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RESUMO

RAMOS-SOBRINHO, Roberto, D.Sc., Universidade FeddmVicosa, fevereiro de 2014.
Evolugcédo de begomovirus no Novo Mundo: Variabilidade enética de populacdes e
seu efeito na especiacadrientador: Francisco Murilo Zerbini Janior. Co-orieflia
Eduardo Seiti Gomide Mizubuti.

Virus pertencentes a familizeminiviridae possuem genoma circular de fita simples e
infectam uma ampla gama de hospedeiros causandaspggnificativas, principalmente em
paises tropicais e subtropicais. A familia é dividiela sete génerosBégomovirus,
Becurtovirus, Curtovirus, Eragrovirus, Mastrevirus, Topocuvirus e Turncurtovirus) de acordo
com o tipo de inseto vetor, gama de hospedeiros, osggitz gendmica e filogenia.
Begomovirus sdo transmitidos por mosca-branca e causgiclemias em culturas
economicamente importantes em todo o mundo. Plantssstség/n&o-cultivadas possuem
um papel epidemiolégico importante, agindo como resérest de begomovirus e como
hospedeiros promiscuos onde recombinacdo pode acAtéen disso, resultados anteriores
sugerem que populagbes de begomovirus presentesetasphdo-cultivadas possuem maior
variabilidade genética do que aquelas presentes em Plantivadas. A maioria dos
begomovirus do Novo Mundo (NM) possuem dois compsegendmicos denominados
DNA-A e DNA-B, e seu genoma tem a capacidade de gvadpidamente via mutacao,
pseudo-recombinacdo e recombinagdo. Neste contextoyassho objetivou:if avaliar o
efeito do hospedeiro na variabilidade genética dellpgpes de begomovirus; i@) Eestudar o
efeito de recombinagdo na evolucdo de begomovirudlow Mundo. Para o primeiro
objetivo, duas plantas leguminosas cultivadas (feijao-oomnaseolus vulgaris, e fava,P.
lunatus) e uma néo-cultivadaViacroptilium lathyroides) foram intensamente amostradas em
duas regides no Brasil entre 2005 e 2012. Um totdll@ggenomas (DNA-A) foram clonados
e sequenciados, e populacbes dos begomo#eas golden mosaic virus (BGMV) e
Macroptilium yellow spot virus (MaYSV) foram obtidas a partir dos trés hospedeiras. O
resultados indicam que a variabilidade genética presududahospedeiros ndo afetou a
variabilidade viral. O MaYSV (N = 99) apresentou maiariabilidade genética que o BGMV
(N = 147), com a populagdo de BGMV (porém ndo de BM)Yestruturada por hospedeiro e
regido geografica. Para o segundo objetivo, conjudegatados incluindo todas as sequéncias-
referéncia de DNA-A e DNA-B de begomovirus do NMafor obtidas do GenBank. As
andlises indicaram que begomovirus sul-americanoexiiem monofilia geografica, com

evidéncia de pelo menos dois eventos independentes tdeduigo nesta regido.
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Recombinagéo foi detectada como um importante mecan&rotutivo agindo sobre a
evolucdo do DNA-A. Encontrou-se evidéncia de elevadaiabilidade genética em
begomovirus presentes na América Central e Caribe, memr grau em begomovirus na
América do Sul (AS). Novos eventos de introducdo podeelerar a evolucdo desses
patégenos na AS, favorecendo a recombinacdo e aumenia adaptabilidade e/ou a

viruléncia dos begomovirus nativos.
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ABSTRACT

RAMOS-SOBRINHO, Roberto, D.Sc., Universidade Fedelal Vicosa, February 2014.
Begomovirus evolution in the New World: Genetic variabilityof populations and its
effect on speciation.Adviser: Francisco Murilo Zerbini Junior. Committee membe
Eduardo Seiti Gomide Mizubuti.

Viruses belonging to the famif@eminiviridae have circular ssSDNA genomes and infect
a broad range of plant species causing devastatingsdgeaaainly in subtropical and tropical
countries. The family is divided into seven genddegémovirus, Becurtovirus, Curtovirus,
Eragrovirus, Mastrevirus, Topocuvirus and Turncurtovirus) according to the type of insect
vector, host range, genome organization and phylog8®gomoviruses are whitefly-
transmitted and are among the most damaging path@geiseng epidemics in economically
important crops worldwide. Wild/non-cultivated plants plagracial epidemiological role,
acting as begomovirus reservoirs and as "mixing vesséiste recombination can occur.
Furthermore, previous results suggest that begomopiopslations in non-cultivated hosts
are more genetically variable then those infectingivaied hosts. Most New World (NW)
begomoviruses have two genomic components designatBiNA-A and DNA-B, and their
genomes have the capacity to evolve quickly via mutateassortment and recombination.
In this context, this work aimedi)(to assess the effect of the host on the standingigenet
variability of begomovirus populations; anid) (to study the effect of recombination on the
evolution of New World begomoviruses. For the firsjechve, cultivated (common bean,
Phaseolus wulgaris, and lima bearP. lunatus) and non-cultivatedMacroptilium lathyroides)
legume hosts were intensively sampled from two regionssacBrazil between 2005 and
2012. A total of 212 full-length DNA-A components werkoned and sequenced, and
populations of the begomovirus&gan golden mosaic virus (BGMV) and Macroptilium
yellow spot virus (MaYSV) were obtained from the three hosts. Our resudiisate that the
presumed genetic variability of the host did not affectl waiability. MaYSV (N = 99)
showed higher genetic variability than BGMV (N = 14Wjith the BGMV (but not the
MaYSV) population being structured based on both host geafyraphy. For the second
objective, datasets including all DNA-A and DNA-B reface sequences of NW
begomoviruses were obtained from GenBank. Our armlys#icate that South American
begomoviruses do not exhibit geographic monophyly,h wetvidence of at least two
independent introduction events in this region. Recontibmawas detected as a very

important evolutionary mechanism acting on DNA-A evolut We found evidence of
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greater genetic variability in begomoviruses from t@d#nAmerica and the Caribbean
compared to South America (SA). Additional introducteMents may impact the evolution of
begomoviruses in SA by favoring recombination and dumng new virulence features to

indigenous South American begomoviruses.



INTRODUCTION

Viruses belonging to the famileminiviridae have circular sSDNA genomes and
infect a broad range of plant species causing datag diseases, mainly in subtropical and
tropical countries (Legg & Fauquet, 2004; Morales, 2006 family is divided into seven
genera Begomovirus, Becurtovirus, Curtovirus, Eragrovirus, Mastrevirus, Topocuvirus and
Turncurtovirus) according to the type of insect vector, host rangepme organization and
phylogeny (Varsaniet al., 2014). Viruses classified within the genBsgomovirus are
transmitted by the whitefl\Bemisia tabaci and constitute one of the largest and most
important groups of emerging plant viruses, growing in irtgnee as the number of species
characterized and their economic impact continues to ireréBsown et al., 2012).
Begomoviruses specifically limit production of tomatopsppers and legumes in the New
World (the Americas) (Morales, 2006; Navas-Cast#ial., 2011). In Brazil,Bean golden
mosaic virus (BGMV) has been an important pathogen infecting bel@naséolus spp.) since
the 1970s (Costa, 1976; Gilbertsaral., 1991; Faria & Maxwell, 1999), causing yield losses
between 40 to 100% (Morales, 2006). Begomovirusesiaique among plant viruses in their
strong geographic segregation, with New World and OldrldVbegomoviruses forming
clearly distinct phylogenetic clades (Briddas al., 2010). Recently, phylogeographic
segregation of tomato-infecting begomoviruses was gbdan Brazil, where different viral
species were prevalent in different tomato growingsa(Racheet al., 2013).

Begomoviruses from the Old World (Europe, Asia, Adreend Australia) have one or
two genomic components (known as mono- and biparéigoimoviruses, respectively), and
are often associated with circular sSDNA molecules dasggl as alphasatellites (previously
DNA-1) and betasatellites (previously DN@ (Briddon et al., 2003; Briddon & Stanley,
2006). Alphasatellites have been recently identifiediiazil and Venezuela in association

with the bipartite begomovirusédeome leaf crumple virus (CILCrV), Euphorbia mosaic



virus (EuMV) andMelon chlorotic mosaic virus (MeCMV) (Paprotkeet al., 2010b; Romayt
al., 2010).

Most Begomoviruses from the New World have two genacoimponents known as
DNA-A and DNA-B (Fauquett al., 2005).Tomato |leaf deformation virus (ToLDeV), which
has only a single, DNA-A-like component, was the firstnmpartite begomovirus reported to
naturally occur in the New World (Melgaregb al., 2013). The two components of bipartite
begomoviruses do not share significant sequence igdergikcept for a region with
approximately 200 nt known as the common region (GR)ich includes the origin of
replication (Hanley-Bowdoiret al., 1999). The genome of bipartite begomoviruses encodes
six to eight proteins: the replication-associated profeap], which is the initiator of rolling
circle replication and has nucleic acid binding, enotease and ATPase activities (Forges
al., 1992; Orozcet al., 1997); the trans-activating protein (TrAP), a transcriptiéaetior of
the cp andnsp genes and also a suppressor of post-transcriptgamad silencing (Sunter &
Bisaro, 1992; Voinnett al., 1999; Wangt al., 2005); the replication-enhancer protein (Ren),
an accessory factor required for optimal replicati®arteret al., 1990; Pedersen & Hanley-
Bowdoin, 1994), and the coat protein (CP), responsibieeficapsidation of the ssDNA
genome and also essential for insect transmission (@riddal., 1990; Hoferet al., 1997).
The V2 and AV2 proteins function as anti-defense met® inhibit post-transcriptional gene
silencing. V2 also provides the movement function fonapartite viruses (Hanley-Bowdoin
et al., 2013). Some begomoviruses encode the AC4 protdiichwis involved with gene
silencing suppression (Hanley-Bowdairal., 2013). Two proteins are encoded by the DNA-
B: the nuclear shuttle protein (NSP) and the movementipr@#), which are involved in
intra- and intercellular viral movement, respectively (Rivy et al., 1994).

The sequence of the origin of replicatiami) is conserved among components of the
same virus but is variable among species, except ¥@0ant sequence conserved among all

species (Davieet al., 1987; Lazarowitz, 1992). This sequence comprises\ented GC-rich
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repeat which forms a hairpin structure carrying an riavé nonanucleotide sequence (5'-
TAATATTAC-3') found in all begomoviruses (Heyraud-Nitke et al., 1995; Orozco &
Hanley-Bowdoin, 1998). Cleavage of the nonanucleoisl essential to the initiation of
replication and is performed by the Rep protein (Foetesl., 1994; Laufset al., 1995;
Orozcoet al., 1998). The Rep catalytic domain (located at the Nitexhrportion of the
protein) includes three motifs conserved in proteins liragb in rolling circle replication
(motif I: FLTY, motif 1I: HxH and motif 111: YxxxV) (llyina & Koonin, 1992) and the iteron-
related domain (IRD) (Arguello-Astorga & Ruiz-Medra2001).

Begomovirus populations exhibit high molecular variapi{Ariyo et al., 2005; Geet
al., 2007; Silvaet al., 2011; Silvaet al., 2012; Limaet al., 2013; Rochat al., 2013). The
main evolutionary processes shaping the molecularbibtyaof plant virus populations are
mutation and recombination (Garcia-Aredadl., 2003; Seaét al., 2006; Limaet al., 2013).
Viruses with divided genomes (including the biparbegomoviruses) may also evolve by
pseudorecombination (reassortment), in which whole gen@migponents are exchanged
amongst distinct viruses without intermolecular recontimna(Garcia-Arenakt al., 2001).
Experimental evidence of the ability of begomoviruse$orm viable reassortants has been
obtained in laboratory settings (Gilbertsaral., 1993; Sung & Coutts, 1995; Andraeeal .,
2006), although there are limited reports of their ndtacaurrence under field conditions
(Paplomatast al., 1994; Piteet al., 2001).

Mutation is the primary source of variability in plavitus populations (Roossinck,
1997; Garcia-Arenadt al., 2001; 2003; Limaet al., 2013) and previous studies have shown
that ssSDNA viruses may evolve as quickly as RNA virusbi&h use an error-prone RNA-
dependent RNA polymerase for replicating their geno(@eake, 1991; Shackeltost al.,
2005; Shackelton & Holmes, 2006; Duffgt al., 2008; Duffy & Holmes, 2009).
Geminiviruses exhibit high levels of within-host molecuwlariability (Isnardet al., 1998; Ge

et al., 2007; Van Der Walet al., 2008; Limaet al., 2013; Rochat al., 2013) and there is
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evidence that their rapid evolution might be, at least it paiven by mutational processes
acting specifically on ssDNA (Duffgt al., 2008; Harkint al., 2009). Substitution rates for
temporally sampledTomato yellow leaf curl virus (TYLCV) genome sequences were
estimated to be 2.88xT0 subs/site/year for the full-length genome and 4.63x10
subs/site/year for the CP (Duffy & Holmes, 2008), ealuvhich are similar to those of RNA
viruses (Hollandet al., 1982; Domingo & Holland, 1997; Roossinck, 2003). sehénigh
substitution rates were validated for the bipartite beginme¥ast African cassava mosaic
virus (EACMV) (Duffy & Holmes, 2009), suggesting that they aepresentative of multiple
begomoviruses. The dN/dS ratios calculated for all codieguences analyzed in these
studies were lower than 1.0, indicating purifying setectand, consequently, that the
substitutions rates were not overestimated due to adapélestion, reflecting a rapid
mutational dynamics for these viruses (Duffy & Holme¥)& 2009).

Recombination is the process by which a DNA or RNAgnsent becomes
incorporated into a different strand during replicatiBadidamet al., 1999). Recombination
is @ common evolutionary process acting on geminigarsomes (Padidaet al., 1999), and
seems to contribute heavily to the standing molecularhilitygof begomoviruses, increasing
their evolutionary potential and local adaptation (Harri&oRobinson, 1999; Padidaetal.,
1999; Berrieet al., 2001; Monciet al., 2002; Limaet al., 2013; Rochat al., 2013). The high
recombination frequency in this group of viruses barpartly explained by recombination-
dependent replication (RDR) (Jesdkel., 2001; Preiss & Jeske, 2003) in addition to the well-
documented rolling-circle replication (RCR) (Saundetsal., 2001). Furthermore, the
frequent occurrence of mixed infections (Torres-Paglee@l., 1996; Harrisoret al., 1997;
Sanzet al., 2000; Pitaet al., 2001; Ribeircet al., 2003; Garcia-Andrést al., 2006; Davinoet
al., 2009) in which more than one virus can replicate kanaously in the same nucleus

(Morilla et al., 2004) also favors the occurrence of recombination.



Recombination events have been directly implicated ® ¢mergence of new
begomovirus diseases and epidemics in cultivated hakstait al., 1997; Pitaet al., 2001;
Monci et al., 2002). In fact, the devastating epidemics of czssaosaic disease caused by
EACMYV in Uganda and neighboring countries (Zheual., 1997; Pitaet al., 2001), the
TYLCV epidemics in the western Mediterranean basinr{dlet al., 2002; Garcia-Andrést
al., 2006; Garcia-Andrégt al., 2007), and the epidemics @btton leaf curl virus (CLCuV)
in Pakistan (Zhouwet al., 1997; Idris & Brown, 2002) were all caused by anptex of
begomoviruses including several recombinants.

A comparative analysis using genomic sequences oNAsfiruses from several
families revealed a conserved, non-random pattern dfribdison of recombination
breakpoints (Lefeuvret al., 2009). Although the mechanistic aspects of recombination
sSDNA viruses remain unknown (Padidamnal., 1999), this non-random distribution of
recombination breakpoints is conserved amongst mamb-bgartite viruses, with hot spots
in the 5'-portion of the Rep gene and the 5'-endetdmmon region (Lefeuveet al., 2007a;
Lefeuvreet al., 2007b). Evidence suggests that the recombinatieakpoints tend to occur
outside or on the periphery of coding sequences. heeawent, a reduced number of
breakpoints have been found within genes encodingtatal proteins, such as tlop gene
(Lefeuvreet al., 2007a). The high nucleotide variability in the N-terrhipartion of the Rep
gene is accompanied by strong purifying selection thesgoves the amino acid sequence
(Lima et al., 2013; Rochaet al., 2013). These results suggest that natural selectiomgact
against viruses expressing recombinant proteins is aorieng determinant of the non-
random distribution of recombination breakpoints in tresDNA viruses (Lefeuvret al.,
2009). Furthermore, it has been shown that recombinatients that preserve co-evolved
intragenome interactions (protein-protein and/or proteirApBre also favored by selection

(Martinet al., 2011).



The advent of rolling-circle amplification using the phiR®IA polymerase (Inoue-
Nagataet al., 2004) has greatly facilitated the characterization ofehdoegomoviruses
infecting a number of cultivated and non-cultivated ho€iasfillo-Urquizaet al., 2008;
Varsaniet al., 2009; Paprotkat al., 2010a; Wyangt al., 2011; Silvaet al., 2012; Tavarest
al., 2012) as well as the rapid cloning of a large nunobgenomes, allowing studies of viral
population genetics on a genomic scale (Hadblal., 2006; Silvaet al., 2011; Gonzalez-
Aguileraet al., 2012; Silvaet al., 2012; Limaet al., 2013; Rochat al., 2013). Such studies
suggested that begomovirus populations infecting wild/ndtivated hosts have a high
degree of genetic variability (Silvat al., 2011; Silveet al., 2012; Limaet al., 2013; Rochat
al., 2013), whereas, begomovirus populations infectingvat¢d hosts seem to have lower
molecular variation (Faria & Maxwell, 1999; Gonzéalez-Agulet al., 2012; Limaet al.,
2013; Rochat al., 2013). This higher genetic variability in non-cultivatexsis seems to be
explained mostly by recombination events (Lietaal., 2013). Therefore, we hypothesized
that non-cultivated hosts, which are more genetically bjavould harbor more genetically
variable virus sequences, whereas cultivated hostkivgelect for fewer haplotypes.

