarts Putative parents Methods®  P-values
Begin End Minor Major
1 1517 2599 Rep ToRMV_NC_002555 ToSRV_NC_009607 ToCMoV_NC_003664 RGBMCS3 4.87E-62
2 2631 1708 Rep/CP SiYMV_NC_004639 SiMoV_NC_004637 Unknown RGBMCS3  1.02E-52
3 1952 76 Rep/IR HyRMV1 BR_Rla5 10A PSLDV_NC_012786 HyRMV2_BR_Rla6_10A RGBMCS3 6.09E-43
4 1911 104 Rep/IR PYMV_NC_001934 Unknown DaLDV_NC_018717 RGBMCS3 2.86E-41
5 117 1762 CP/Rep PYMPV_NC_002048 DalLDV_NC_018717 Unknown RGBMCS3 5.89E-34
6 19 1838 CP/Rep CabLCuJV_DQ178614 TbYCV_NC_015627 CoYSV_NC_008492 RGBMCS3  3.96E-32
SiGMoV_NC_014130
7 1 1908 CP/Rep SiGMoV_NC 014130 SiIGMBuUV_NC 014794 MacGMV_NC 010952 RGBMCS3  4.48E-33
8 1837 2473 Rep MaYSV_NC_016999 BIYSV_NC_010837 SoCSV_NC_018457 RGBMCS3 2.52E-23
MaYNV_NC_017001
9 1749 24 Rep CoYSV_NC_008492 MacGMV_NC_010952 OYMV_NC_014066 RGBMCS3 1.10E-22
10 1907 2140 Rep ToSRV_NC_009607 SimMV_NC_005330 SoMBoV_NC_024304 RGBMCS3 2.08E-20
ToRMV_NC_002555 ToLDV_EU710749 ToYVSV_NC_010949
ToMMV_NC_010833
11 1891 2115 Rep SiYMoV_NC_016082 TbYCV_NC_015627 RhRGMV_HM236370 RGBMCS3 1.54E-18

ToLCCUV_AMO050143

AbMV_NC_001928
CdTV_NC_003830
OYMolV_AY751753
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Suppl. Table S2(cont.)

Events Breakpoints

Begin End

Genomic regions Recombinarts

Putative parents

Minor Major

Methods P-values

12 1768 129

13 1950 157

14 1959 2418

15 2217 2493

Rep/IR DalLDV_NC_018717

Rep/IR MacMPRV_NC 004097

Rep RhMMV_NC_015488

MerMPRV_NC_015490

Rep MelYMV_NC_028142

SiIGMV_NC_002046
ToYLDV_NC_011348

BChMV_NC_022005
BDMV_NC_001931
SIGMCRV_NC_004657

PYMTV_NC_004638

Unknown RhMMV_NC_015488

BChMV_NC_022005 Unknown
AbMV_NC_001928
BDMV_NC_001931
DalLDV_NC_018717
JaMV_NC_024012
OYMolV_AY751753
SIGMCRV_NC_004657
SIGMHV_NC_004659
SiIGMV_NC_002046
SiYVV_NC_004661
TMoLCV_NC 015122
ToCILDV_NC_015962
ToMHaV_NC_003867
ToMoV_NC_001938
WGMSTV_NC_010948
Unknown MelMV_NC 028140
CeYSV_NC_016998

SdYMV_BR_Deg3_10A

RGBMCS3 9.01E-17

RGBMCS3 3.54E-16

RGBMCS3 5.01E-16

RGBMCS3 5.06E-16
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Suppl. Table S2 (cont.)

Events Breakpoints Genomic regions Recombinarts Putative parents Methods P-values
Begin End Minor Major

15
SiMBoV1_NC_015046

SiMoAV_NC_020256
ToMoWV_NC_025265
ToYSV_NC_007726

16 1973 2222% Rep SiMoV_NC_004637 Unknown MaYNV_NC_017001 RGBMCS3 1.70E-16
CeYSV_NC_016998 ToCMoV_NC_003664
HyRMV2_BR_Rla6_10A
OMoV_NC_011181
OxYVV_NC_026253

17 1878 2593 Rep SimBV_FN436001 Unknown HeYMV_BR_Mac7_10A RGBMCS3 6.97E-16
SIMAIV_NC_016573
SiMoAV_NC_020256
SiYBV_NC_020254

18 1925 2397 Rep TOYMLCV_NC_005852 BChMV_NC_022005 Unknown RGBMCS3 1.73E-15
BDMV_NC_001931
SiGMCRV_NC_004657
SiYVV_NC_004661
TMoLCV_NC_015122
ToCILDV_NC_015962
WGMSTV_NC_010948

19 1653 2597 Rep BYMMxV_NC_015487 Unknown CdTV_NC_003830 RGBMCS3 2.57E-15
20 1955 2373 Rep RhGMV_NC_010294 BChMV_NC_022005 Unknown RGBMCS3 4.67E-15
BDMV_NC_001931 Unknown

CdTV_NC 003830 Unknown




Suppl. Table S2 (cont.)

Events Breakpoints Genomic regions Recombinarts Putative parents Methods P-values
Begin End Minor Major
20 DalLDV_NC 018717 Unknown
OYMolV_AY751753 Unknown
OYMV_NC_014066 Unknown
PYMTV_NC_ 004638 Unknown
RhRGMV_HM236370 Unknown
SIGMBUV_NC 014794  Unknown
SIGMCRV_NC_ 004657 Unknown
SIGMFIV_NC 014446 Unknown
SIGMHV_NC_004659 Unknown
SIGYVV_NC _ 004635 Unknown
SiYMYuV_NC_008779 Unknown
SiYVV_NC 004661 Unknown
TbYCV_NC_015627 Unknown
TMoLCV_NC 015122 Unknown
ToCILDV_NC 015962 Unknown
ToLCSiV_NC _ 009606 Unknown
ToMHaV_NC_003867 Unknown
ToMLCV_NC_005850 Unknown
ToYLDV_NC 011348 Unknown
WGMSTV_NC 010948  Unknown
21 1912 2419 Rep ToCMoV_NC_ 003664 PSLDV_NC 012786 BGMV_NC 004042 RGBMCS3 6.01E-17
CnMLDeV_BR_Mes3_15f MaYVV_NC_017000
22 2498 1838 Rep/CP ToMoWV_NC_025265  ToYVSV_NC_010949 ToLDV_EU710749 RGBMCS3  3.25E-21
23 1891 2308 Rep ToMLCV_NC_005850 BChMV_NC_ 022005 Unknown RGBMCS3 2.72E-14

MerMV_NC_007965

BChV_NC_019569
BDMV_NC_001931




Suppl. Table S2 (cont.)

Events Breakpoints Genomic regions Recombinarts Putative parents Methods P-values
Begin End Minor Major

23 DalLDV_NC_018717
OYMV_NC_014066
RhRGMV_HM236370
SIGMCRV_NC_004657
SIGMFIV_NC_014446
SIGMHV_NC_004659
SiYVV_NC_004661
ToLCSiV_NC_009606
WGMSTV_NC_010948

24 2167 2540 Rep TrYMV_BR_Msjl_10A  Unknown HeYMV_BR_Mac7_10A RGBMCS3 6.73E-14
SiMOAV_NC_020256
TrMV_BR_Fle1_10A

25 2308 28 Rep/IR SiYNV_NC_020253 TrMV_BR_Flel_10A ToYSV_NC_007726 RGBMCS3 5.12E-13
SiMOAV_NC_020256

26 953 1403 CP/Rep MacGMV_NC_010952 Unknown SiYMAV_NC_020255 RGBMCS3 3.69E-13
Unknown SdYMV_BR_Deg3 10A
27 2207 27 Rep/IR ToLCNDV_NC _ 004611 ToMMV_NC_010833 CoGMV_NC_009644 RGBMCS3 3.89E-13

AbMBoV_NC_015045  CYVV_NC_006358
BChMV_NC_022005
BChV_NC_019569
BGYMV_NC_001439
CdTV_NC_003830
CleLCrV_NC_016578




Suppl. Table S2 (cont.)