In this context, this work aimedi)(to assess the effect of the host on the standing
genetic variability of begomovirus populations) (o study the effect of recombination on the

evolution of New World begomoviruses.
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Summary — Begomoviruses are whitefly-transmitted, single-stednBNA plant viruses and
are among the most damaging pathogens causing ep&gangconomically important crops
worldwide. Wild/non-cultivated plants play a crucial epid@ogical role, acting as
begomovirus reservoirs and as 'mixing vessels' wherenmeination can occur. Previous
results suggest a higher degree of genetic variabilibegomovirus populations from non-
cultivated hosts compared to cultivated hosts. To assessupposed host effect on the
genetic variability of begomovirus populations, culticatécommon bean,Phaseolus
vulgaris, and lima beanP. lunatus) and non-cultivatedMacroptilium lathyroides) legume
hosts were intensively sampled from two regions acBrsgil. A total of 212 full-length
DNA-A genome segments were sequenced from samplesteadllbetween 2005 and 2012,
and populations of the begomovirugzan golden mosaic virus (BGMV) and Macroptilium
yellow spot virus (MaYSV) were obtained. We found, for each begomusvspecies, similar
genetic variation between populations infecting culadaand non-cultivated hosts, indicating
that the presumed genetic variability of the host didanptiori affect viral variability. The
MaYSV population (N = 99) was more variable than ti@&\MB/ population (N = 147), which
was explained by numerous recombination events in MaYWsaYSV and BGMV showed
distinct distributions of genetic variation, with the BGNdgpulation (but not MaYSV) being

structured by both host and geography.
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Introduction

Viruses belonging to the famif@eminiviridae have circular ssSDNA genomes and are
widely distributed in tropical and subtropical regionsfecting several economically
important crop species (Legg & Fauquet, 2004; Morale86p The family is divided into
seven genera Becurtovirus, Begomovirus, Curtovirus, Eragrovirus Mastrevirus,
Topocuvirus and Turncurtovirus) according to the type of insect vector, host rangepmen
organization and phylogeny (Varsadi al., 2014). Viruses classified within the genus
Begomovirus are transmitted by the whitefBemisa tabaci (Brown et al., 2012).
Begomoviruses usually found in the New World have tygmomic components known as
DNA-A and DNA-B, but only the DNA-A is used to propedsgsign taxonomy (Browet al .,
2012). The DNA-A contains genes involved in replicatior @&ncapsidation of the viral
progeny, while the DNA-B contains genes responsibidrima- and intercellular movement
(Brown et al., 2012). Begomoviruses are among the most damagitigpgens infecting
cultivated plants worldwide (Legg & Fauquet, 2004; Mora8eg\nderson, 2001; Navas-
Castilloet al., 2011; Varma & Malathi, 2003), and specifically limprtoduction of tomatoes,
peppers and legumes in the New World (Morales, 200adN€astilloet al., 2011). In
Brazil, Bean golden mosaic virus (BGMV) has been an important pathogen infecting beans
(Phaseolus spp.) since the 1970s (Costa, 1976; Faria & Maxwl€lf9; Gilbertsoret al.,
1991b), causing yield losses between 40 to 100% (Mora0$5). Despite its economic and
social importance, few studies have focused on BGM& @ther begomovirus populations
infecting these crops (Faria & Maxwell, 1999; Limiaal., 2013). Other begomovirus species,
such asMacroptilium yellow spot virus (MaY SV) andSida micrantha mosaic virus (SimMV),
have been reported naturally infecting common beannandcultivated legume hosts, but
there is no information about their epidemiological impaceafor bean crops in Brazil.

Wild/non-cultivated plants from different botanical familigen sustain a high species

diversity of begomoviruses (Castillo-Urquieaal., 2008; Fiallo-Oliveet al., 2012; Garcia-
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Andréset al., 2006; Silvaet al., 2012; Tavarest al., 2012; Wyangt al., 2011), and can play
an important epidemiological role serving as alternate/reseihosts, preventing local
extinctions of the virus when the cultivated host is ab@&labi et al., 2008; Barbosat al .,
2009; Rochaet al., 2013). In these cases, whiteflies transmitting benpomses between
cultivated and non-cultivated hosts contribute to virus evariuaind disease epidemics (Alabi
et al., 2008; Power, 2000). Additionally, mixed infections @hijfferent begomoviruses are
common in wild hosts (Alabét al., 2008; Garcia-Andréa al., 2006; Mondeet al., 2010),
facilitating recombination among distantly related beguinuses. Recombination is an
important evolutionary mechanism in begomoviruses (Lefeetvat, 2009; Lefeuvreet al.,
2007b; Limaet al., 2013; Martinet al., 2011; Martinet al., 2005), and was associated with
higher genetic variability found in begomoviruses popateti infecting primarily non-
cultivated hosts (Limat al., 2013).

We have carried out a large-scale study to obtain nmémemation about the genetic
structure and factors shaping genetic variability in beganm®yopulations infecting legume
hosts in Brazil. Foliar samples of common be@nwvlgaris), lima bean . lunatus) and of
the weedMacroptilium lathyroides (located near common bean or lima bean fields) were
collected over an eight-year period from different segiwhere the begomoviruses MaYSV
and BGMV were previously reported infecting cultivatedd/or non-cultivated hosts
(Gilbertsonet al., 1991a; Limaet al., 2013; Silvaet al., 2012; Wyantet al., 2012). We
hypothesized that non-cultivated hosts, which are monetgally variable, would harbor
more genetically variable virus sequences, wheredivatgld hosts would select for fewer
haplotypes. Instead, we found that the presumed geraiability of the host did not affect
viral sequence variability. Our results corroborateviores studies indicating high genetic
variability in MaYSV populations due to interspecific redanation (Limaet al., 2013; Silva
et al., 2012) and low genetic variability in BGMV populatio(Baria & Maxwell, 1999).

Nevertheless, MaYSV and BGMV showed different biogapgical patterns, and the genetic
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structure of BGMV populations was strongly shaped bygggphy and host, while that of

MaYSV populations was not.

Results

A total of 515 plant samples (300 common bean, 1lffa lbean and 100/.
lathyroides) were collected. From these samples, 212 full-lerigA-A components were
cloned and sequenced (each component was sequencethdividual samples; Suppl. Table
S1).

Using pairwise comparisons of the DNA-A sequences tned>89% nucleotide
identity criterion established b@eminiviridae Study Group of the ICTV (Browmt al.,
2012), the 212 isolates were assigned to four diffetsegomovirus species: BGMV,
MaYSV, Macroptilium yellow vein virus (MaYVV) and Soybean chlorotic spot virus
(SoCSV). The nucleotide identity percentage ranfredn 89%-100% between isolates
belonging to the same species and 79%-90% between ssbkitenging to different species.
The higher than expected identity of 90% betweetisg was only found for certain isolates
of MaYSV and SoCSV (data not shown), but SoCSV isterg@l parent of a recombination
event within MaYSV (see below).

A total of 152 BGMV and 99 MaYSYV full-length DNA-A sagnces were analyzed.
The MaYSV dataset contained 55 sequences previouslished!(Limaet al., 2013; Silvaet
al., 2012) plus 44 new sequences described here, lenG&MV dataset contained five
sequences previously published (Fernaredes., 2009; Gilbertsoret al., 1991a; Silveet al .,
2012) plus 147 new sequences described here (Stlipples S1 and S2). Additional
representative sequences of other begomovirus sp&oms Brazil were retrieved from

GenBank for comparative analysis (Suppl. Table S2).
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The prevalence of begomoviruses in leguminous hosts in Brazl shifts temporally and
spatially

MaYSV was cloned from the three host species, but veamdf only in the
northeastern region (states of Alagoas, AL, and Ser@jt). MaYSV is known to naturally
infect non-cultivated plantsV{. lathyroides, Calopogonium mucunoides andCanavalia sp.) as
well as common bean (Lime al., 2013; Silvaet al., 2012). Our results extend its natural
host range to include the cultivat®d lunatus. BGMV was cloned from lima bean in AL,
common bean in the central region (states of Minagi§eMG, Goias, GO, and the Federal
District, DF), andM. lathyroides in MG. SoCSV was found iM. lathyroides samples from
MG and MaYVV was only isolated fromd. lathyroides plants adjacent to a lima bean field in
AL (Suppl. Table S1).

The diversity of begomoviruses infectify lunatus in the northeast was different
between our sampling times. In 2005, only BGMV isdatgere obtained from this host in
AL and Pernambuco (PE), but in 2011, nearly a thirthe clones obtained frof. lunatus
were assigned as MaYSV. In two surveys in 2011 (thidystund Limaet al., 2013), MaYSV
was the begomovirus most frequently cloned from legurosts in AL (87 of 146 clones
obtained), while BGMV and MaYVV were less prevale#i (and 18 clones, respectively).
These results highlight the rapid emergence of MaYS¥gume crops in AL, where it is

now the prevalent begomovirus.

MaYSV populations are more variable than BGMV populations

The genetic variability of MaYSV was evenly distribdi@mong isolates infecting the
different hosts, and was similar to the variability calculdtedall isolates (Table 1). Among
the different BGMV subpopulations from each of theee hosts, isolates infecting lima bean
were slightly more variable than those from otheit$iadespite a smaller population size than

isolates from common bean (Table 1). The geneticabdity calculated for all BGMV
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isolates was higher than that for each individual sublptipn (Table 1). The MaYSV Rep
gene was four times more variable than its CP geabléT1), and the MaYSV population
showed greater genetic variability than the BGMV gdapans, especially in the Rep gene

(Table 1).

Recombination is very common in MaYSV but not in BGMV

To investigate putative recombination events, full-lari@NA-A genomes of MaYSV
and BGMV were analyzed using the RDP3 package €rapl For MaYSV, a complex
pattern of recombination was found, with seven uniguents. Six events had putative
breakpoints in the Rep gene and the common regi@hpaly one event was in the CP gene
(Table 2). In contrast, only two putative recombinageants were detected in BGMV (Table
2). These events were restricted to isolates infecting b@an from AL, where almost all
isolates differed from other BGMV isolates by a recorabtrregion with breakpoints in the
Rep and CP genes, and where one isolate (BR:AtaR@bp recombinant region in its CP
gene and the common region (Table 2).

The effect of recombination in the CP and Rep genasweaialized using neighbor-
net analysis. The networks included MaYSV, BGMV and otlegomoviruses that showed
greatest nucleotide identity to putative recombinantoregdetected in MaYSV and BGMV
by RDP3 analysis (Table S2). In the MaYSV CP datasstlates BR:Bas1:09 and
BR:Mac1:10 may also be recombinant, with another begoosdonating sequence to their
common ancestor (Fig. 1a). The network of MaYSV Regusnces confirmed the complex
pattern of recombination detected by RDP3 (both intret iater-species events; Fig. 1b).
Isolates in Cluster | were closely relatedSida ydlow blotch virus (SiYBV) andSda mosaic
Alagoas virus (SIMAIV, obtained fromSida sp.), isolates in Cluster Il to SoCSV, and those in
Cluster Il toBlainvillea yellow spot virus (BIYSV, from Blainvillea rhomboidea) (Fig. 1b).

Recombination was also suggested in the BGMV datadbtst at a lower degree (Fig. 2).
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The M. lathyroides-infecting BGMV isolates BR:Car3:10 and BR:Car4:10 from #ere
more closely placed to other begomovirus specietienGP network compared to the Rep
network (Fig. 2). Similarly, the lima bean-infectinglstes BR:Ata2:05, BR:Rec1:05 and
BR:Rec2:05 were located away from the main BGMV clusterboth the CP and Rep
networks (Fig. 2).

Full-length DNA-A datasets including the begomoviruscggeused in the neighbor-
net analysis were checked for recombination using RIF®B MaYSV, the event involving
isolates in Cluster | had as putative minor parents SiBY SiIMAIV, and the single event
involving the CP gene had as putative minor pardiosato interveinal chlorosis virus
(TolCV) and Macroptilium yellow net virus (MaYNV) (data not shown). For BGMV, both
events represent intra-species recombination, withrdifteBGMYV isolates identified as the

putative parents (data not shown).

BGMYV but not MaYSV populations show genetic structuring by geography and host

The MaYSV CP and Rep ML phylogenetic trees are nogmemt (Fig. 3). The Rep
tree has four well-supported clades that are notwvedah the CP tree. In both trees there is
no evidence for structuring by location or host specs each clade includes isolates from
different hosts and/or locations (Fig. 3). These resudt® confirmed by subdivision analysis
based on full-length DNA-A sequencessilss=0.0223; Kyiocatior=0.0794), which indicates
that putative subpopulations have little genetic diffeation.

The BGMV CP and Rep ML phylogenetic trees are simikg.(4), with strong
evidence for population structuring both by locatiod &ost plant. Both trees showed three
main clades, with isolates from AL (primarily from linleean) being a separate population
from MG, GO and DF (common bean) and MG (non-cuigdaplants). Isolates from
Florestal (MG) formed a sister subpopulation to isol&tes Unai (MG), GO and DF (Fig.

4). As Unai is closer to fields located in the neighbostate of GO €.g., 85 km from
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Cristalina, GO and 470 km from Florestal, MG), gepgieal proximity can explain the
clustering observed in the phylogenetic trees. Twaaiesl (BR:Rec1:05 and BR:Rec2:05)
from Recife (PE) clustered with MG isolates, suggestirgt there has been migration
between these states (Fig. 4). Based garfalysis for full-length DNA-A sequences, BGMV
showed strong genetic differentiation between subpopuofatisolated from different

hosts/locations dhost/iocatior 0.8667).

Purifying selection predominatesin BGMV and MaYSV populations

To investigate the extent in which selection pressureg Isémaped the standing
genetic variability in MaYSV and BGMV populations, CPdaRep datasets were analyzed
using different maximum likelihood-based methods. Subjabipuns were analyzed separately
to minimize the impact of recombination on the resuMsst datasets showaetd}/ds mean
ratios smaller than 1 (Table 3), indicating negativecs®n. Although neutral evolution may
be occurring in the BGMV Rep infectirgacroptilium (dv/ds =1.0), this analysis contained
only four distinct sequences, and a larger datasetsngede analyzed before definitive
conclusions can be drawn.

A higher number of sites were under statistically detéetabgative selection than
positive selection in both MaYSV and BGMV populationgr Fexample, using the FEL
method on the MaYSV CP dataset, only three sites (142,ahf3250) were identified as
under positive selection (with site 250 also detedtgdSLAC), while 72 sites were under
negative selection (Suppl. Table S3). A few sitedeunrpositive selection were detected in
MaYSV Rep datasets. In clusters I, Il and Ill, one,amxl two sites were detected by REL,
REL and FEL, respectively (Suppl. Table S3). In theMBGCP gene, seven sites under
positive selection were identified in the population atifeg P. vulgaris (Suppl. Table S3). A
larger number of sites under positive selection werectégtein the small (only four

haplotypes)Macroptiliumrinfecting BGMV dataset: 28 sites were under positiiection,
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with only two sites under negative selection (Supppble S3). PARRIS did not identify any
sites under positive selection in any of the datasedyzed, emphasizing that negative

selection is the most important selective force actingn@®MV and MaYSV populations.

Discussion

The species diversity of begomoviruses has beemyged extensively (Ala-Poikekt
al., 2005; Albuquerquet al., 2012; Bullet al., 2006; Castillo-Urquizat al., 2008; Fernandes
et al., 2009; Garcia-Andrést al., 2006; Lozanat al., 2009; Ndungurt al., 2005; Reddt
al., 2005; Ribeircet al., 2003; Rothensteid al., 2006; Sserubombweat al., 2008; Tavarest
al., 2012), and some studies have investigated the gestaiicture of viral populations in
cultivated and non-cultivated hosts in different geographiegions (Geet al., 2007;
Gonzélez-Aguilerat al., 2012; Limaet al., 2013; Rochat al., 2013; Silvaet al., 2012; Silva
et al., 2011). Strikingly, in spite of its great economic omance as the most damaging viral
pathogen of bean crops in South America (Morales,6R0fAo studies on the genetic
variability of BGMV have been conducted since Faria &dMell (1999) analyzed 20 partial
DNA-A sequences. The need to properly assess su@biigy is highlighted by the recent
approval of a genetically-modified BGMV-resistant coombean by the Brazilian National
Biosafety Commission (http://www.ctnbio.gov.br/index.plomtent/view/16526.html) in
which resistance is due to RNA silencing (Bonf@nal., 2007), a process which is highly
sequence-specific (Raj al., 2010). Our study of 272 full-length DNA-A begomovirus
sequences across Brazil found no effect of genetakdgraund of the host species on
molecular variability of begomovirus populations, conganthe high genetic variability in
MaYSV populations, and detected large differences betvB@MV populations infecting
each of three leguminous hosts.