Events

Breakpoints

Begin End

Genomic regions Recombinarts

Putative parents

Minor

Major

Methods

P-values

27

DaChMV_NC_018716
DaLDV_NC_018717
DiYMoV_NC_003856
HeYMV_BR_Mac7_10A
JaMV_NC_024012
MacGMV_NC_010952
MacYMFV_NC_004099
MacYMV_NC_010647
MelMV_NC_028140
OYMolV_AY751753
OYMV_NC_014066
PavYMV_NC_029105
PhYSV_BR_Rlal_12A
PHYVV_NC_001359
PYMTV_NC_004638
RhRGMV_HM236370
SdYMV_BR_Deg3_10A
SiCmMV_EU710751
SiGMBuUV_NC_014794
SIGMHV_NC_004659
SIMAIV_NC_016573
SiMBoV1_NC_015046
SiMBoV2_NC_015043
SimMV_NC_005330
SiMOAV_NC_020256
SiYMoV_NC_016082
SiYVV_NC_004661
SoCSV_NC_018457
TbYCV_NC 015627
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Suppl. Table S2 (cont.)

Events Breakpoints

Genomic regions Recombinarts

Putative parents

Methods

P-values

Begin End

Minor Major

27

28 1915 2186

29 2019 2412

Rep

Rep

SoMBoV_NC_024304
ToYVSV_NC_010949

TbYCV_NC_015627
SIGMFIV_NC_014446

ToDfLV_NC_016580
ToLCCUV_AMO050143
ToLCSiV_NC_009606
ToLDeV_NC_014510
ToLDV_EU710749
ToMHaV_NC_003867
ToMoLCV_JF803246
ToMoV_NC_001938
ToSRV_NC_009607
ToYLDV_NC_011348
ToYSV_NC_007726
TrMV_BR_Fle1_10A

Unknown ToDfLV_NC_016580

ToYLDV_NC_011348
BChV_NC_019569
CdTV_NC_003830
JaMV_NC_024012
OYMolV_AY751753
RhRGMV_HM236370
SiGMBuUV_NC_014794
SiIGMV_NC_002046
SiGYVV_NC_004635

SiMSiV_NC_008059
SiYMYuV_NC_008779

SiYVV_NC_004661

ToYMoV_NC_019946

RGBMCS3 7.37E-13

RGBMCS3

1.73E-16
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Suppl. Table S2 (cont.)

Events Breakpoints Genomic regions Recombinarts Putative parents Methods P-values
Begin End Minor Major

29 ToLCSiV_NC_009606
ToMoTaV_NC_001828
ToMoV_NC_001938
WGMSTV_NC_010948

30 69 1000 CP ToYLDV_NC_011348 BChV_NC_019569 SiYMoV_NC_016082 RGBMCS3 2.08E-11
RhRGMV_HM236370

31 2371 20 Rep/IR MerMV_NC_007965 JaMV_NC_024012 Unknown RGBMCS3 3.94E-11
ToMLCV_NC_005850 MacGMV_NC_010952 Unknown
SiMSiV_NC_008059 Unknown

ToLCCUV_AM050143 Unknown
ToMoTaV_NC 001828  Unknown

32 2013 2250* Rep SiYMV_NC_004639 CYVV_NC_006358 SiYNV_NC_020253 RGBMCS3 5.87E-14

CnMLDeV_BR_Mes3_15/ CoGMV_NC_009644  AbMBoV_NC_015045
AbMV_NC_001928
CoYSV_NC_008492
DaLDV_NC_018717
HeYMV_BR_Mac7_10A
MacGMV_NC_010952
MelYMV_NC_028142
PYMTV_NC_004638
RhRGMV_HM236370
SiCmMV_EU710751
SiGMBuUV_NC_014794
SIGMCRV_NC_004657
SIGMHV_NC_004659




Suppl. Table S2 (cont.)