BGMV was the predominant begomovirus species fourfdcting lima bean in

northeastern Brazil in 2005, but comprised a minoritysofates sampled in this region in
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2011. Instead, MaYSV was the main begomovirus infectiggrtees in 2011 in AL, but was
not present in the central region, where BGMV was stél/alent. MaYSV was reported for
the first time infecting non-cultivated legumes in thetineast in 2010 (Silvat al., 2012),
common bean in AL in 2011 (Limat al., 2013) and now naturally infecting another
cultivated hostpP. lunatus (this work). The absence of MaYSV in samples froi32@ould
be related to the cloning method used at that time, whiah biased for previously known
sequences. However, a study using cloning-independentunbiased) pyro-sequencing of
cultivated and non-cultivated legume samples collected i8328nd 2004 in three
northeastern states (AL, PE and Bahia), also did riettithe presence of MaYSV (Wyaait
al., 2012). Our combined results provide strong eviddoc the recent emergence of MaYSV
as an important agricultural pathogen, for a rapicaagn of its host range and for its swift
spread throughout northeastern Brazil. Interestingly, BNi'¥eems to be replacing BGMV as
the dominant begomovirus infecting the economically irrggd common bean and lima bean
crops in AL. If the trends in AL hold for other regiomsBrazil, monitoring the spread of
MaYSV would be critical to guarantee the success GM¥/-resistant transgenic common
bean.

High genetic variability in begomovirus populations itileg different non-cultivated
hosts has been reported (Lirtaal., 2013; Rochat al., 2013; Silvaet al., 2012; Silvaet al.,
2011). Conversely, begomovirus populations infectinijvaied hosts seem to have lower
variability (Faria & Maxwell, 1999; Gonzalez-Aguileenal., 2012; Limaet al., 2013; Rocha
et al., 2013). Here, we found that viral sequence variabiig similar in one non-cultivated
and two cultivated hosts for both BGMV and MaYSV. Ouutesson BGMV, based on 152
full-length DNA-A sequences, are in agreement witri& & Maxwell (1999). We found
little genetic variability in common bean-infecting BGMV iatds, while the lima bean-
infecting population, which showed evidence of recmaiion, was slightly more variable.

The variability in MaYSV populations observed here wiasilar to previous reports (Limet
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al., 2013; Silvaet al., 2012), but when compared to other begomovirus epeMaYSV was
2.5 times more variable than the next most variablgomovirus reported in Brazil, BIYSV
(Gonzalez-Aguilerat al., 2012; Rochat al., 2013; Silvaet al., 2011). We found additional
begomovirus species infectirlg. lathyroides, consistent with previously published reports
where this host sustains a high species diversity ofrhegiouses (Silvat al., 2012).

Recombination is very common and important for the gamere of different
geminiviruses, and occurs within species, between spao@sacross genera in the family
(Garcia-Andrést al., 2007a; Garcia-André al., 2007b; Lefeuvret al., 2009; Lefeuvrest
al., 2007b; Monckt al., 2002; Padidarset al., 1999; Pitaet al., 2001; Schnippenkoettet al .,
2001; Tiendrebeoget al., 2012; Umahara#t al., 1998). Different studies have shown that it
is also an important evolutionary mechanism acting withgobevirus populations in Brazil
(Lima et al., 2013; Rochat al., 2013; Silvaet al., 2012; Silvaet al., 2011), with detectable
events of recombination occurring in regular, nomdiam regions in the genome (Lireigal .,
2013; Rochat al., 2013).

A complex recombination pattern was found in MaYSV.eThore variable
populations all showed evidence of recombinatieg.,(the frequently recombinant Rep gene
in MaYSV), suggesting that recombination could, intpaxplain the higher genetic
variability found in MaYSV, consistent with previouslylgished reports (Limat al., 2013).
Although we are unable to provide definitive evidenad the parental sequences identified
here are the actual parents, these results providemgsindication that MaYSV evolved
through recombination between begomoviruses infectiigivated and non-cultivated hosts
belonging to different botanical families. Similar resulisrevobserved for tomato-infecting
begomoviruses in Brazil, which are thought to have arfsem interspecies recombination
between begomoviruses infecting non-cultivated hosise{f® et al., 2007; Rocheet al.,
2013). Although some studies indicate that a large nurabeecombinants arising from

events between distantly related genomes are defeciivprabably would be removed from
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the population by selection (Liet al., 1999; Martinet al., 2005), our results continue to
emphasize the importance of recombination for micrbgm and macroevolution of
agronomically important begomoviruses.

MaYSYV isolates with detectable recombination in the Rapegvere found in all three
hosts studied, but isolates with recombination in theegidn were only found twice, both in
M. lathyroides in 2010. The lack of spread of CP recombinantsdcbalevidence that they
suffer a greater fitness cost than Rep recombin8etgeral studies have shown that selection
pressure is an important factor determining which recomksnsurvive in viral populations
(Lefeuvreet al., 2007a; Martiret al., 2011; Rokyta & Wichman, 2009; Simon-Loriesteal .,
2009), and purifying selection is strongest in the CP gérieegomoviruses (Lefeuvee al.,
2009). Interestingly, recombination seems infrequent sefected against in BGMV
populations, and the few putative events detected here mgstricted to isolates located in
AL.

The genetic structure of begomovirus populations iserdened by mutation,
recombination and the interplay between adaptation tospegies and vector biotypes, and is
influenced by the geographic distribution of the hogstors and other begomoviruses (Lima
et al., 2013; Navas-Castill@t al., 2011; Rocheet al., 2013). Recently, phylogeographic
segregation of begomoviruses infecting the same croplserved in Brazil, where different
species were prevalent in different tomato-growing arBasl{aet al., 2013). Here, similar
results were observed for BGMYV infecting cultivated and-ooltivated legume hosts.

MaYSV populations were not neatly subdivided accordmdnost or sampled area,
providing strong evidence of migration among fieldhiede phylogenetic results were
confirmed by extremely low fvalues. In contrast, evidence of structuring by bott had
geography was found for BGMV populations. Howevelatesl isolates were found infecting
both lima bean ani. lathyroidesin AL (Silva et al., 2012), and infecting common bean and

M. lathyroides in MG, which indicate that this segregation is not &iiso Furthermore, while
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there appears to have been migration between fietédédd in PE and MG, BGMV isolates in
northeastern and central Brazil cannot be consideredrprese one unified population.

The contrasting population structure between MaYSV a@dIB could be due to the
distances among sampling sites. The MaYSYV isolatesegr@rated by a maximum of 240 km
(Santana do Ipanema, AL and Barra de Santana, PBRallbout one isolate (BR:Bas1:10)
were sampled no more than 105 km apart. BGMV wastsdlwithin MG from fields 470
km apart (Unai and Florestal), and the maximum distaeteeen sampling sites was 1425
km (Cristalina, GO and Arapiraca, AL). Over this largeza, we observed clustering between
isolates collected at closer locations, such as isdiatesUnai (MG) forming one population
with isolates from GO and DF, whose sampling sites werenore than 85 km away. The
observed lack of population structure for MaYSV maydoe to sampling in a smaller region
than BGMYV, and that substructure could appear ovgetatistances.

Incidentally, our results could impact the implementatioh BGMV-resistant
transgenic common bean in Brazil. As this resistasibased on the highly sequence-specific
mechanism of RNA silencing (Bonfiet al., 2007), the effectiveness of transgenic cultivars
must be assessed against the genetic variation in BGM\b#rer common bean-infecting
begomoviruses present in Brazil. In particular, in AL wehéhe highly variable MaYSV is
widespread and efficiently infects common bean, tleeafshis cultivar may fail to control
the losses due to begomoviruses. Fortunately, MaYe&hs to be currently restricted to a
small part of northeastern Brazil, and efforts couldrzgle to contain its spread into other
regions. The far less variable BGMV found in the maieas growing common bean in
central Brazil provides hope that the RNAI resistancg beadurable under field conditions.

Purifying selection was the dominant force acting on BGdhd MaYSV CP and
Rep genes, in agreement with most begomovirus studiasci@GAndréset al., 2007a;
Gonzélez-Aguilerat al., 2012; Limaet al., 2013; Rochat al., 2013; Sanzt al., 1999; Silva

et al., 2012; Silvaet al., 2011). Positive selection was infrequently observed, iarboth
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species some selected sites in the CP are associatenhseith transmissiore@., sites 123
for BGMV and 142 for MaYSV). The region between amamads 123 and 152 is involved in
virion assembly, systemic infection and insect transmilggiin monopartite begomoviruses
(Caciagli et al., 2009; Noriset al., 1998) and with vector transmission in bipartite
begomoviruses (Hohnkt al., 2001; Kheyr-Pouet al., 2000). Despite the long length of this
transmission-determining region (compared to the esencmotif conferring aphid
transmission in potyviruses; James & Bryce, 20063ngks in only one (Kheyr-Poet al.,
2000) or two (Hohnlet al., 2001; Noriset al., 1998) amino acids in this region will prevent
whitefly transmission. Therefore, these positively-steld sites may be improving whitefly
transmission in these begomovirus populations.

Although the N-terminal region in MaYSV Rep is knotenbe highly recombinant
(and highly variable), the few sites we identified toumgler positive selection were mostly
located in the C-terminal region. Previously identifigtess under positive selection in
MaYSV Rep were hypothesized to be spurious resultstaluecombination events (Linmet
al., 2013), which is corroborated by our subpopulatiogesr results. Interestingly, neutral
evolution was observed in BGMV Repo (= 1.0) in the subpopulation infectiniyl.
lathyroides. These results provide additional evidence that highentide variability in the
N-terminal portion of the Rep gened., the MaYSV population) is accompanied by strong
purifying selection that preserves the amino acid setpieThe Rep N-terminal region in
geminiviruses includes conserved motifs essential fdingstircle replication (llyina &
Koonin, 1992; Koonin & llyina, 1992; Nash al., 2011). Conservation of the integrity of
these elements is critical for successful infectionesycdespite the variation introduced by
frequent recombination.

We have determined the genetic structure of two legumfeeting begomovirus
populations. BGMV populations are less variable than MAY&es, mostly due to

recombination acting upon MaYSV. BGMV populations asgongly structured by
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geography/host, while MaYSV populations are not. Thessilts suggest that genetic
variability is an intrinsic viral property, rather thammlleable feature that could be affected
by the host (also seen in @eal., 2007). The emergence of the highly variable MaY8V i
Phaseolus spp. could seriously complicate disease managemetitisnmportant crop in

Brazil and other countries in South America.

Methods

Sample collection and storage

Foliar samples with virus-like symptoms such as yelo@saic, leaf curl and stunting
were collected in common bean and lima bean fieldsfiardnt states of Brazil. Lima bean
(P. lunatus) landraces samples were collected in fields in PE 052dhd AL states in 2005
and 2011 (detailed isolation information given in Suppbl@ S1). Common bearP.(
vulgaris, carioca type) samples were collected in fields in AR@11 and in GO and MG
states and in the DF in 2012 (Suppl. Table S1). Mostnmmmbean samples belonged to
cultivar Pérola, except samples from AL, for which caltiwas not determined. Samples of
non-cultivatedM. lathyroides near common bean or lima bean fields were collertedlL
and SE states in 2011 and MG in 2012 (Suppl. TabjeRi each sample collected in 2011
or 2012 the following information was recorded: plantcgge (and cultivar for the common
bean samples), date of collection, GPS coordinateéieo sampling location and a digital
image of the sample at the time of collection. Incompleternmation was available for
samples collected in 2005. Samples were analyzed Wwhsé or were press dried at room

temperature for storage as herbarium-like samplakamatlyzed.
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DNA amplification and cloning

Total DNA was extracted from fresh tissue or herbariike-g4amples as described by
Doyle & Doyle (1987) and used as a template for roltimgle amplification (RCA) of
begomovirus genomes (Inoue-Nagatal., 2004). RCA products were individually cleaved
with BamHI, Clal, Hindlll or Pstl restriction endonucleases and ligated to the pBluescript
KS+ plasmid vector (Stratagene), previously cleaved whi same enzyme. Different
enzymes were used to ensure that no virus was ldftnew because it lacked one or more of
the sites (only ten samples had undigested RCA prodaftes incubation with all four
restriction enzymes). Viral inserts were sequenced cengiaily by primer walking at
Macrogen Inc. All genome sequences were organizeldegpn at the nicking site in the

invariant nonanucleotide at the origin of replicationTBATATT//AC-3").

Seguence comparisons

Full-length begomovirus genomes were assembled) WsadonCode Aligner v. 4.1.1
(www.codoncode.com), and sequences were initiallyyaed with the BLASTH algorithm
(Altschul et al., 1990) and the GenBank non-redundant nucleotide dsgaba
(www.ncbi.nlm.nih.gov/genbank), to determine the lispecies with which they shared
greatest identity. These similar sequences from GenBesle used to assign proper
taxonomy to the novel isolates using the program Sp&wenarcation Tool v. 1.0 (Muhiet

al., 2013).

Multiple sequence alignments and phylogenetic analysis

Multiple sequence alignments were prepared for tifidength DNA-A and for the
CP and Rep coding sequences of each viral specieg e MUSCLE algorithm (Edgar,
2004) and manually adjusted using Se-Al v. 2.0alge(tio.ed.ac.uk/software/seal/).

Maximum Likelihood (ML) trees were inferred for CP aR&p sequences using RAXML
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v. 7.0.3 (bioinformatics.oxfordjournals.org/content/222888.long), assuming a general time
reversible nucleotide substitution model with a gammaehotirate heterogeneity. The CP
and Rep genes were chosen for analysis becaubeipessential role for insect transmission
and viral replication, therefore being subject to strist@nability constraints (Rojast al.,
2005). Additionally, they encompass ~70% of the fullggn DNA-A genome. The
robustness of each individual branch was estimated 8000 bootstrap replicates. Trees
were visualized and edited using FigTree (tree.biacedk/software/figtree) and Adobe

Illustrator.

Genetic structure and variability indices

Partitioning of genetic variability and inferences aboupyation structure were
based on Wright's F fixation index (Wright, 1951) caledatusing DnaSP v. 5.10 (Rozs
al., 2003). Subpopulations were tested for structure rdowp to host species and
geographical location. The mean pairwise numberno€leotide differences per site
(nucleotide diversity,r) was estimated for each population/subpopulation usingSP

v. 5.10 (Rozast al., 2003).

Recombination analysis

Possible parental sequences and recombination bietkp@re determined using the
rdp, Geneconv, Bootscan, Maximum Chi Square, Chima®isterScan and 3Seq methods
implemented in Recombination Detection Program (RDPB.44 (Martinet al., 2010).
Alignments were scanned with default settings for the reiffe methods and statistical
significance was inferred by B-value lower than a Bonferroni-corrected cut-off 003
Only recombination events detected by at least threereiff methods were considered to be
reliable. Putatively recombinant portions of genomesevtASTed against the GenBank

non-redundant nucleotide database to identify additispaties that may have served as
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parental sequences. These were added to the dataseidditional analysis (Suppl. Table
S2). Evidence of non-tree-like evolution was asse$sedCP and Rep datasets using the
Neighbor-Net method (Bryant & Moulton, 2004) implemenite&plitsTree v. 4.10 (Huson &

Bryant, 2006). Images of networks were edited using &distrator.

Detection of positive and negative selection at amino acid sites

To detect sites under positive and negative selecterCth and Rep datasets were
analyzed using four different ML-based methods avaalainl the DataMonkey server
(www.datamonkey.org): Single-Likelihood Ancestor Countif®LAC), Fixed-Effect
Likelihood (FEL), Random-Effect Likelihood (REL) and R@ohing for Robust Inference of
Selection (PARRIS) (Kosakovsky-Pond & Frost, 2005he3fter et al., 2006). To avoid
spurious selection results caused by recombinatiffeyeht predominantly non-recombinant
clusters of sequences were defined based on phgtgeand recombination analyses. The
SLAC method was also used to estimate the mearsratinoon-synonymous to Ssynonymous
substitutions dv/ds) based on the inferred Genetic Algorithm RecombamatDetection
(GARD) (Kosakovsky-Pond & Frost, 2005) phylogenetiee8. A general time reversible
nucleotide substitution model was assumed, and Bfaygsrs larger than 50 andPRavalue

smaller than 0.1 were used as significance thresholdeddREL and FEL methods.
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Table 1. Genetic variability of the begomoviruses BGMV and MaY 8Wecting three

distinct leguminous hosts.

DNA-A 7* (SD)t

CP & (SD)

Rep= (SD)

Population No. of
sequences

BGMV (Total) 147
BGMV (Common bean) 75

BGMYV (Lima bean) 59

BGMV (Macroptilium) 13

MaYSV (Total) 99

MaYSV (Common bean) 50
MaYSV (Lima bean) 21

MaYSV (Macroptilium) 28

0.0489 (+0.0015)
0.0067 (+0.0002)
0.0153 (+0.0039)
0.0018 (+0.0005)

0.0627 (+0.0021)
0.0622 (+0.0032)
0.0590 (+0.0062)
0.0662 (+0.0037)

0.0442 (+0.0012)
0.0058 (+0.0002)
0.0117 (+0.0031)
0.0020 (+0.0006)

0.0262 (+0.0020)
0.0224 (+0.0011)
0.0212 (+0.0019)
0.0352 (+0.0056)

0.0371 (x0.0013)
0.0043 (+0.0002)
0.0144 (+0.0036)
0.0009 (+0.0002)

0.1055 (+0.0040)
0.1068 (+0.0065)
0.0976 (+0.0119)
0.1037 (+0.0078)

* Pairwise, per-site nucleotide diversity.
T Standard deviation.

3¢



Table 2. Putative recombination events detected within the legume-infelsigomoviruses BGMV and MaYSV, based on full-lengthA2A sequences.