Events Breakpoints Genomic regions Recombinarts Putative parents Methods P-values
Begin End Major
32 SiGMoV_NC 014130
SIGMV_NC_002046
SiMBoV1_NC_015046
SiMoAV_NC_020256
ToCILDV_NC_ 015962
ToLDeV_NC 014510
ToMMV_NC_ 010833
TrMV_BR_Flel 10A
33 1986 2338 Rep PHYVV_NC 001359 BDMV_NC 001931 Unknown RGBMCS3 6.71E-11
BChMV_NC 022005 Unknown
DaLDV_NC 018717 Unknown
OYMV_NC 014066
PYMTV_NC 004638
SiIGMBuUV_NC_014794
SIGMCRV_NC_004657
SIGMHV_NC_004659
SiYMYuV_NC_008779
TMoLCV_NC_015122
ToCILDV_NC_015962
ToLCSiV_NC_009606
34 1954 2104 Rep CoYSV_NC_008492 MaYVV_NC_017000 JaMV_NC_024012 RGBMCS3 6.24E-11

CabLCuJV_DQ178614
MacGMV_NC_010952
PYMV_NC_001934
SiGMoV_NC_014130

BGMV_NC_004042
SimBV_FN436001

AbMV_NC_001928
BChV_NC_019569
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Suppl. Table S2 (cont.)

Events Breakpoints

Begin End

Genomic regions Recombinarts

Putative parents

Methods

Major

P-values

34

35 1920 2248

36 1814 2042

37 1465 1555

Rep

Rep

Rep

SoCSV_NC_018457

SIGMHV_NC_004659

SiICmMV_EU710751 Unknown

PhYSV_BR_Rlal_12A

SIMAIV_NC_016573
SiYBV_NC_020254

CdTV_NC_003830
OYMolV_AY751753
RhRGMV_HM236370
SIGMV_NC_002046
SiIGYVV_NC_004635
SiMSiV_NC_008059
SiYVV_NC_004661
ToMoTaV_NC_001828
ToMoV_NC_001938
ToYLDV_NC_011348

MaYVV_NC_017000
BGMV_NC_004042
SimBV_FN436001

RGBMCS3

SiYVV_NC_004661
CdTV_NC_003830
JaMV_NC_024012
OYMolV_AY751753
RhRGMV_HM236370
SiGMV_NC_002046
SiIMSiV_NC_008059
ToYLDV_NC_011348

RGBMCS3

CeYSV_NC_016998 RGBMCS3
HyRMV2_BR_Rla6_10A
MelMV_NC_028140

MelYMV_NC 028142

8.01E-11

1.08E-10

1.32E-10
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Suppl. Table S2 (cont.)

Events

Breakpoints

Begin

End

Genomic regions Recombinarts

Putative parents

Methods

Minor

Major

P-values

37

38

39

40

41

42

184

2231*

2453

1881

27

1642

2616

78

2088

622

CP

Rep

Rep/IR

Rep

CP

OMoV_NC_011181

ToYSV_NC_007726

BlelCV_NC_019035

SiYMYuV_NC_008779
SiGMBUV_NC_014794

SiYMAV_NC_020255
MelMV_NC_028140
MelYMV_NC_028142
SdYMV_BR_Deg3 10A

SimMV_NC_005330

MelMV_NC_028140
SiMSiV_NC_008059
MacGMV_NC_010952

Unknown
Unknown

Unknown

OMoV_NC_011181
OXYVV_NC_026253
PavYMV_NC_029105
SdYMV_BR_Deg3_10A
SiMBoV1_NC_015046
SiMBoV2_NC_015043
SiMOAV_NC_020256
SiMoV_NC_004637
SoMBoV_NC_024304
TrMV_BR_Fle1_10A
TrYMV_BR_Msjl_10A

SiMoV_NC_004637
OXYVV_NC_026253
SiYMV_NC_004639
ToYSV_NC_007726

RGBMCS3

OMoV_NC_011181 RGBMCS3

OxYVV_NC 026253
Unknown RGBMCS3
Unknown
SiIGMV_NC_002046 RGBMCS3
AbMV_NC_001928
SiMSiV_NC_008059 RGBMVICS3
OYMV_NC 014066
SiIGMHV_NC_004659

SiGMoV_NC 014130

1.46E-10

8.19E-11

5.13E-10

6.49E-10

1.42E-09
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Suppl. Table S2 (cont.)