Event Recombinant Recombination breakpoints* Parents Methodt P-Valuet
Begin End Minor Major
MaYSV
1 Oaf12:11 2618 1660 Pdi1:10 Unknown  RGBMC3  6.86x10°
Crb3:11 Crb1:11 Unknown
Crb20:11, Crb4:11, Crb7:11, Crb8:11, Crb10:11, Grit1, Crb14:11, Crb16:11,
Oafl:11, Oaf2:11, Oaf3:11, Oaf4:11, Oaf5:11, Oaf7@af8:11, Oafl10:11, Oafll:11,
Oaf26:11, Oaf29:11, Oafl4:11, Oafl6:11, Oaf28:14f1@:11, Oaf20:11, Oaf21:11,
Oaf22:11, Oaf27:11, Oaf23:11, Oaf24:11, Oaf25:1R: 81, Sti3:11, Sti5:11, Crb2:11 Unknown
Sti35:11, Sti6:11, Sti7:11, Sti8:11, Sti9:11, StillD Sti11:11, Sti12:11, Stil4:11,
Stil7:11, Sti18:11, Sti19:11, Sti20:11, Sti21:12&11, Sti23:11, Sti24:11, Sti25:11,
Sti26:11, Sti28:11, Sti31:11, Sti30:11, Sti32:18tB10, Pirl:10, Inp1:10
2 Sti37:11 44 2039 Oaf6:11  Unknown RBMCS  5.03x10
Oaf21:11 Oaf9:11 Unknown
3 0af19:1: (174" 201¢ Sti11:17 Pdi1:1( RGBMCS3  4.46x1(%
Oaf6:11 Crb3:11 Crb1:11
Oaf9:11 Crb20:11 Crb2:11
Sti33:11 Crb4:11 Crb5:11
4 Oafl1:1: 197¢ 2157 Unknowr  Oaf5:11  RGBMCS3  1.88x1(*
Oaf7:11 Unknown Crb3:11
Oaf8:11 Unknown Crb20:11
0Oaf10:11 Unknown Crb4:11
Oaf29:1: Unknowr Crb7:11
Oafl2:11 Unknown Crb8:11
Oafl4:11 Unknown Crb10:11
Oaf22:11 Unknown Crb13:11
Oaf25:1: Unknowr Crb14:1:
Sti2:11 Unknown Crb16:11
Stil7:11 Unknown Oafl:11
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Sti19:11
Sti20:11
Sti30:11

5 0af29:11 (?)1661

Oaf7:11
Oaf8:11, Oafl10:11, Oafll:11, Oafl2:11, Oafl4:11f2@41, Sti2:11, Sti20:11,
Sti30:11

6 Mac1:10 335
Bas1:09

7 Oaf28:1: 238¢

Crb3:11
Crb20:11
Crb4:11
Crb7:11

Crb8:11
Crb10:11
Crb13:11
Crb14:1:
Crb16:11

Oafl:11
0af2:11, Oaf3:11, Oaf4:11, Oaf5:11, Oaf26:11, Odf160af17:11, Oaf20:11,
Oaf21:11, Oaf23:11, Oaf24:11, Oaf27:11, Sti3:115:$1, Sti35:11, Sti6:11, Sti7:11,
Sti8:11, Sti9:11, Sti10:11, Sti11:11, Sti12:11]18til 1, Sti18:11, Sti21:11, Sti22:11,
Sti37:11, Sti23:11, Sti24:11, Sti25:11, Sti26:1128:11, Sti31:11, Sti32:11, Bat1:10,
Pir1:10, Inp1:10

BGMV
1 Ata2:05 504

(?)1974

955

(?)261;
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Unknown
Unknowr

Unknown

Crb10:11
Crb3:1:
Crb20:11

Unknown

Unknown

Unknowr
Unknown
Unknown
Unknown
Unknowr
Unknown
Unknown
Unknown
Unknowr
Unknown

Unknown

Unknown

Par:28:12

Oaf2:11
Oaf3:11
Oaf4:11

Oaf25:11
Sti17:11
Sti19:11

Ced1:09
Sti34:11

Oafll:1:
Oaf7:11
Oaf8:11
Oafl0:11

Oaf29:1:
Oafl2:11
Oaf22:11
Oaf25:11
Sti2:11
Stil7:11
Sti19:11

Sti20:11

Atal:05

RGE3

GBME&3

GMCS

RGBME&3

7.78x10°

1.72x10"

2.99x1(%

2.34x10°
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2 Vis9:11 410 1115 Rec1:05 Car4:10
Vis1:11, Vis3:11, Vis5:11, Vis6:11, Vis7:11, Vis&1Vis10:11, Vis11:11, Vis12:11,
Vis13:11, Visl14:11, Pail:11, Pai2:11, Pai3:11, B4di4Pai5:11, Pai6:11, Pai7:11,
Pai8:11, Pai9:11, Pail0:11, Paill:11, Pail2:111 341, Pail4:11, Pail5:11,
Pail6:11, Pail7:11, Murl:11, Mur6:11, Mur7:11, MarB Mur9:11, Murl0:11, Rec2:11 Car3:10
Mur2:11, Mur3:11, Murl1:11, Murl12:11, Mur4:11, Mut3, Arp1:05, Etal:05,
Vic:05, Cnol:05, Cno2:05, Bel:05, Mrb:05, Mac:05aw05, Pja:05, Atal:05, Unp:05,
Stm1:05, Chp:05, Rla:05, Mac2:10

RGBMGS

1.87x10%

* Numbering starts at the first nucleotide after the cleagitgeat the origin of replication and increases clockwi®e.breakpoint could not be precisely pinpointed.

T R, RDP; G, GeneConv; B, Bootscan; M, MaxChi; C, Chan8, SisScan; 3, 3SEQ.
T The reportedP values are for the method indicated in red, and theyharlwvestP values calculated for the region in question.
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Table 3. Mean values of non-synonymous to synonymous substituatios ¢Iy/ds) for the

subpopulation-specific CP and Rep genes of BGMVMay'SV.

Dataset: dn/ds
BGMV CP (P. wlgaris) 0.0936
BGMV CP (M. lathyroides) 0.484¢
BGMV CP (P. lunatus) 0.1207
BGMV Rep (P. wulgaris) 0.354:
BGMV Rep M. lathyroides) 1.0000
BGMV Rep (P. lunatus) 0.207:
MaYSV CP 0.0919
MaYSV Rep CI 0.175:
MaYSV Rep ClI 0.1725
MaYSV Rep CllI 0.242;
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Figure legends

Fig. 1. Neighbor-Net network based on C& &nd Replf) nucleotide sequences of MaYSV
and selected begomoviruses from Brazil. Isolates fRhwaseolus vulgaris are indicated in

black, fromPhaseolus lunatus in red, and fronMacroptilium lathyroides in blue.

Fig. 2. Neighbor-Net network based on C& &nd Rep i) nucleotide sequences of BGMV
and selected begomoviruses from Brazil. Isolates fRhwawseolus vulgaris are indicated in

black, fromPhaseolus lunatus in red, and fronMacroptilium lathyroides in blue.

Fig. 3. Midpoint-rooted maximume-likelihood trees based on @Pand Rep i§) nucleotide
sequences of MaYSV isolates froRhaseolus vulgaris (indicated in black),Phaseolus
lunatus (red) andMacroptilium lathyroides (blue). Nodes with bootstrap values higher than
50% and lower than 80% are indicated by empty cirdes those with values equal to or
higher than 80% by filled circles. Isolates with ideatinames (first three letters) were

collected at the same location.

Fig. 4. Midpoint-rooted maximum-likelihood trees based on @Papnd Rep i§) nucleotide
sequences of BGMYV isolates fromaseolus vulgaris (indicated in black)Phaseolus lunatus
(red) andMacroptilium lathyroides (blue). An isolate infectinglycine max is indicated in
orange. Nodes with bootstrap values higher than 508dawer than 80% are indicated by
empty circles, and those with values equal to orédrighan 80% by filled circles. Isolates

with identical names (first three letters) were colldaethe same location.
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Figure 2

.01

Mac2_10

Ata2_05

Card_10
— Car3_10

MaYSV_KC004130
ToSRV_JX415196

/ T BIYSV_KC706519

I
\\ ToRMV_AF291705

MaYNV_JN418998

MaYVV_JN419021
Rec1_05
Rec2_05

M88686

47



Reci 05

Ata2_05 Rec2_05

ToRMV_AF291705
ToSRV_JX415196

MaYNV_JN418998

MaYSV_KC004130

BIYSV_KC7068519

Atal_05

Car3_10
Cars 10 Mac2_10 4

MaYVV_JN418021

48



Figure 3
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Figure 4
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Suppl. Table S1.Begomovirus sequences reported in this work.

Sample Geographical coordinates Viral species/Acronym Genank Isolate Host Location Date
code access #
282SE S10°15'00” W36°53'00"  Macroptilium yellow spot virusMaYSV BR:Ced2:11 Macroptilium lathyroides Cedro de Sao Joédo, SE July, 2011
291SE S10°15'00” W36°53'00" MaYSV BR:Ced3:11 Macroptilium lathyroides Cedro de Sao Jodo, SE July, 2011
304SE S10°15’00” W36°53’'00” MaYSV BR:Ced4:11 Macroptilium lathyroides Cedro de Séo Joao, SE July, 2011
21AL S09°40'39.3 W036°46'38.8° MaYSV BR:Crb20:1: Phaseolus vulgaris Craibas, Al July, 201:
85AL S09°32'28.8" WO037°17'28.3" MaYSV BR:0af26:11 Phaseolus vulgaris Olho D'agua das Flores, AL July, 2011
61AL S09°32'26.9” WO037°17°'17.6" MaYSV BR:Oaf27:11 Macroptilium lathyroides Olho D'agua das Flores, AL July, 2011
46AL S09°32'27.8  WO037°17'22.1 MaYSV BR:0Oaf28:1: Macroptilium lathyroides Olho Dagua das Flores, #  July, 201:
87AL S09°32'28.7" WO037°17°'28.0" MaYSV BR:0af29:11 Phaseolus vulgaris Olho D'agua das Flores, AL July, 2011
98AL S09°23'24.6" W037°12'47.8" MaYSV BR:Stil:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
112AL S09°23'24.9" WO037°12'47.6° MaYSV BR:Sti10:1: Phaseol us lunatus Santana do Ipanema, . July, 201:
113AL S09°23'24.6" W037°12'47.5 MaYSV BR:Sti1l:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
114AL S09°23'24.7" W037°12'47.5" MaYSV BR:Sti12:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
114AL S09°23'24.7 WO037°12'47.5 MaYSV BR:Sti13:1: Phaseol us lunatus Santana do Ipanema, . July, 201:
115AL S09°23'24.9 WO037°12'47.6° MaYSV BR:Sti14:1: Phaseol us lunatus Santana do Ipanema, . July, 201:
116AL S09°23'24.9" W037°12'47.6" MaYSV BR:Sti15:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
117AL S09°23'26.1  WO037°12'47.8 MaYSV BR:Sti17:1: Phaseolus vulgaris Santana do Ipanema, . July, 201:
119AL S09°23'26.2" WO037°12'47.8 MaYSV BR:Sti18:1: Phaseolus vulgaris Santana do Ipanema, . July, 201:
119AL S09°23'26.2" W037°12'47.8" MaYSV BR:Sti19:11 Phaseolus vulgaris Santana do Ipanema, AL July, 2011
99AL S09°23'24.7" W037°12'48.0" MaYSV BR:Sti2:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
120AL S09°23'26.2" WO037°12'47.7 MaYSV BR:Sti20:1: Phaseol us vulgaris Santana dipanema, Al July, 201:
121AL S09°23'26.2" WO037°12'47.7" MaYSV BR:Sti21:11 Phaseolus vulgaris Santana do Ipanema, AL July, 2011
122AL S09°23'26.2"  WO037°12'47.7" MaYSV BR:Sti22:11 Phaseolus vulgaris Santana do Ipanema, AL July, 2011
124AL S09°23'27.0 WO037°12'47.5 MaYSV BR:Sti23:1: Phaseolus vulgaris Santana do Ipanema, . July, 201:
125AL S09°23'26.7" WO037°12'47.3" MaYSV BR:Sti24:11 Phaseolus vulgaris Santana do Ipanema, AL July, 2011
127AL S09°23'27.0" W037°12'46.9" MaYSV BR:Sti25:11 Phaseolus vulgaris Santana do Ipanema, AL July, 2011
128AL S09°23'27.0" WO037°12'46.9° MaYSV BR:Sti26:1: Phaseolus vulgaris Santana do Ipanema, . July, 201:
129AL S09°23'27.4” WO037°12'46.7" MaYSV BR:Sti27:11 Phaseolus vulgaris Santana do Ipanema, AL July, 2011
134AL S09°23'26.8" W037°12'48.4" MaYSV BR:Sti28:11 Phaseolus vulgaris Santana do Ipanema, AL July, 2011
152AL S09°23'24.8" W037°12'48.6" MaYSV BR:Sti29:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
100AL S09°23'24.8" W037°12'48.0" MaYSV BR:Sti3:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
154AL S09°23'25.2" W037°12'48.8" MaYSV BR:Sti30:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
135AL S09°23'26.8" W037°12'48.4" MaYSV BR:Sti31:11 Phaseolus vulgaris Santana do Ipanema, AL July, 2011
147AL S09°23'25.3" W037°12'48.5" MaYSV BR:Sti32:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
156AL S09°23'25.4 WO037°12'48.3' MaYSV BR:Sti33:1: Phaseol us lunatus Santana do Ipanema, . July, 201:
97AL S09°23'25.1" WO037°12'46.9" MaYSV BR:Sti34:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
105AL S09°23'24.9" W037°12'48.3" MaYSV BR:Sti35:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
118AL S09°23'26.1  WO037°12'47.8 MaYSV BR:Sti36:1: Phaseol us vulgaris Santana do Ipanema, . July, 201:
123AL S09°23'26.8" W037°12'47.7" MaYSV BR:Sti37:11 Phaseolus vulgaris Santana do Ipanema, AL July, 2011
102AL S09°23'24.9" W037°12'48.0" MaYSV BR:Sti4:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
104AL S09°23'24.8 WO037°12'48.2 MaYSV BR:Sti5:11 Phaseol us lunatus Santana do Ipanema, . July, 201:
107AL S09°23'25.1" W037°12'48.3" MaYSV BR:Sti6:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
108AL S09°23'25.2" W037°12'48.4" MaYSV BR:Sti7:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
109AL S09°23'25.0 WO037°12'48.3 MaYSV BR:Sti8:1] Phaseol us lunatus Santana do Ipanema, . July, 201:
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111AL S09°23'24.9" W037°12'47.5" MaYSV BR:Sti9:11 Phaseol us lunatus Santana do Ipanema, AL July, 2011
1 - - Bean gol den mosai ¢ virusBGMV BR: Arp1:05 Phaseol us lunatus Arapiraca, AL 2005
2 - - BGMV BR: Etal:05 Phaseol us lunatus Estrela de Alagoas, AL 2005
3 - - BGMV BR:Vic:05 Phaseol us lunatus Vigosa, AL 2005
4 - - BGMV BR:Rec1:05 Phaseol us lunatus Recife, PE 2005
4 - - BGMV BR:Rec2:0! Phaseol us lunatus Recife, Pt 200¢
5 - - BGMV BR:Cno1:05 Phaseol us lunatus Coité do Noia, AL 2005
5 - - BGMV BR:Cno2:05 Phaseol us lunatus Coité do Noia, AL 2005
6 - - BGMV BR:Bel:0% Phaseol us lunatus Belém, AL 200¢
7 - - BGMV BR:Mrb:05 Phaseol us lunatus Marimbondo, AL 2005
8 - - BGMV BR:Mac:05 Phaseol us lunatus Maceid, AL 2005
9 - - BGMV BR:Mav:0¢ Phaseol us lunatus Mar Vermelho, Al 200¢
10 - - BGMV BR:Pja:05 Phaseol us lunatus Paulo Jacinto, AL 2005
11 - - BGMV BR:Atal:05 Phaseol us lunatus Atalaia, AL 2005
11 - - BGMV BR:Ata2:0¢ Phaseol us lunatus Atalaia, AL 200¢
12 - - BGMV BR:Unp:0¢ Phaseol us lunatus Unido dos Palmares, 2 200¢
13 - - BGMV BR:Stm1:05 Phaseol us lunatus Santana do Mundau, AL 2005
14 - - BGMV BR:Chp:0: Phaseol us lunatus Ché Preta, Al 200¢
15 - - BGMV BR:Rla:0t Phaseol us lunatus Rio Largo, AL 200¢
1AL S09°19'22.4" W036°19'57.6" BGMV BR:Visl:11 Phaseol us lunatus Vigosa, AL July, 2011
5AL S09°19'22.4" W036°19'57.6" BGMV BR:Vis3:11 Phaseol us lunatus Vigosa, AL July, 2011
6AL S09°19'22.4 W036°19'57.6° BGMV BR:Vis5:11 Phaseol us lunatus Vigosa, AL July, 201:
TAL S09°19'22.4" W036°19'57.6" BGMV BR:Vis6:11 Phaseol us lunatus Vigosa, AL July, 2011
8AL S09°19'22.4" W036°19'57.6" BGMV BR:Vis7:11 Phaseol us lunatus Vigosa, AL July, 2011
9AL S09°19'22.4 W036°19'57.60 BGMV BR:Vis8:11 Phaseol us lunatus Vigosa, AL July, 201:
10AL S09°19'22.4" W036°19'57.6" BGMV BR:Vis9:11 Phaseol us lunatus Vigosa, AL July, 2011
11AL S09°19'22.4" W036°19'57.6" BGMV BR:Vis10:11 Phaseol us lunatus Vigosa, AL July, 2011
12AL S09°19'22.4 W036°19'57.6° BGMV BR:Vis11:1! Phaseol us lunatus Vigosa, AL July, 201:
13AL S09°19'22.4" W036°19'57.6" BGMV BR:Visl12:11 Phaseol us lunatus Vigosa, AL July, 2011
14AL S09°19'22.4" W036°19'57.6" BGMV BR:Vis13:11 Phaseol us lunatus Vigosa, AL July, 2011
15AL S09°19'22.4" W036°19'57.6" BGMV BR:Visl14:11 Phaseol us lunatus Vigosa, AL July, 2011
158AL S09°27'11.3" W036°36'34.3" BGMV BR:Pail:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
159AL S09°27'11.3" W036°36'34.3" BGMV BR:Pai2:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
161AL S09°27'11.3" W036°36'34.3" BGMV BR:Pai3:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
162AL S09°27'11.3" W036°36'34.3" BGMV BR:Pai4:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
163AL S09°27'11.3 W036°36'34.3 BGMV BR:Pai5:1: Phaseol us lunatus Palmeira dosndios, AL July, 201:
164AL S09°27'11.3" W036°36'34.3" BGMV BR:Pai6:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
165AL S09°27'11.3" W036°36'34.3" BGMV BR:Pai7:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
166AL S09°27'11.3 W036°36'34.3 BGMV BR:Pai8:1: Phaseol us lunatus Palmeira dosndios, AL July, 201:
167AL S09°27'11.3" W036°36'34.3" BGMV BR:Pai9:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
168AL S09°27'11.3" W036°36'34.3" BGMV BR:Pail0:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
169AL S09°27'11.3 W036°36'34.3 BGMV BR:Paill:1 Phaseol us lunatus Palmeira doindios, AL July, 201:
170AL S09°27'11.3" W036°36'34.3" BGMV BR:Pail2:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
173AL S09°27'11.3" W036°36'34.3" BGMV BR:Pail3:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
174AL S09°27'11.3 W036°36'34.3 BGMV BR:Pail4:1 Phaseol us lunatus Palmeira dosndios, AL July, 201:
176AL S09°27'11.3 W036°36'34.3 BGMV BR:Pail5:1 Phaseol us lunatus Palmeirados ndios, AL July, 201:
177AL S09°27'11.3" W036°36'34.3" BGMV BR:Pail6:11 Phaseol us lunatus Palmeira dos indios, AL July, 2011
178AL S09°27'11.3 W036°36'34.3 BGMV BR:Pail7:1 Phaseol us lunatus Palmeira dosndios, AL July, 201:
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W049°17°'06.8'
W049°17°06.8"
W049°17°06.8"
W049°17°06.8"
W049°17°'06.8"
W049°17°06.8"
W049°17°'06.8"
W049°17°06.8"
W049°17°'06.8'
W049°17°'06.8"
W047°33'21.5"
W047°33'21.5
W047°33'21.5"
W047°33'21.5"
W047°33'21.5
W047°33'21.5"
W047°33'21.5"
W047°33'21.5
WO047°31'35.8'
W047°31'35.8"
W047°31'35.8'

BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV

BR:Murl:11
BR:Mur6:11
BR:Mur7:11
BR:Mur8:11
BR:Mur9:11
BR:Murl10:1!
BR:Mur2:11
BR:Mur3:11
BR:Murl1:11
BR:Murl2:11
BR:Mur4:11
BR:Mur5:11
BR:FIt1:11
BR:FIt2:11
BR:FIt3:11
BR:FIt4:11
BR:FIt5:11
BR:FIt6:11
BR:FIt7:11
BR:FIt8:11
BR:FIt13:11
BR:FIt9:11
BR:FIt10:11
BR:FIt11:11
BR:FIt12:1]
BR:Sagl11:12
BR:Sagl:12
BR:Sag2:1
BR:Sag3:12
BR:Sag7:12
BR:Sag4:12
BR:Sag5:12
BR:Sag6:12
BR:Sagl12:12
BR:Sag8:12
BR:Sag9:1
BR:Sag10:12
BR:Parl4:12
BR:Parl:1.
BR:Par2:12
BR:Parl15:12
BR:Parl6:1
BR:Par3:12
BR:Parl7:12
BR:Par4:1.
BR:Par5:1.
BR:Par6:12
BR:Par18:1

Phaseol us lunatus
Phaseol us lunatus
Phaseol us lunatus
Phaseol us lunatus
Phaseol us lunatus
Phaseol us lunatus
Phaseol us lunatus
Phaseol us lunatus
Phaseol us lunatus
Phaseol us lunatus
Phaseol us lunatus
Phaseol us lunatus
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris

Murici, AL

Murici, AL

Murici, AL

Murici, AL

Murici, AL

Murici, AL

Murici, AL

Murici, AL

Murici, AL

Murici, AL

Murici, AL

Murici, AL

Florestal, MG

Florestal, MG

Florestal, M(C

Florestal, M(C

Florestal, MG

Florestal, M(C

Florestal, M(C

Florestal, MG

Florestal, MG

Florestal, M(C

Florestal, MG

Florestal, MG

Florestal, M(

Santo Antonio de Goias, GO
Santo Antonio de Goias, GO
Santo Antonio de Gos, GC
Santo Antonio de Goias, GO
Santo Antonio de Goias, GO
Santo Antonio de Goias, GO
Santo Antonio de Goias, GO
Santo Antonio de Goias, GO
Santo Antonio de Goias, GO
Santo Antonio de Goias, GO
Santo Antonio de Gos, GC
Santo Antonio de Goias, GO
Paranoa, DF

Parand, DF

Paranoda, DF

Paranoéa, DF

Paraiod, DF

Paranoda, DF

Paranoa, DF

Parano, DF

Parano, DF

Paranoda, DF

Parano, DF

July, 2011
July, 2011
July, 2011
July, 2011
July, 2011
July, 201:
July, 2011
July, 2011
July, 201:
July, 2011
July, 2011
July, 201:
March, 2011
March, 2011
March, 201.
March, 201.
March, 2011
March, 201.
March, 201.
March, 2011
March, 2011
March, 201.
March, 2011
March, 2011
March, 201.
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 2012
June, 2012
June, 2012
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 201
June, 2012
June, 201
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GO-77
GO-78
GO-79
GO-80
GO-81
GO-82
GO-85
GO-88
GO-89
GO-91
G0O-92
G093
GO-96
GO-97
GC-10z
GC-102
GO-104
GC-10¢€
GC-11C
MG-146
MG-147
MG-14¢
MG-149
MG-150
MG-152
MG-153
MG-154
MG-15&
MG-156
MG-157
MG-158
MG-161
MG-162
MG-163
MG-165
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GO-179
GO-187
GC-20C
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GO-204
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GO-214
GO0-215
GC-221
GC-222
G0-223
GC-227

S15°57'57.4”
S15°57'57.4”
S15°57'57.4”
S15°57'57.4”
S15°57'57.4”
S15°57'57.4
S15°57'57.4”
S15°57'57.4”
S15°57'57.4
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S17°05'29.2
S17°05'29.2”
S17°05'29.2”
S$17°05'29.2
S17°05'29.2”
S17°05'29.2”
S17°05'29.2
S17°05'29.2”
S17°05'29.2”
S17°05'26.4
S17°05'26.4
S17°05'26.4”
S17°05'26.4

W047°31'35.8"
W047°31'35.8"
W047°31'35.8"
W047°31'35.8"
W047°31'35.8"
WO047°31'35.8'
W047°31'35.8"
W047°31'35.8"
W047°31'35.8'
W047°31'35.8"
W047°31'35.8"
WO047°31'35.8'
W047°31'35.8"
W047°31'35.8"
W047°31'35.8'
WO047°31'35.8'
W047°31'35.8”
WO047°31'35.8'
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W046°45’'14"
W046°45’'14"
W046°45'14’'
W046°45’'14"
W046°45’'14"
W046°45'14'
W046°45’'14"
W046°45’'14"
W046°45'14'
W046°45’'14"
W046°45’'14"
W046°45’'14"
W046°45’'14"
W046°45’'14"
W046°45’'14"
W046°45’'14"
WO047°37'01.4'
WO047°37'01.4"
WO047°37'01.4"
WO047°37'01.4'
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WO047°37'01.4"
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WO047°38'05.6"
W047°38'05.6'
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BGMV
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BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
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BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
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BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV
BGMV

BR:Par7:12
BR:Par19:12
BR:Par8:12
BR:Par20:12
BR:Par21:12
BR:Par22:1
BR:Par23:12
BR:Par9:12
BR:Parl10:1
BR:Par24:12
BR:Par25:12
BR:Par26:1
BR:Par27:12
BR:Parl11:12
BR:Par28:1
BR:Par29:1
BR:Par30:12
BR:Parl12:1
BR:Parl13:1
BR:Unal:12
BR:Una2:12
BR:Una3:1:
BR:Una4:12
BR:Una5:12
BR:Una6:1:
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BR:Una8:12
BR:Una9:1:
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BR:Unal1:12
BR:Unal2:12
BR:Unal3:12
BR:Unal4:12
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BR:Cril:1z
BR:Cri2:12
BR:Cri3:12
BR:Cri9:1z2
BR:Cril0:12
BR:Crill:12
BR:Cril2:1Z
BR:Cri4:12
BR:Cri5:12
BR:Cri6:1z2
BR:Cri7:1zZ
BR:Cri8:12
BR:Cril3:1Z

Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Phaseol us vulgaris
Phaseol us vulgaris
Phaseolus vulgaris
Phaseolus vulgaris

Paranoda, DF
Paranoda, DF
Paranoa, DF
Paranoda, DF
Paranoa, DF
Parano, DF
Paranoda, DF
Paranoa, DF
Parano, DF
Paranoda, DF
Paranoa, DF
Parano, DF
Paranoda, DF
Paranoa, DF
Parano, DF
Parano, DF
Paranoda, DF
Parano, DF
Parand, DF
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Unai, MG
Cristalina, G(
Cristalina, GO
Cristalina, GO
Cristalina, G(
Cristalina, GO
Cristalina, GO
Cristalina, G(
Cristalina, GO
Cristalina, GO
Cristalina, G(
Cristalina, G(
Cristalina, GO
Cristalina GO

June, 2012
June, 2012
June, 2012
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 201
June, 2012
June, 201
June, 201
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 2012
June, 2012
June, 2012
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 2012
June, 2012
June, 201
June, 201
June, 2012
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GO-228
GO-236
GO-238
GO-241
181AL
182AL
183AL
184AL
185AL
187AL
188AL
189AL
190AL
191AL
192AL
194AL
195AL
196AL
197AL
198AL
199AL
200AL
321MG
328MG
336MG

S17°05'26.4”
S17°05'26.4”
S17°05'26.4”
S17°05'26.4"
S09°27'11.3"
S09°26'34.1
S09°26'34.1"
S09°26'34.1"
S09°26'34.1
S09°26'34.1"
S09°26'34.1"
S09°26'34.1
S09°26'34.1"
S09°26'34.1"
S09°26'34.1
S09°26'34.1
S09°26'34.1"
S09°26'34.1
S09°26'26.0
S09°26'26.0”
S09°26'26.0”
S09°26'26.0

WO047°38'05.6"
WO047°38'05.6"
WO047°38'05.6"
WO047°38'05.6"
W036°36'34.3"
W036°36'46.5'
W036°36'46.5"
WO036°36'46.5"
W036°36'46.5'
W036°36'46.5"
W036°36'46.5"
W036°36'46.5'
WO036°36'46.5"
W036°36'46.5"
W036°36'46.5'
W036°36'46.5'
WO036°36'46.5"
W036°36'46.5'
W036°36'46.0'
W036°36'46.0"
W036°36'46.0"
W036°36'46.0'

BGMV
BGMV
BGMV
BGMV
Macroptilium yellow vein virusMaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
MaYVV
Soybean cholorotic spot virus/'SoCSV
SoCSV
SoCS\

BR:Cril4:12
BR:Cril5:12
BR:Cril6:12
BR:Cril7:12
BR:Pail8:11
BR:Pail9:1
BR:Pai20:11
BR:Pai21:11
BR:Pai22:1
BR:Pai23:11
BR:Pai24:11
BR:Pai25:1
BR:Pai26:11
BR:Pai27:11
BR:Pai28:1
BR:Pai29:1
BR:Pai30:11
BR:Pai31:1
BR:Pai32:1
BR:Pai33:11
BR:Pai34:11
BR:Pai35:1
BR:FIt13:11
BR:FIt14:11
BR:Flt15:1]

Phaseolus vulgaris

Phaseolus vulgaris

Phaseolus vulgaris

Phaseolus vulgaris

Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides
Macroptilium lathyroides

Cristalina, GO
Cristalina, GO
Cristalina, GO
Cristalina, GO
Palmeira dos indios, AL
Palmeira dosndios, AL
Palmeira dos indios, AL
Palmeira dos indios, AL
Palmeira dosndios, AL
Palmeira dos indios, AL
Palmeira dos indios, AL
Palmeira dosndios, AL
Palmeira dos indios, AL
Palmeira dos indios, AL
Palmeira dosndios, AL
Palmeira dosndios, AL
Palmeira dos indios, AL
Palmeira dosndios, AL
Palmeira dosndios, AL
Palmeira dos indios, AL
Palmeira dos indios, AL
Palmeira dosndios, AL
Florestal, MG

Florestal, MG

Florestal, M(

June, 2012
June, 2012
June, 2012
June, 2012
July, 2011
July, 201:
July, 2011
July, 2011
July, 201:
July, 2011
July, 2011
July, 201:
July, 2011
July, 2011
July, 201:
July, 201:
July, 2011
July, 2011
July, 201:
July, 2011
July, 2011
July, 201:
March, 2011
March, 2011
March, 201
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Suppl. Table S2.Begomovirus sequences retrieved from GenBank's eduAadant database.