Events Breakpoints

Begin End

Genomic regions Recombinarts

Putative parents

Minor

Major

Methods

P-values

43 2024 2178

44 1426 1887*

45 1447 1709*

46 2416 2542

47 1831

2566

48 1247 1915

Rep

Rep

Rep

Rep

Rep

Rep

SiMBoV1_NC_015046
TGMV_NC_001507

RhGMV_NC_010294

BChV_NC_019569

SiMSiV_NC_008059
ToMoTaV_NC_001828
OYMV_NC_014066

RhMMV_NC_015488
MacMPRV_NC_004097

ToMMV_NC_010833

Unknown

Unknown

JaMV_NC_024012
CabLCuJV_DQ178614
CoYSV_NC_008492

Unknown

CYVV_NC_006358

Unknown
Unknown

ToYMoV_NC_019946

CoYSV_NC_008492
CdTV_NC_003830
OYMolV_AY751753
OYMV_NC_014066
SiGMBuUV_NC_014794
SIGMHV_NC_004659
SiGMoV_NC_014130
SiIGMV_NC_002046
SiMSiV_NC_008059
SiYMYuV_NC_008779
SiYVV_NC_004661
ToLCSiV_NC_009606
ToMHaV_NC_003867

SIGMV_NC_002046
ToMHaV_NC_003867
ToMoV_NC_001938

CdTV_NC_003830
ToChLPV_NC_005843

AbMV_NC_001928
BGMV_NC_004042

RGBMCS3

RGBMCS3

RGBMCS3

RGBMCS3

RGBMCS3

RGBMCS3

4.68E-09

5.27E-15

9.94E-08

2.66E-08

2.45E-10

7.83E-10
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Suppl. Table S2 (cont.)

Events

Breakpoints

Begin

End

Genomic regims Recombinarts

Putative parents Methods

Minor

Major

P-values

48

BIYSV_NC_010837
CleLCrV_NC_016578
CnMLDeV_BR_Mes3 15/
HeYMV_BR_Mac7_10A
JaMV_NC_024012
MacYMFV_NC_004099
MacYMV_NC_010647
MaYVV_NC_017000
MelMV_NC_028140
MelYMV_NC_028142
OYMolV_AY751753
PavYMV_NC_029105
PhYSV_BR_Rlal _12A
PYMTV_NC_004638
RhRGMV_HM236370
SdYMV_BR_Deg3_10A
SIGMFIV_NC_014446
SiGMV_NC_002046
SIGYVV_NC_004635
SiMBoV1_NC_015046
SiMBoV2_NC_015043
SimMV_NC_005330
SiMoAV_NC_020256
SiYBV_NC_020254
SIiYNV_NC_020253
SiYVV_NC_004661
TbYCV_NC_015627
TGMV_NC_001507
ToCILDV_NC_015962
ToDfLV_NC 016580
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Suppl. Table S2 (cont.)

Events Breakpoints Genomic regions Recombinarts
Begin End

Putative parents Methods

Minor

Major

P-values

48

49 2212* 2305 Rep MaYVV_NC_017000
BGMV_NC_004042
SimBV_FN436001

50 1957 2102* Rep JaMV_NC_024012
AbMV_NC_001928
BChV_NC_019569
CdTV_NC_003830
OYMolV_AY751753
RhRGMV_HM236370
SiIGMV_NC_002046
ToYLDV_NC_011348

Unknown
Unknown
Unknown

Unknown

ToLDeV_NC 014510
ToLDV_EU710749
ToMHaV_NC_003867
ToMMV_NC_010833
ToMoTaV_NC_001828
ToMoV_NC_001938
ToSRV_NC_009607
ToYLDV_NC 011348
ToYSV_NC 007726
TrMV_BR_Flel 10A
WGMSTV_NC 010948
ToLCSiV_NC_009606
OxYVV_NC 026253 RGBMCS3
BChV_NC_019569
CdTV_NC_003830
JaMV_NC_ 024012
OYMolV_AY751753
PYMTV_NC 004638
RhRGMV_HM236370
ToChLPV_NC_005843
ToMoTaV_NC 001828

ToCILDV_NC_015962 RGBMCS3
TMoLCV_NC_015122

2.68E-07

3.32E-07




Suppl. Table S2 (cont.)