Viral species/Isolate GenBank Host Location Date
access #

Macroptiliumyellow spot virus/MaYSV-[BR:Ced1:09]  JN419007  Macroptiliumlathyroides Cedro de Séo Jodo, SE 2009
MaYSV-[BR:Bas1:09] JN419005  Macroptilium lathyroides Barra de Santana, PB 2009
MaYSV-[BR:Mac5:10] JN419022  Macroptilium lathyroides Maceié, AL 2010
MaYSV-[BR:Pdil:10 JN41902i Macroptilium lathyr oides Palmeira dosndios, AL 201(
MaYSV-[BR:Inp2:10] JN419019  Macroptilium lathyroides Inhapi, AL 2010
MaYSV-[BR:Inp1:10] JN419018  Canavalia sp. Inhapi, AL 2010
MaYSV-[BR:Deg1:10 JN419011 Calopogonium mucunoi des Delmiro Gouveia, Al 201(
MaYSV-[BR:Pir1:10] JN419015  Calopogonium mucunoides Piranhas, AL 2010
MaYSV-[BR:Agf2:10] JN419014  Macroptiliumlathyroides Agua das Flores, AL 2010
MaYSV-[BR:Agf1:10] JN41901. Macroptilium lathyr oides Agua das Flores, A 201(C
MaYSV-[BR:Bat1:10] JN419012  Macroptilium lathyroides Batalha, AL 2010
MaYSV-[BR:Mac1:10 JN41900! Macroptilium lathyr oides Macei¢, AL 201(C
MaYSV-[BR:Crb7:11] KC004134  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:0af25:11] KC004133  Macroptiliumlathyroides Olho D'4gua das Flores, AL July, 2011
MaYSV-[BR:Oaf24:11 KC00413:  Macroptilium lathyroides Olho Dagua das Flores, A July, 201:
MaYSV-[BR:Crb6:11] KC004131  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:0Oaf14:11] KC004130 Phaseolusvulgaris Olho D'agua das Flores, AL July, 2011
MaYSV-[BR:0af13:11 KC00412¢  Phaseolusvulgaris Olho Dagua das Flores, A July, 201:
MaYSV-[BR:Oaf12:11] KC004128 Phaseolusvulgaris Olho D'agua das Flores, AL July, 2011
MaYSV-[BR:Crb5:11] KC004127  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Oaf11:11 KC00412¢  Phaseolusvulgaris Olho Dagua das Flores, A July, 201:
MaYSV-[BR:0Oaf10:11] KC004125 Phaseolusvulgaris Olho D'agua das Flores, AL July, 2011
MaYSV-[BR:Crb4:11] KC004124  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Oaf9:11] KC004123  Phaseolusvulgaris Olho D'agua das Flores, AL July, 2011
MaYSV-[BR:Oaf6:11] KC004122  Phaseolusvulgaris Olho D'agua das Flores, AL July, 2011
MaYSV-[BR:0af8:11] KC004121  Phaseolusvulgaris Olho D'agua das Flores, AL July, 2011
MaYSV-[BR:Oaf5:11] KC004120 Phaseolusvulgaris Olho D'4gua das Flores, AL July, 2011
MaYSV-[BR:Oaf4:11] KC004119  Phaseolusvulgaris Olho D'4gua das Flores, AL July, 2011
MaYSV-[BR:Crb3:11] KC004118 Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Oaf3:11] KC004117  Phaseolusvulgaris Olho D'agua das Flores, AL July, 2011
MaYSV-[BR:Crb2:11] KC004116  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Oaf7:11 KC00411t  Phaseolusvulgaris Olho Dagua das Flores, A July, 201:
MaYSV-[BR:Oaf2:11] KC004114  Phaseolusvulgaris Olho D'4gua das Flores, AL July, 2011
MaYSV-[BR:Oafl:11] KC004113  Phaseolusvulgaris Olho D'agua das Flores, AL July, 2011
MaYSV-[BR:0af23:11 KC00411:  Macroptiliumlathyroides Olho Dagua das Flores, A July, 201:
MaYSV-[BR:Crb1:11] KC004111  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Oaf22:11] KC004110  Macroptiliumlathyroides Olho D'agua das Flores, AL July, 2011
MaYSV-[BR:Oaf21:11 KC00410¢  Macroptilium lathyroides Olho Dagua das Flores, A July, 201:
MaYSV-[BR:0af20:11 KC00410¢  Macroptilium lathyroides Olho Dagua das Flores, A July, 201:
MaYSV-[BR:0Oaf19:11] KC004107  Macroptiliumlathyroides Olho D'4gua das Flores, AL July, 2011
MaYSV-[BR:0af18:11 KC00410¢  Macroptilium lathyroides Olho Dagua das Flores, A July, 201:
MaYSV-[BR:Oaf17:11 KC00410¢  Macroptilium lathyroides Olho Dagua das Flores, A July, 201:
MaYSV-[BR:Oaf16:11] KC004104  Macroptiliumlathyroides Olho D'4gua das Flores, AL July, 2011
MaYSV-[BR:Oaf15:11] KC004103  Macroptiliumlathyroides Olho D'4gua das Flores, AL July, 2011
MaYSV-[BR:Crb19:11 KC00410:  Phaseolusvulgaris Craibas, Al July, 201:
MaYSV-[BR:Crb18:11] KC004101  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Crb17:11] KC004100 Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Crb16:11 KC00409¢  Phaseolusvulgaris Craibas, Al July, 201:
MaYSV-[BR:Crb14:11] KC004097  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Crb13:11] KC004096  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Crb12:11 KC00409¢  Phaseolus vulgaris Craibas, Al July, 2011
MaYSV-[BR:Crb11:11] KC004094  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Crb10:11] KC004093  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Crb9:11] KC004092  Phaseolusvulgaris Craibas, AL July, 2011
MaYSV-[BR:Crb8:11] KC004091 Phaseolusvulgaris Craibas, AL July, 2011
Bean golden mosaic virusBGMV-[BR:Sag7:Soy:08] FJ665283  Glycine max Santo Antdnio de Goids, GO 2008
BGMV-[GO 87-1] M88686 Phaseolus vulgaris Santo Antbnio de Goids, GO 1991
BGMV-[BR:Car3:10] JN419003  Macroptilium lathyroides Caruaru, PE 2010
BGMV-[BR:Car4:10] JN419004  Macroptilium lathyroides Caruaru, PE 2010
BGMV-[BR:Mac2:10] JN419006  Macroptiliumlathyroides Maceié, AL 2010
Blainvillea yellow spot virus-[BR:Vic09:10] KC70651¢  Blainvillea rhomboidea Vigosa, MC 201(C
Macroptilium yellow vein virus-[BR:Mac4:10] JN419021  Macroptiliumlathyroides Maceié, AL 2010
Tomato rugose mosaic virus-[Ube] AF291705  Solanumlycopersicum Uberlandia, MG -
Tomato mottle leaf curl virus-[BR:Juaz2586:04] JF803250  Solanumlycopersicum Juazeiro, BA 2004
Tomato interveinal chlorosisvirus-[BR:BSF2729:04] JF803253  Solanumlycopersicum Belém de S. Francisco, PE 2004
Macroptilium yellow net virus-[BR:Mur1:09] JN418998  Macroptiliumlathyroides Murici, AL 2009
Soybean chlorotic spot virus-[BR:Jai9254.10] JX122965  Glycine max Jaiba, MG 2010
Cleome | eaf crumple virus-[BR:AL-Atal:07] JN103433  Cleome affinis Atalaia, AL 2007
Sda mottle Alagoas virus-[BR:Mar3:10° JX87138i Sda urens Maragogi, AL 201(C
Sida mosaic Alagoas virus-[BgV02A.1.C61] JF694472  Sida sp. Rio Largo, AL 2003
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Sda yelow blotch virus-[BR:Rla1:10] JX871380 Sdaurens Rio Largo, AL 2010
Tomato severe rugose virus-[BR:780Tom3:08] JX415196  Solanumlycopersicum Luziania, GO 2008
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Suppl. Table S3Positively and negatively selected sites in subfasfmn-specific CP and Rep genes of BGMV and MaYSV.

Methods
Dataset Number of SLAC FEL REL PARRIS
haplotypes
Positive Negative Positive Negative Positive Netpee
MaYSV CP 86 25C* 24,34,50,53,5659,61,65,70,71,75 142,163, 1224,34,3750,5259,6061,65,66,697 NDt ND ND
,80,85,86,100,106,132,137,138,1 250 0,71,73,7475,80,85,86,100,10609,1
39,140,143,144,148,155,156,161, 12,122,127,32,134,137,138,139,140,
162,173,177,181,182,188,190,19 143,144,148149155,156,161,162,173
4,195,200,205,206,207,208,212,2 ,177,181,18285,187188,190191,19
21,222,223,224,233,238,246,249 2,194,195,20(r04205,206,207,202
09,211212218221,222,223,22229,
) 233237238246,249
MaYSV ReP C} 29 0 27,172,221,223,257,260,291,316 0 2327,36,28,41,44,45,62,73,74,103,12 346 27,172,291,316 NS*
1,137,141,142,151,15672,215,218&
21,223238257,260,261,291,316
MaYSV ReP CIf 14 0 114,154,155,172,178,202,213,25 0 42,44,64,70,8314,139,142,145,149,1 158,181,197,250,335 114,154,155,172,177,178,179, NS
8,261,273 52154155156,157,162,72,177,178, ,346 213,258,260,261,273,291,299,
179,202204213,258,260,261,27233 311,339
,291,292,29,311321,330339
MaYSV ReP CIIf 46 0 71,110,213,217,228,256,258,261, 174,325  10,12,21,38,44,48,71,73,94,99,110,11 0 3,410,1112,2129,36384144 NS
290,310,334 1,178,179,213,217,219,228,256,258,2 ,4748,54,63,6971,73,82,9294
61,290,291,298,299,310,334,339 ,99,110111,114,117,120,128,1
36,137,146,147,152,166,117,
78179,192,200,20213,217,2
19,221228235,253256,2582
60261,286290,291298299,3
10,311,330334,339
BGMV CP . wulgaris) 33 0 0 0 3,114,122,139,177,242,247 11,27,4828179, O NS
227
BGMV CP (M. lathyr oides) 5 0 21¢ 0 21¢ 0 160219 NS
BGMV CP (. lunatus) 31 0 154 0 46,60,107,11454172,180,192,193,1 0 0 NS
94,199,200,218,2:
BGMV ReP p. vulgaris) 46 0 106,150,163 0 14,25,62,74,89,94,106,150,151,156,16 0 1214,2526,3862,69,74,78,82, NS
3,200,208,268 89,94,106128,138150,151,15
6,157163169,193200,20520
8,228,245268312,32:
BGMV ReP M. | athyroides) 4 0 0 0 0 38,39,54,58,71,75,13 0 NS
3,154,155,169,177,1
79,183,193,205,210,
211,212,225,226,227
,236,245,251,266,29
1,304,334
BGMV ReP P. lunatus) 33 0 8,90,92,106,213,214 0 7,8,43,47,63,75,90,92,106,112,158,21 0 7,817,38,3%3,475063,7587 NS

3,214,215,247,261,279,293,316,330

,90,92105106,112127,135,13
8,142,152,154,15558 169,17
5,179213,214,21318,21924
7,250261,279,293,3182833
0,331

* Sites detected by more than one method are itetida bold.

1 Not determined.
¥ Not significant.

8 Clusters observed in Figure 1b.
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CHAPTER 2

MIGRATION AND RECOMBINATION AFFECTING BEGOMOVIRUS

EVOLUTION IN THE NEW WORLD

Ramos-Sobrinho, R., Seah, Y.M., Loelius, S., Silv&.B., Zerbini, F.M., Duffy, S.
Migration and recombination affecting begomovirus etiofuin the New World. Journal of
General Virologyjn preparation.
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Summary - Begomoviruses are whitefly-transmitted, single-stranded [PNnt viruses that
constitute one of the largest and most important grobipmerging plant viruses, growing in
importance as the number of species characterizedhandeconomic impact continues to
increase. Most New World (NW) begomoviruses have texogiic components designated
as DNA-A and DNA-B, and their genomes have the daptx evolve quickly via mutation,
reassortment and recombination. Datasets including all DNARM DNA-B reference
sequences of NW begomoviruses were obtained fronB&#nand analyzed to understand
begomovirus evolution in the NW. Recombination wasficored as a very important
evolutionary mechanism acting on DNA-A evolution. Plggoetic relationships showed that
South American begomoviruses do not exhibit geograpbicophyly and that there were at
least two independent introduction events in this redi@erestingly, we found evidence of a
large pool of genetic variability not available to begemgses in South America (SA) due to
geographical isolation. Additional introduction eventsymgreatly affect begomovirus

evolution in SA.
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Introduction

Viruses belonging to the famileminiviridae have circular ssDNA genomes and
infect a broad range of plant species causing devastditaegses, mainly in subtropical and
tropical countries (Legg & Fauquet, 2004; Morales,800he family is divided into seven
genera Begomovirus, Becurtovirus, Curtovirus, Eragrovirus, Mastrevirus, Topocuvirus and
Turncurtovirus) according to the type of insect vector, host rangepme organization and
phylogeny (Varsaniet al., 2014). Viruses classified within the genBsgomovirus are
transmitted by the whiteflyBemisia tabaci and constitute one of the largest and most
important groups of emerging plant viruses, growing inartgnce as the number of species
characterized and their economic impact continues toaseréBrowret al., 2012; Varma &
Malathi, 2003). Most begomoviruses found in the NewrM/ (NW) have two genomic
components designated as DNA-A and DNA-B, with the DAAlone being considered for
taxonomy (Brownet al., 2012). The DNA-A encodes proteins involved in virgplication,
transcription, encapsidation and vector transmission, wiiée DNA-B contains genes
responsible for viral movement within and between c@8l®\yn et al., 2012). The DNA-A
and DNA-B components of bipartite begomoviruses shaegion of high nucleotide identity
called the common region (CR). The CR contairsselements that are implicated in viral
replication and its regulation (Arguello-Astorgh al., 1994; Eagle & Hanley-Bowdoin,
1997).

The begomovirus genome is able to evolve quickly thnoboth mutation and
recombination. DNA-A segments can be associated witferent DNA-B segments
(reassortment or pseudorecombination), or other c@wponents and satellites (Bridden
al., 2010; Reyet al., 2012; Rojast al., 2005; Saunderst al., 2002a; Seaét al., 2006b).
Very high mutation rates have been determined for begouses (Duffy & Holmes, 2008;

Duffy & Holmes, 2009) and recombination was found&very common, with breakpoints
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non-randomly distributed across the genome (Lefeeisi@., 2009; Lefeuvreet al., 2007,
Martin et al., 2011; Martinet al., 2005). As mixed infections by different begomovisisee
very common in non-cultivated hosts (Alaial., 2008; Garcia-Andréat al., 2006; Monde

et al., 2010; Silvaet al., 2012), these plants can play an important role sensngning
vessels’, facilitating recombination among distantlytesldbegomoviruses and the generation
of new viral genomes. Recombination of genomic conegmts between existing
begomoviruses can generate new begomovirus spedcies) ean be better adapted than their
progenitors (Garcia-Andrég al., 2006). The expanded geographical rangeBofabaci
populations (mostly the B biotype, which is more invasnd polyphagous) can facilitate the
introduction of indigenous begomoviruses into crop plantsthe exposure of potential host
plants to begomoviruses (Gilbertsetral., 2011; Seaét al., 2006a). Therefore, the interplay
between adaptation to host species and vector biotypeglhas the geographic distribution
of begomoviruses and of its insect vector, can inflaetm@ evolution of this virus group
(Limaet al., 2013; Navas-Castillet al., 2011; Rochat al., 2013).

We have carried out a study to obtain more informatibaut the evolutionary
mechanisms influencing the genetic diversity of begaroses in the NW. Datasets
including all NW begomovirus sequences (DNA-A and DNA-Bere obtained from
GenBank's non-redundant nucleotide database. We hymattiegbat recombination affects
NW begomoviruses evolution. Indeed, the network retatiqp among NW begomoviruses
showed that recombination is a very important evolutpmaechanism affecting DNA-A
evolution. We found that South American begomoviruses not a monophyletic group,
indicating at least two independent introductions in this rediaterestingly, one cluster is
entirely comprised of viruses which are not yet intBcdmerica (SA), and could provide a
significant amount of sequence variation to the existingters should it ever be introduced.

Additional introductions of begomoviruses from elsevehar the NW may greatly affect
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begomovirus evolution in SA by increasing the probgbilof recombination and

reassortment events which can introduce new virulexateifes into indigenous viruses.

Results

Begomovirus diversity in the New World

Datasets containing a total of 104 and 80 full-length DNAm DNA-B sequences
were obtained, respectively. Each NW begomovirusispemas represented by only one
sequence (the reference sequence). Although most lbb@gases naturally occurring in the
NW have two genomic components known as DNA-A andAEBN(except forTomato |eaf
deformation virus - ToLDeV, which has a single, DNA-A-like component; [gatejoet al.,
2013) only the DNA-A is used to assign taxonomy (Braaival., 2012). Therefore, bipartite
begomoviruses for which only the DNA-A sequencevailable were included, leading to
the higher number of DNA-A sequences retrieved. Upeigvise comparisons of the DNA-
A sequences and th89% nucleotide identity criterion established b@eminiviridae Study
Group of the ICTV (Brownret al., 2012), we confirmed that all 104 isolates belonged to
different begomovirus species, with nucleotide identiycpntages ranging from 68.9% to
88.7%, with most values between 70% and 81% (data nowrgh For the DNA-B,
nucleotide identity percentages ranged from 65.9%8td%, with most values between 66%

and 74% (data not shown).

Non-tree-like evolution
Network analysis of DNA-A sequences (Fig. 1a) revedheele main clusters (clusters
[, I and Ill), which were also observed in the DN¥phylogenetic tree (see below), with the

remaining NW begomoviruses constituting an undefined mrod complex pattern of
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recombination for NW begomoviruses was observeth strong evidence of a recombinant
origin for sequences in cluster | (Fig. 1a). Interestingly also found evidence for a
recombinant origin for isolates in cluster Ill (Fig.1la),ie¥hcontains isolates from the NW
and OW.

The networks for the CP and Rep coding regions (Fig.afhd 1c) are deeply
incongruent. The Rep network shows a pattern very sirdléhe DNA-A, suggesting that
this clustering is strongly influenced by recombinationusdng mostly in the Rep gene. In
the Rep network, the evidence of recombination in alubtes stronger than for the DNA-A
sequences (Fig. 1b).

Network analysis of DNA-B sequences indicated only aakwvesignal of
recombination, with support for the cluster 1l obserie the DNA-A network (Fig. 1d).
These results provide additional evidence that thesesuin cluster Il represent an
evolutionary lineage distinct from South American begoinuses. In contrast to the DNA-A
network, a cluster containing most of the South Amerisafaies (excepEuphorbia yellow
mosaic virus - EuYMV) was observed, which was grouped separai@y non-South
American isolates (Fig. 1d).

The networks for the NSP and MP sequences (Fig. 1é@rate incongruent, with
the NSP network showing a pattern very similar to the EBJAexcept forCleome leaf

crumplevirus (CILCrV) which was grouped with non-South Americanases (Fig. 1e).

Recombination analys's

The RDP results confirmed the complex pattern of reaosmtion for DNA-A
genomes (Suppl. Table S2), as indicated by networklysis. At least 107 unique
recombination events were detected, with breakpointsrang mostly in the CR and Rep

coding regions. All isolates in cluster | of the DNA#tfee shared a recombination event
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(event 19; Suppl. Table S2) located in the Rep genewiih the putative minor parent
unknown. The same was observed for species in cllistewhich share a recombination
event (event 53; Suppl. Table S2) with breakpoints loicatethe Ren coding region.
Interestingly, there is a recombination event (event3fpl. Table S2) shared amongst
some NW begomoviruses in cluster lll, as evidenceddiwork analysis, wher€orchorus
golden mosaic virus (CGMV, an OW begomovirus present in Vietnam thatasely related
to NW begomoviruses) is the putative minor parent. For DNA-B, only 26 unique
recombination events were observed, with breakpaiatsirring mostly in the CR (Suppl.

Table S3).

Phylogenetic relationships

The DNA-A ML tree has three very well supported clustand reflects the great
species diversity among NW begomoviruses (Fig. 2ist@l | contains isolates from all
different geographic regions, whereas clusters Il ldindontain only non-South American
isolates (Fig. 2). Phylogenetic relationships foreotbroups displayed very low bootstrap
scores, indicating insufficient phylogenetic signal time sequence dataset to give a
statistically significant placement for all NW begomovirugésy. 2). Sequences from
Eastern South America (ESA) did not form a monophylelade apart from sequences in
other NW regions. For example, in cluster |, a fBnazilian sequences grouped with
begomoviruses from North and Central America and theibBean (Fig. 2). As
recombination can affect our analysis, we redid the &mlalysis without the recombinant
region shared by all isolates in cluster | (event 19pSufable S1). EuYMV, a begomovirus
that has so far been found only in Brazil, still clustergith non-South American

begomoviruses (Suppl. Fig. S5). A similar result vedsserved for ToLDeV, a South
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American begomovirus present in Ecuador and Perugdiejoet al., 2013), which clustered
with begomoviruses from outside of this region.

For the DNA-B ML tree, the three main clusters observethé case of the DNA-A
were also present, but some topological incongruencekl de discerned. For example,
Cotton leaf crumple virus (CLCrV) and Desmodium leaf distortion virus (DeLDV), which
were in the DNA-A cluster |, fell outside this cluster i@ tDNA-B tree (cluster lla; Fig. 3).
Similar results were observed for different isolates geoluin the DNA-A clusters | and I
(Fig. 2 and 3). NW-like begomoviruses such as CGMVewsaced, in both the DNA-A and
DNA-B phylogenetic trees, basally located, in agreemétht pveviously reported results (Ha
et al., 2006; 2008).

The CP and Rep ML trees are deeply incongruent (S&mpl.S1 and S2), which is
evidence of recombination. The Rep tree is very sinoldhe DNA-A tree and has two well-
supported clades that are not resolved in the CP thestdics | and Ill; Suppl. Fig. S1 and
S2). Cluster Il is observed in both CP and Rep tredssmot well-supported (Suppl. Fig. S1
and S2). Interestingly, the NSP and MP ML trees aremooingruent and both resemble the
DNA-B tree (Suppl. Fig. S3 and S4). All clades obsdrie the DNA-B tree were also
present in the NSP tree, but with lower bootstrap suppdtttough the clustering for MP
sequences was very similar to NSP and the DNA-B, slagsre not well-supported (Suppl.

Fig. S3 and S4).

Phylogeography

Comparisons showed no difference among the modeésiteso we opted for a strict
molecular clock plus Bayesian Skyline demographic risoerepresent the phylogeographic
relationships among DNA-A begomovirus sequences €lustering observed was very

similar to the DNA-A ML tree, with clusters I, Il andl present. In cluster |, as in the DNA-
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A tree, some Brazilian begomoviruses clustered witlt 8outh American isolates. We found
that the common ancestor for the viruses in cluster Ipwasent in NA, with 0.99 posterior
probability (Fig. 4). To confirm that EuYMV does notuster with other Brazilian
begomoviruses, we built a DNA-A ML tree forcing EuYMV group apart from the non-
South American isolates in cluster | and compared tlediixod between the two trees. The
results showed that the tree where EuYMV clustered wittin-South American
begomoviruses was more likely<0.0001), confirming that EuYMV must be a migrant from
outside SA. Interestingly, cluster Il, which is compobgdegomoviruses infecting different
plant hosts in different regions, seems to represenvalut®nary lineage separated from
South American begomoviruses. The common ancestosdt@tes in this cluster was located
in the Caribbean, with 1.00 posterior probability (Fig.Although phylogeography indicates
that cluster Il has had an ancestor located in SA, iwstelow posterior probability (0.84;

Fig. 4). Once again, NW-like begomoviruses were pldzeshlly located (Fig. 4).

Discussion

Begomoviruses are unique among plant viruses in tistiong geographic
segregation, with NW and OW begomoviruses formirggaidy distinct phylogenetic clades.
Begomoviruses in the OW are much more diverse thaetimthe NW, and the DNA-A and
DNA-B genomic components have different molecular enahary histories (Briddoset al.,
2010). Besides mutation and selection pressure, reoaitign is an important evolutionary
force acting on begomovirus evolution (Lefeuetal., 2009; Lefeuvret al., 2007; Martinet
al., 2011; Martinet al., 2005). While intraspecific and interspecific reconalion generally
plays a minor role in the evolution of begomovirus yapons (Limaet al., 2013),
recombination can be an important mechanism for begousomacroevolution. Here, we

decided to assess the effect of recombination in NWbrnegiruses evolution. Our results
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confirmed the high species diversity of NW begomovisuséath recombination detected as a
very important mechanism affecting DNA-A evolution. kéigon among the different
biogeohraphic regions was detected to affect begomosiralsition in the NW.

Pairwise comparisons showed a high degree of vatial@inongst begomoviruses
infecting different plant hosts throughout the Americaish whe DNA-B displaying a higher
range of nucleotide identities. Molecular variability in EA-A has been associated with
recombination events occurring mostly in the Rep apdeygion (Limaet al., 2013). We
observed also that this region is highly recombinamg @ much lower number of
recombination events were observed in the DNA-B @atdherefore, the greater molecular
variability of DNA-B components observed here canmetelplained by recombination. A
higher genetic variability of DNA-B components has bpeeviously reported (Briddosat
al., 2010) and it was suggested that this could be exgalny the absence of overlapping
genes in the DNA-B and the different functions of pheteins encoded by these components,
with greater room for variability in the DNA-B. As tH8NA-A has morecis- and trans-
interactions €.g., transactivation, Rep-iteron recognition, Rep-REn intera@and CP-vector
interaction), genetic variation constraints should be georior the gene products of this
component.

Moreover, the loss of the AV2 gene (coding an acogssiovement protein) by NW
begomoviruses may have increased selection pressutieeoremaining movement protein
BC1, leading for example to selection of a putativesine phosphorylation site within BC1
that is much more conserved in NW begomoviruses ambssibly responsible for more
efficient viral movement to compensate for the loss of thi@ gene (Hoet al., unpublished
results). Studies with RNA plant viruses have shown that phosgation of MP regulates its

localization and may account for virus movement betvoedis (Modenaet al., 2008).
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Most NW begomoviruses have a bipartite genome agthate components share a
common region (CR), which ensures that replication d@h lmomponents can be initiate by
the DNA-A-encoded Rep protein, maintaining the integrity toé divided genomes
(Arguello-Astorgeet al., 1994; Eagle & Hanley-Bowdoin, 1997; Fongesil., 1994). In most
cases, the DNA-A can donate its CR, through recombmat@ma non-cognate DNA-B and
this event can facilitate the occurrence of reassort(téo & Gilbertson, 1996; Saundests
al., 2002b). Studies have shown that begomoviruses iBdh€V clade (here, cluster I) can
yield viable reassortants, and these reassortment eventextend the host range of the
begomovirusBean calico mosaic virus (BCaMV) to cucurbit species. These begomoviruses
share a highly similar Rep amino-terminal sequencedemtical Rep-binding iterons, which
can enhance their potential for reassortment (Bretvah, 1999; Idriset al., 2008).

Previous phylogenetic analyses indicated t@atton leaf crumple virus has a
complex evolutionary history probably involving both recomaltion between begomoviruses
belonging to different clades and reassortment (Idri8r&wn, 2004). Here, we found that
most recombination events in the DNA-A are locatethe@CR and the Rep gene. Although
these regions are known to be recombination hot spetsyvreet al., 2009; Lefeuvret al.,
2007), studies have provided evidence that the higleatide variability in the N-terminal
portion of the Rep gene is accompanied by strong pugifgelection that preserves the
amino acid sequence (Linghal., 2013; Rochaet al., 2013). The Rep N-terminal region in
geminiviruses includes conserved motifs essential ftimgecircle replication (llyina &
Koonin, 1992; Koonin & llyina, 1992; Nas# al., 2011). Conservation of the integrity of
these elements is critical for successful infection cyaespite the variation introduced by
frequent recombination. Several of the recombinageents detected here involved the
donation of the Rep N-terminal region and most of the &Rl this new genetic variability

inserted by recombination may contribute to DNA-A dsigcation.
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Noticeably, EuYMV (or its ancestor), identified here asigramt from outside of SA,
is perhaps the only Brazilian begomovirus that coexisteth non-South American
begomoviruses in cluster |. Therefore, we believa thBaYMV received this genomic
fragment before the migration event and then spread iteg@mbination, to begomoviruses
present in SA. These results highlight the importanceeodmbination for begomovirus
evolution in the NW and are additional evidence thagration of begomoviruses present in
cluster Il can represent serious problems for cropeption in SA, as these ‘migrants’ could
insert new molecular features into South American begooses.

Network relationships of the DNA-A showed evidence rflecombinant origin for
NW and OW begomoviruses in cluster IMacroptilium golden mosaic virus (MaGMV), a
begomovirus naturally infectinflacroptilium, is also able to infect solanaceous hosts such
as tomato and pepper and is closely relatedPdtato yellow mosaic virus (PYMV).
Interestingly, although MaGMV shows features of NW dregviruses, its REn protein is
most similar to OW begomoviruses suchGaschorus yellow vein virus (CoYVV) (Collins
et al., 2010). These results can be evidence that sometimigfa begomoviruses from NW
to OW may have occurred.

Phylogenetic trees showed three major groups of NW rhegouses (clusters |, I
and Ill). This clustering is very similar to those obgernn other published phylogenies of
NW begomoviruses (Briddoet al., 2010; Rochat al., 2013). Although begomoviruses from
SA (as defined here,e., excluding Colombia and Venezuela) do not form a opbmletic
group, most of them cluster together and separately regomoviruses located in Central
America (CA), North America (NA) and the Caribbea@B{, which show a closer
relationship to each other than to sequences fromI8ADeV, a Western South American
begomovirus, clustered with other non-Eastern South &arebegomoviruses. These results

suggest that geographic featureg.( the Amazon rainforest and the Andes mountains) are
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efficient natural barriers to begomovirus spread by i@ and that begomoviruses are
evolving independently in each area.

Phylogenetic relationships ddean yellow chloross virus (BYCV), a Venezuelan
begomovirus isolated frorRhaseolus wulgaris, have shown that this isolate grouped in a
distinct clade of NW begomoviruses, including non-Southefican begomoviruses (Fiallo-
Olive et al., 2013). The authors suggest that the absence ofliBrahegomoviruses, a
neighbor country of Venezuela, is due to the presencecological barriers such as the
Orinoco River and the Amazon rainforest, which can @methe spread d. tabaci between
these countries. To reinforce these observations, tworbevirus species that are able to
infect the same host8¢an golden mosaic virus, which is found from the eastern boundaries
of the Amazon rainforest to Argentina, aBdan golden yellow mosaic virus, found from
southern Mexico to Colombia) have been kept sepafated long time, probably due the
effective natural barrier imposed by the Amazon ragsg as this geographic feature
separates the regions where these begomoviruses digenous (Costa, 1965; Morales,
2006; Morales & Anderson, 2001). Nevertheless, wadoevidence that some long distance
spread occurred between these aréas petween the northern and southern ends of the
Amazon rainforest). EuYMV isolates were previously m@d to be more closely related to
Peruvian and North American begomoviruses than tailBra begomoviruses and it was
hypothesized that EuYMV was introduced into Brazil, maybsught with a vegetatively
propagated ornamental relative Exiphorbia heterophylla such a<. pulcherrima or E. milii
(Fernandest al., 2011). Our results confirmed that the Brazilian begommeVEUuYMYV is a
migrant from outside of SA.

Other South American begomoviruses were reported wadsely related to pepper-
and Euphorbia-infecting begomoviruses from Central America, gragpin cluster |

(Marquez-Martinet al., 2012; Paprotkat al., 2010), but we observed that this clustering is
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affected by recombination events occurring in thisielaAVhen we removed the recombinant
region shared by all isolates in this cluster, onl\YE¥ clusters with non-South American
begomoviruses. Together, these results represemgsévidence for at least two independent
introductions of begomoviruses in ESA, showing that East&outh American
begomoviruses are not a simple paraphyletic group.

Cluster Il contained only non-South American isolates,thery are not clustered by
geographic location or plant host species. Althotegglombination seems to affect cluster |,
no evidence of recombination events shared by aldtiss in cluster Il was found, which
could explain this grouping. We believe it represents\aniutionary lineage separated from
other NW begomoviruses, evolving in a separate way fother begomoviruses. Therefore,
begomoviruses placed in cluster Il may represepiuace of genetic variability not available
(due to geographical isolation) to begomoviruses in lB&oduction of these viruses could
greatly affect begomovirus evolution in SA as they amombine and introduce new features
into South American begomoviruses. Our results furthdicate that migration is very
frequent within the regions located at the northern andhson ends of the Amazon
rainforest, as we can see that the main clusterswaabéere contain isolates from different
regions, in some cases distant from these areas. Témdées show that migration followed
by recombination may influence NW begomovirus evolutibighlighting long-distance
spread as an important evolutionary event for begamewdiversification.

The recent spread of the polyphag&usabaci biotype B (Morales, 2006) might have
facilitated host switching of indigenous begomovirusesyviding new opportunities for
recombination and reassortment to occur, leading toethergence of novel viruses.
Topological incongruences between DNA-A and DNA-B Ipbgnetic trees were observed
here and are additional evidence of reassortmemit®bwetween begomoviruses in the NW.

Bean golden yellow mosaic virus (BGYMV) was reported to be able to form asymmetric
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viable reassortants with a begomovirus species beigrigi a different phylogenetic cluster
(Garrido-Ramirezt al., 2000). Incongruent placement fdiacroptilium mosaic Puerto Rico
virus (MaMPRYV) suggest that its components may have eval@ag different paths, with
ancestors from the current begomovirus clades thaticoRHYVV and BGYMV (ldriset

al., 2003). Together, these results represent additiondemree that genomic reassortment
between different clusters may have occurred, showiagmportance of reassortment in the
evolution of NW begomoviruses.

Recombination was previously reported to affect tredwgion of OW begomoviruses
(Lefeuvre et al., 2007). Here, we observed that, besides mutatiamgmbination seems
pivotal for begomovirus evolution in the NW. Migratiovas detected to be very frequent
into the different biogeographic regions, with its effieetng highlighted by recombination,
which was responsible for inserting new molecular festtio indigenous begomoviruses and
for mixing the genetic variability already present. Aliigh migration and recombination
deeply affect the evolution of NW begomoviruses, the teaance of distinct clusters
despite overlapping geographic regions and hosts wasrvdd. These clusters represent
sources of genetic variability, which can be transtetcebegomoviruses in other clusters by

migration and recombination.

Methods

Begomovirus datasets

All DNA-A and DNA-B reference sequences of begomoses from the NW were
retrieved from GenBank's non-redundant nucleotide ds¢aba
(www.ncbi.nlm.nih.gov/genbank; accessed in Septemb&B)2We also included sequences

of some bipartite begomoviruses from the Old World (&fause they are more similar to
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NW than OW begomoviruses (Het al., 2006; Ha, 2008). Sequences were classified
according to sampling location for phylogeographiclgma (Suppl. Table S1). We used
natural geographic featureasd., the Andes mountains and the Amazon rainforest) to divide
the NW into five different geographic regions: Western Sdutterica (WSA) and Eastern
South America (ESA), countries located western and easierthe Andes mountains,
respectively; Caribbean (CB), including Venezuela Bfatida because they are physically
close to countries located in the Caribbean Sea; Céumatica (CA), including Colombia;
and North America (NA), including Mexico. Venezuela a@dlombia were classified
separately from South America due to their locationvalibe Amazon rainforest, a natural

barrier for whitefly dispersion.

Multiple sequence alignments

Multiple sequence alignments were prepared for theldatith DNA-A and DNA-B
sequences and for the CP, Rep, NSP and MP codingsees of each viral species using the
MUSCLE algorithm (Edgar, 2004) and manually adjustesingi Se-Al v. 2.0all
(tree.bio.ed.ac.uk/software/seal/). To confirm assignedntaxy, DNA-A sequences were

analyzed using the program Species Demarcationvido0 (Muhireet al., 2013).

Network and recombination analyses

Evidence of non-tree-like evolution was assesse@®lA-A, DNA-B, CP, Rep, NSP
and MP datasets using the Neighbor-Net method (Bryanto&ltdn, 2004) implemented in
SplitsTree v. 4.10 (Huson & Bryant, 2006). Imagesefworks were edited using Adobe
lllustrator.

Possible parental sequences and recombinatiokdmigds were determined for full-

length DNA-A and DNA-B genomes using the rdp, GemecdBootscan, Maximum Chi
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Square, Chimaera, SisterScan and 3Seq methods impézim@nRecombination Detection
Program (RDP) v. 3.44 (Martet al., 2010). Alignments were scanned with default settings
for the different methods and statistical significance imé=red by aP-value lower than a
Bonferroni-corrected cut-off of 0.05. Only recomdtion events detected by at least three

different methods were considered to be reliable.

Phylogenetic analysis

Maximum likelihood (ML) trees were inferred for all dsg¢#s using RAXML v. 7.0.3
(Stamatakis, 2006), assuming a general time reversiltleotide substitution model with a
gamma model of rate heterogeneity. The robustnesaabfiedividual branch was estimated
from 2000 bootstrap replicates. Trees were visualized @dited using FigTree

(tree.bio.ed.ac.uk/software/figtree) and Adobe lllustrator

Phylogeography analysis

Spatial diffusion for the full-length DNA-A was estimdtasing a Bayesian MCMC
statistical framework implemented in BEAST v.1.7.5 (Dmond & Rambaut, 2007). A
matrix of geographic locations was created basedthensampling locations for each
sequence/species. A full model was used, where abiljesreversible exchange rates
between locations were equally likely. The dataset wab/zed under demographic models
of constant size, exponential growth and Bayesian Skykie.all models, we used both
relaxed (uncorrelated Lognormal) and strict molecularckd, assuming a general time
reversible nucleotide substitution model. MCMC analysese run for 2 x 1®generations to
achieve the convergence of parameters, which wassassey calculation of the effective
sample size (ESS) using TRACER v.1.4 (beast.bio.etk@cacer). All parameter estimates

showed ESS values >200, and their uncertainty weélectred in the 95% highest posterior
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probability (HPP) intervals. The best model was chdseoalculating the Bayes factor from
the posterior distribution output of each model using TER v.1.4. The MCC tree was
summarized using TreeAnnotator v.1.7.5. (beast.bio.edk/@czeeAnnotator), visualized and

edited using FigTree and Adobe lllustrator.
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Figure legends

Fig. 1. Neighbor-net network based on full-lengd#) DNA-A, (b) CP,(c) Rep,(d) DNA-B,
(e) NSP and(f) MP nucleotide sequences of New World begomovirutsgsates from
Eastern South America (ESA) are indicated in red, WieSeuth America (WSA) in black,
Central America (CA) in blue, North America (NA) inng, the Caribbean (CB) in orange
and Old World (OW) in green. A networked relatiomslimstead of a bifurcating tree is

suggestive of recombination.