Events Breakpoints Genomic regions Recombinarts Putative parents Methods P-values
Begin End Minor Major
50 SiYVV_NC_004661
ToMoTaV_NC_001828
ToMoV_NC_001938
51 350 622* CP SiYMAV_NC_020255 SIMAIV_NC_016573 SdYMV_BR_Deg3_10A RGBMCS3 4.11E-07
SiYBV_NC_020254 SiMBoV1_NC_015046
52 1967 2082 Rep ToGMoV_NC_008058 BYMMxV_NC_015487 ToChLPV_NC_ 005843 RGBMCS3 6.02E-07
53 2144 2494 Rep MacYMV_NC_010647 Unknown MacYMFV_NC 004099 RGBMCS3 7.52E-07
54 2446 2599 Rep SiYMoV_NC_016082 Unknown SiIGMV_NC_002046 RGBMCS3 9.28E-07
RhRGMV_HM236370
ToYLDV_NC_011348
55 170* 256 IR/CP TGMV_NC_001507 RhGMV_NC_010294 SIGMFIV_NC_014446 RGBMCS3 9.32E-07
56 2177* 2461 Rep TrMV_BR_Flel_10A ToMoV_NC_001938 Unknown RGBMCS3  1.56E-06
HeYMV_BR_Mac7_10A SiGMCRV_NC_004657
SiMoAV_NC_020256 SiIGMV_NC_002046
SiYNV_NC_020253
57 2504 2616* Rep SdYMV_BR_Deg3_10A JaMV_NC_024012 Unknown RGBMCS3  2.74E-07
SiYMAV_NC_020255 MacGMV_NC_010952 Unknown
58 756 1074 CP ToMoWV_NC 025265 ToSRV_NC_009607 AbMBoV_NC 015045 RGBMCS3 5.57E-06
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Suppl. Table S2 (cont.)

Events Breakpoints Genomic regions Recombinarts Putative parents Methods P-values
Begin End Minor Major
59 2486* 2635 Rep TrMV_BR_Flel 10A Unknown SIGMFIV_NC 014446 RGBMCS3 5.25E-10
HeYMV_BR_Mac7_10A SiGYVV_NC 004635
SiMBoV1_NC 015046 ToMHaV_NC_ 003867
SiMoAV_NC_020256
60 245 1685 CP/Rep TolLDV_EU710749 OxYVV_NC_026253 Unknown RGBMCS3 1.93E-18
61 1357 1516 Rep RhRGMV_HM236370 Unknown SiYBV_NC_020254 RGBMCS3 1.07E-05
AbMV_NC 001928 Unknown OxYVV_NC 026253

BChMV_NC_022005
BDMV_NC_001931
BYMMxV_NC_015487
CdTV_NC_003830
CoYSV_NC_008492
DalLDV_NC_018717
JaMV_NC_024012
OYMolV_AY751753
OYMV_NC_014066
PYMTV_NC_004638
SIGMCRV_NC_004657
SIGMFIV_NC_014446
SIGMHV_NC_004659
SiGMV_NC_002046
SiMSiV_NC_008059
SiYMoV_NC_016082
SiYMYuV_NC_008779
SiYVV_NC_004661
ToLCCUV_AMO050143
ToMHaV_NC_003867
ToMoTaV_NC 001828
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Suppl. Table S2 (cont.)

Events Breakpoints Genomic regions Recombinarts Putative parents Methods P-values
Begin End Minor Major
62 2252* 35 Rep/IR ToMoLCV_JF803246 CnMLDeV_BR_Mes3_ 15/ HYyRMV2_BR_Rla6_10A RGBMCS3 3.86E-06
PSLDV_NC_012786
63 1940 2196 Rep AbMBoV_NC_015045 ToLDV_EU710749 PavYMV_NC_029105 RGBMCS3 7.73E-07
64 403 1062 CP MacYMFV_NC_004099 Unknown PavYMV_NC_029105 RGBMCS3 1.40E-05
BGYMV_NC_001439 AbMBoV_NC_015045
MacYMV_NC_010647
65 2520 2619* Rep MacYMFV_NC _ 004099 SiGYVV_NC_004635 Unknown RGBMCS3 1.40E-07
66 2486 11 Rep/IR CnMLDeV_BR_Mes3 15/ SiGYVV_NC_004635 BIYSV_NC_010837 RGBMCS3 1.72E-07
PSLDV_NC_012786
67 2407 2536 Rep JaMV_NC_024012 MacGMV_NC_010952 SiGMV_NC_002046 RGBMCS3 5.79E-07
PYMV_NC_001934
68 1739 1964* Rep ToYLDV_NC_ 011348 SiYMV_NC_004639 ToMHaV_NC_003867 RGBMCS3 5.18E-05
BChV_NC_019569
CdTV_NC_003830
RhRGMV_HM236370
ToMoTaV_NC_001828
69 264* 791 CP SimMV_NC_005330 SiMBoV2_NC_015043 Unknown RGBMCS3 1.93E-06
70 166 249 IR/CP SIGMFIV_NC 014446 Unknown JaMV_NC_ 024012 RGBMCS3 4.02E-04

a*, breakpoint could not be precisely pinpointed.
bR, RDP; G, GeneConv; B, Bootscan; M, MaxChi; C, Chan8&, SisScan; 3, 3SEQ.
¢ The reported values are for the methods indicated in red, and treetha lowesP values calculated for the region in question.
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Suppl. Table S3Putative recombination events detected among begomoviruses from the New World, based on thih fDINig)

Events Breakpoint? Genomic regions Recombinants Putative parents Methods® P-value®
Begin End Minor Major
1 79 667 NSP OMoV_NC_011182 SIMMV_NC_005331 ToYSV_NC_007727 RGBMCS3 2.31E-31
2 592 1356 NSP OYMV_NC_014067 CLCrV_NC_004581 BChV_NC_019568 RGBMCS3 4.29E-29
3 2406 2522 IR PYMV_NC_001935 CoYSV_NC_008493 PYMTV_NC_004644 RGBMCS3 6.91E-16
SiGMoV_NC_014128
4 2391 27 IR RhGMYuV_NC_012482 ToMYLCV_NC_009491 TbYCV_NC_015628 RGBMCS3 4.31E-14
5 2170 2393* IR PYMTV_NC_004644 PYMPV_NC_002049 PYMV_NC_001935 RGBMCS3  1.09E-15
6 2603 73 IR BChV_NC_019568 SiMBoV2_NC_015047 BChMV_NC_022003 RGBMCS3 4.71E-11
7 102 1416 NSP/MP SIGMFIV_NC_014447 CoYSV_NC_008493 Unknown RGBMCS3  6.55E-11
8 2446* 2544 IR DalLDV_NC_018715 Unknown PYMTV_NC_004644 RGBMCS3 2.18E-12
9 2074 129 MP/IR CabLCuV_NC_003887 Unknown TbhYCV_NC_015628 RGBMCS3 5.94E-10
10 288 1538 NSP/MP SiYMoV_NC_016083 Unknown CoYSV_NC_008493 RGBMCS3 6.92E-11
11 103 345 IR SiGMBUV_NC_014795  Unknown SiYMYuV_NC_ 008780 RGBMCS3 4.63E-13
12 29 62* IR ToRMV_NC_002556 Unknown ToSRV_NC_009612 RGBMCS3 3.55E-09
13 2137 2298 MP DalLDV_NC_018715 Unknown PYMPV_NC_002049 RGBMCS3 4.38E-09
14 1645 1978 MP CoYSV_NC 008493 DelLDV_NC_ 008495 SiGMoV_NC 014128 RGBMCS3  1.94E-07
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Suppl. Table S3 (cont.)

Events Breakpoint Genomic regions Recombinants Putative parents Methods P-value
Begin End Minor Major
15 2643 80 IR SiMBoV1_NC_015044 SIMAIV_NC_016579 Unknown RGBMCS3 1.68E-09
16 2102 2414 MP WGMSTV_NC_010951 BDMV_NC_001930 ToYLDV_NC_017913 RGBMCS3 4.06E-07
17 381 2122 NSP/MP TbYCV_NC_015628 CarYSYV_NC_022008 PYMTV_NC_004644 RGBMCS3 4.27E-07
18 2387 2491 MP/IR SiMSiV_NC_008056 Unknown CdTV_NC_003831 RGBMCS3  5.14E-07
19 69 179 IR TrYMV_BR_Msjl1_10B MelMV_NC_028141 Unknown RGBMCS3  4.26E-06
20 2350 28* IR MerMV_NC_007966 TOoMLCV_NC_005851  Unknown RGBMCS3 4.82E-11
21 697 2452 NSP/MP MelYMV_NC_028143 Unknown OMoV_NC_011182 RGBMCS3  9.70E-27
22 2470* 26 IR MacYMFV_NC_004100 WGMSTV_NC_010951 CarYSYV_NC_022008 RGBMCS3 9.76E-06
23 736 1345 NSP SiIGMV_NC_002047 BDMV_NC_001930 SiIGMBUV_NC_014795 RGBMCS3  3.87E-09
CoYSV_NC_008493
SiYMYuV_NC_008780
24 2459 33 IR JMV_NC_024013 ToMLCV_NC_005851  Unknown RGBMCS3 5.51E-06
25 2427* 72* IR OYMV_NC_014067 SIMMV_NC_005331 SiYVV_NC_004662 RGBMCS3 1.04E-05
SiIGMHV_NC_004660
26 2462 306 MP/IR ToYVSV_NC_010950 SiMBoV2_NC_015047  Unknown RGBMCS3  2.49E-12
27 2390 60 IR ThYCV_NC_015628 ToMoV_NC_001939 Unknown RGBMCS3 5.50E-05
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Suppl. Table S3 (cont.)

Events Breakpoint Genomic regions Recombinants Putative parents Methods P-value
Begin End Minor Major
28 1542 2003 MP CabLCuV_NC_003887 RhMMV_NC_015489 RhRGMV_HM236371 RGBMCS3 6.62E-05
RhGMYuV_NC_01248:
29 2464 13 IR CnMLDeV_BR_Mes3_15E ToYLDV_NC_017913 CLCrV_NC_004581 RGBMCS3 3.90E-05
30 1045 1285 NSP SiIGMHV_NC_004660 RhMMV_NC_015489 SiGMoV_NC_014128 RGBMCS3 5.86E-04
SIGMCRV_NC_004658 CoYSV_NC_008493
SiYVV_NC_004662 SiIGMBuUV_NC_014795
SiYMYuV_NC_008780
31 85 222 IR/NSP MelMV_NC_028141 MelYMV_NC_028143  ToYMoV_NC_019947 RGBMCS3 1.62E-04
32 2409 293* IR ToDfLV_NC_016581 SiMBoV2_NC_015047  Unknown RGBMCS3  2.63E-06
33 2278 16* MP/IR ToCmMV_NC_010836  TRYLCV_NC_020258 BIYSV_NC_010838 RGBMCS3  6.51E-05
34 1645 2117* MP SIGYVV_JX162593 Unknown SiIGMBUV_NC_014795 RGBMCS3 1.17E-05
35 1105 1593 NSP WGMSTV_NC_010951 AbMV_NC_001929 ToYLDV_NC 017913 RGBMCS3 7.40E-04
36 1114 2090 MP ToLCSiV_NC_009605 PYMPV_NC_002049 Unknown RGBMCS3  3.64E-05
37 42* 1062* NSP PYMTV_NC_004644 OMoV_NC_011182 SiIGMHV_NC_004660 RGBMCS3 2.04E-04
ToYSV_NC_007727 SiYVV_NC_004662
38 1328 2113 MP DeLDV_NC_008495 ToMoV_NC_001939 ToYVSV_NC_010950 RGBMCS3  3.33E-06
39 1019 1274 NSP RhMMV_NC_015489 BChV_NC_019568 Unknown RGBMCS3  1.29E-04

a * breakpoint could not be precisely pinpointed.
bR, RDP; G, GeneConyv; B, Bootscan; M, MaxChi; C, Chan§&, SisScan; 3, 3SEQ.
¢ The reportedP-values are for the methods indicated in red, anddheyhe lowesP values calculated for the region in question.
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