Fig. 2. Midpoint-rooted maximum likelihood tree based on futigth DNA-A nucleotide
sequences of New World begomoviruses. Isolates fEaistern South America (ESA) are
indicated in red, Western South America (WSA) in blac&nt€@al America (CA) in blue,
North America (NA) in pink, the Caribbean (CB) in orarayed Old World (OW) in green.
Nodes with bootstrap values higher than 50% and lower 86&h are indicated by empty

circles and those with values equal or higher than Bg%#led circles.

Fig. 3. Midpoint-rooted maximum likelihood tree based on fuligh DNA-B nucleotide
sequences of New World begomoviruses. Isolates fEaistern South America (ESA) are
indicated in red, Western South America (WSA) in blac&nt€@al America (CA) in blue,
North America (NA) in pink, the Caribbean (CB) in orarayed Old World (OW) in green.
Nodes with bootstrap values higher than 50% and lowar 85% are indicated by empty

circles and those with values equal or higher than Bg%#led circles.

Fig. 4. Phylogeographic clustering based on full-length BANAucleotide sequences of New
World begomoviruses. Isolates from Eastern South faefESA) are indicated in red,

Western South America (WSA) in black, Central America Y@Ablue, North America (NA)
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in pink, the Caribbean (CB) in orange and Old Wo@\{) in green. Nodes with posterior

probabilities equal to or higher than 0.99 are indtdtgfilled circles.
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Fig. 1b
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Fig. 1c
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Fig. 1d
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Fig. 1e
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Fig. 1f
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Fig. 2
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Fig. 3

—* SiYMoV_NC016083

SimMV_NC005331
ToSRV_NC009612
ToRMV_NC002556

SimBoV2_NC015047
ToYSV_NC007727
OMoV_NCO011182
PSLDV_NC012727
SIMAIV_NC016579
AbMBV_NC014139
SoCSV_NC018456
BGMV_NC004043
[ JoRYLCV NC020258
ToYVSV_NC010950
DCMV_NC018718
MeCMV_NC014381
EuMV_NC008305
EuYMV_NC012554
ToMYLCAV_NC009491
SqMLCV_NC004646
SqLCV_NC001937
SqYMMoV_NC003860
BCaMV_NC003505
BILCV_NCO19036
ToYMoV_NC019947
CILCrV_NC016572
ToMiMV_NCO010834
SimBY_FN426002
SiMBoV1_NC015044
AbMBoV_NC015048
ToCMoV_NCD03665
ToMoLCV__JF803264
ToCmMV_NCO10836
BIYSV_NCO010838
ToMLCV_NC005851
MeMV_NC007966
ToYMLCV_NC005853
MaMPRV_NC004098
BGYMV_NC001438
MaYMV_NC010648
MaYMFV_NC004100
DiYMV_NC003857
PHYVV_NC001369
RhGMV_NC010293
MeMPRY_NC015491
RhMMV_NC015489
RhRGMV_HM236371
TYCV_NGO15628
RhGMYUV_NC012482
CabLCuV_NC003887
PepGMV_NC004096
BDMV_NC001930
SIGMV_NC002047
MaGMV_NC010953
BYCV_NC019568
ToMHV_NC003868
ABMV_NC001929
WGMV_NC010951
ToYLDV_NC017913
ToMoV_NC001939
ToMeTV_NC001917

SIGMFV_NC014447 Cluster Il
CovSV_NG008493
SIVMYUV_ NCO0B780
SIGMoV_NC014128
ToGMoV_NC008057
SIGMHV_NC004660
SIYVV_NC004662
SIGMCRV_NCO04658
ToLCSV_NCO09605
SIMSV_NC008056
CdTV_NC303831
OYMMV_NC014067
CLCIV_NC004581
TCLDV_NCO15961
PYMPY_NC002049

DLDV_NC018715
PYMTV_NC004644
DelDV_NC008495
CGMV_NC009646
CYVV_NC006359

ToLCNDV_NC004612

PYMV_NC001935 Cluster lla

Cluster |

Cluster Il

92



Fig. 4
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Suppl. Table S1.New World begomovirus species retrieved from GenBamén-redundant nucleotide database.

Acession #
Species DNA-A DNA-B Acronym Location Host
South America East
Abutilon Brazl virus NC014138 NC014139 AbMBV Bahia, Brazil Abutilon sp.
Abutilon mosaic Bolivia virus NC01504! NCO01504¢ AbMBoV Santa Cruz, Bolivi Abutilon p
Bean golden mosaic virus NC004042 NCO004043 BGMV Brazil Phaseolus wulgaris
Blainvillea yellow spot virus NC01083 NCO01083¢ BIYSV Brazil Blainvillea rhomboidea
Centrosema yellow spot virus NC01699:t - CenYSV Brazil Centrosema brasilianum
Cleome leaf crumple virus NC016578 NCO016572 CILCrV Brazil Cleome affinis
Euphorbia yellow mosaic virus NC01255: NCO01255: EuYMV Brazil Euphorbia heterophylla

Macroptilium

Macroptiliumyellow net virus NCO01700: - MaYNV Brazil lathyroides
Macroptilium yellow spot virus NC016999 - MaYSV Brazil M. lathyroides
Macroptiliumyellow vein virus NC017000 - MaYVV Brazil M. lathyroides
Okra mottle virus NC01118: NCO01118: OMoV Brazil Abelmoschus esculentus
Passionfruit severe leaf distortion virus NC012786 NC012787 PSLDV Brazil Passiflora edulis
Sda micrantha mosaic virus NC005330 NCO005331 SimMV Brazil Sda micrantha
Sda mosaic Alagoas virus NC016573 NCO016579 SiMAIV Brazil Sda sp.
Sda mosaic Bolivia virus 1 NC015046 NC015044 SiMBoV1 Bolivia S micrantha
Sda mosaic Bolivia virus 2 NC015043 NCO015047 SiMBoV2 Bolivia S micrantha
Sda mottle Alagoas virus NC020256 - SiMoAIV Brazil S urens
Sda mottle virus NC004637 - SiMoV Brazil Sda sp.
Sda yellow blotch virus NC02025- - SYBIV Brazil S urens
Sda yellow mosaic Alagoas virus NC020255 - SiYMAIV Brazil S urens
Sda yellow mosaic virus NC00463! - SiYMV Brazil Sda sp.
Sda yellow net virus NC02025: - SiYNV Brazil S micrantha
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Acession #

Specie: DNA-A DNA-B  Acronym Local Host
South America East
Soybean chlorotic gpot virus NC018457 NC018456 SoCSV Brazil Glycine max
Tomato chlorotic mottle virus NC00366: NCO00366! ToCMoV Brazil Solanum lycopersicum
Tomato common mosaic virus NC01083! NCO01083¢ ToCmMV Brazil S lycopersicum
Tomato golden mosaic virus NC001507 - TGMV Brazil S lycopersicum
Tomato mild mosaic virus NC01083: NC01083: ToMiMV Brazil S lycopersicum
Tomato rugose mosaic virus NC002555 NC002556 ToRMV Brazil S lycopersicum
Tomato rugose yellow leaf curl virus NC020257 NC020258 ToRYLCV Salto Grande, Uruguay S lycopersicum
Tomato severe rugose virus NC00960° NCO00961: ToSRV Brazil Capsicum annuum
Tomato yellow spot virus NC007726 NCO07727 ToYSV Brazil S lycopersicum
Tomato yellow vein streak virus NC01094¢ NCO01095( ToYVSV Brazil Solanum tuberosum
Tomato mottle leaf curl virus JF80324 JF80326. ToMolLCV Distrito Federal, Brazil S lycopersicum
Tomato leaf distortion virus EU710749 - ToLDV Brazil S lycopersicum
Sda common mosaic virus EU710751 - SiCmMV Brazil S rhombifolia
Sda Brazl virus . Matq Grosso do Sul, )

FN436001 FN436002 SimBV Brazil Sda sp.
Sda yellow leaf curl virus EU710750 - SIYLCV Brazil S rhombifolia
Soybean blistering mosaic virus EF01648i - SoBIMV Argentine G. max
South America West
Tomato leaf deformation virus NC01451( - TolLDeV Ecuado S lycopersicum
Caribbean
Abutilon mosaic virus NC00192¢ NCO00192¢ AbMV - Abutilon sellovianum
Bean yellow chlorosis virus NC019569 NCO019568 BYCV Barinas, Venezuela P. wlgaris
Bean golden yellow mosaic virus NC00143¢ NCO00143¢ BGYMV Puerto Ric P. wulgaris
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Acession # Acronym Local Host
Species DNA-A DNA-B
Dalechampia chlorotic mosaic virus NC018716 NCO018718DCMV Venezuela Dalechampia sp.
Datura leaf distortion virus NC01871° NCO01871! DLDV Venezuel Datura stramonium
Dicliptera yellow mottle virus NC003856 NC003857DiYMV Florida, USA Dicliptera sexangularis
Macroptiliumgolden mosaic virus NC010952 NCO010953MaGMV Jamaica Wissadula ampliss ma
Macroptiliumyellow mosaic Florida virus  NC004099 NC004100MaYMFV Florida, USA M. lathyroides
Macroptilium yellow mosaic virus NC010647 NC010648MaYMV Jamaica M. lathyroides
Macroptilium mosaic Puerto Rico virus NC004097 NCO004098MaMPRV Puerto Rico M. lathyroides
Melon chlorotic mosaic virus NC014380 NCO014381MeCMV Venezuela Citrullus lanatus
Merremia mosaic Puerto Rico virus NC015490 NCO015491MeMPRV Puerto Rico Merremia quinquefolia
Merremia mosaic virus NC00796! NCO00796t MeMV Puerto Rici Merremia sp
Potato yellow mosaic Trinidad virus NC004638 NCO004644PYMTV Trinidad and Tobago S lycopersicum
Potato yellow mosaic virus NC00193: NCO00193! PYMV Venezuel Solanum tuberosum
Rhynchosai mild mosaic virus NCO01548f NCO01548¢ RhMMV Puerto Rici Rhynchosia minima
Sda golden mosaic Florida virus NC014446 NC014447SiGMFV Florida, USA Sda sp.
Sda golden mosaic virus NC00204¢ NC00204° SiGMV Florida, US# S santaremensis
Sda golden mottle virus NC01413( NCO01412¢ SiGMoV Florida, US# S santaremensis
Sda golden yellow vein virus NC004635 - SIGYW Jamaica Sda spp
Sda yellow mottle virus NC01608. NCO01608. SiYMoV Cube M. coromandelianum
Tobacco yellow crinkle virus NC015627 NCO015628TYCV Cuba Nicotiana tabacum
Tomato chlorotic leaf distortion NC015962 NCO015961TCLDV Venezuela S lycopersicum
Tomato mild yellow leaf curl Aragua virus  NC009490 NCO009491ToMYLCAV Venezuela S lycopersicum
Tomato mosaic Havana virus NC003867 NC003868ToMHV Cuba S lycopersicum
Tomato mosaic leaf curl virus NCO005850 NCO005851ToMLCV Trujillo, Venezuela S lycopersicum
Tomato mottle Taino virus NC001828 NCO001917ToMoTV Cuba S lycopersicum
Tomato mottle virus NC001938 NC001939ToMoV Florida S lycopersicum
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Acession #

Specie: DNA-A DNA-B Acronym Local Host
Tomato yellow |eaf distortion virus NC01134¢ NCO01791! ToYLDV  Cube S. lycopersicum
Tomato yellow margin leaf curl virus NC005852 NCO005853 ToYMLCV Merida, Venezuela S lycopersicum
Wissadula golden mosaic virus NC01094¢ NCO01095: WGMV Saint Thomas, Jama  W. amplissima
Tobacco leaf curl Cuba virus AMO05014:= - ToLCCUV Cubs N. tabacum
Rhynchosia rugose golden mosaic virus HM23637 R. minima

HM236370 1 RhRGMV  Cuba
Central America

Valle del Cauca,

Bean dwarf mosaic virus NC00193: NCO00193( BDMV Colombia P. vulgaris
Potato yellow mosaic Panama virus NC002048 NCO002049 PYMPV Panama S. lycopersicum
Sda golden mosaic Costa Rica virus NC00465  NCO00465{ SiGMCRV Cosda Rice S rhombifolia
Sda golden mosaic Honduras virus NCO004659 NCO004660 SIGMHV  Honduras S. rhombifolia
Sda yellow vein virus NC004661 NC004662 SiYVV Honduras Sida sp.
Sguash yellow mild mottle virus NC003865 NCO003860 SgqYMMoV Costa Rica Cucurbita sp.
Tomato leaf curl Sinaloa virus NC009606 NC009605 ToLCSV Santa Lucia, Nicaragué. lycopersicum
Tomato severe leaf curl virus NC004642 - ToSLCV Guatemala S. lycopersicum
Tomato yellow mottle virus NC01994( NC01994° ToYMoV  Costa Ric S. lycopersicum
North America
Bean calico mosaic virus NC00350: NC00350! BCaMV Sonora, Mexic P. wulgaris
Bean yellow mosaic Mexico virus NC015487 - BYMMV  Chiapas, Mexico P. vulgaris
Blechuminterveinal chlorosis virus NCO01903! NC01903t BIICV Campeche, Mexic Blechum pyramidatum
Cabbage leaf curl virus NC003866 NCO003887 CabLCuV - Brassica oleracea
Chino del tomate virus NC003830 NCO003831 CdTVv - S. lycopersicum
Corchorus yellow spot virus NC00849. NC00849: CoYSV Yucatan, Mexic Corchorus siliquosus
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Acession #

Specie: DNA-A DNA-B  Acronym Local Host

Cotton leaf crumple virus NC00458( NCO00458. CLCrV Sonora, Mexic Gossypium sp.
Cucurbit leaf crumple virus NC002984 - CuLCrV USA Curcubita pepo
Desmodium |eaf distortion virus NCO00849: NC00849! DelLDV Yucatan, Mexic Desmodium glabrum
Euphorbia mosaic virus NC00830« NCO00830! EuMV Yucatan, Mexic E. heterophylla
Okra yellow mosaic Mexico virus NC014066 NC0140670YMMV Morelos, Mexico A. esculentus
Pepper golden mosaic virus NC00410: NCO00409t PepGM\ Tamaulipas, Mexic C. annuum
Pepper huasteco yellow vein virus NCO001359 NCO001369PHYVV Mexico C. annuum
Rhynchosia golden mosaic virus NC010294 NCO010293RhGMV Sinaloa, Mexico G. max
Rhynchosia golden mosaic Yucatan virus NCO01248: NC01248. RhGMYuV  Mexico R. minima

Sda mosaic Snaloa virus NCO008059 NCO008056 SIMSV Mexico Sda sp.

Sguash leaf curl virus NC00193¢ NCO00193 SgLCV - Cucurbit sp.
Sguash mild leaf curl virus NC00464! NCO00464( SgMLCV California, US# Cucurbit sp.
Sda yellow mosaic Yucatan virus NCO008779 NCO008780SiYMYuV Yucatan, Mexico S acuta
Tomato chino La Paz virus NC005843 - ToChLPV La paz, Mexico S. lycopersicum
Tomato golden mottle virus NC008058 NCO008057ToGMoV Sinaloa, Mexico S. lycopersicum
Okra yellow mottle Iguala virus AY751753 - OYMolV Mexico A. esculentus
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Suppl. Table S2 Putative recombination events detected among begonses from the New World, based on the full-lerighhA-A.

Events Breakpoints Genomic regior Recombinants Putative parents Methods P value
Begin End Minor Major
1 1923 7 Rep/IR CabLCuJVv_DQ178614 CoYSV_NC008492 CabLCuV_NC003866  BRGS3 8.91E-93
2 2589 1925 IR/Rep TYCV_NC015627 CabLCuV_NCO003866  Unknown RGBMELS 4.34E-60
3 23 1520 IR/Rep ToRMV_NC002555 ToCMoV_NC003664 ToSRV_NC009607 RGBMCS 3.99E-58
4 1634 2649 Rep/IR SiYMV_NC004639 Unknown SiMoV_NC004637 RGBMBS 6.87E-55
5 1993 2583 Rep/IR AbMBV_NC014138 CabLCuV_NC003866  SiMAIV_NC016573 RGBMLS 7.56E-53
6 2031 29 Rep/IR SiYLCV_EU710750 EuYMV_NC012553 SiMoV_NC004637 RGBMES  4.29E-47
7 33 1878 IR/Rep DelLDV_NC008494 CoYSV_NC008492 CabLCuV_NCO003866 RGEBAC 2.91E-38
8 45 1814 IR/Rep PYMPV_NC002048 PYMV_NCO001934 Unknown RGBMES  1.00E-35
9 138 1930 IR/Rep DLDV_NC018717 PYMV_NCO001934 TCLDV_NC015962 RGBMES 8.41E-34
10 870 1944 CP/Rep ToSLCV_NC004642 ToChLPV_NC005843 RhGMYuV_NC012481 BRES3 1.25E-29
11 18 2064 IR/Rep CLCrV_NC004580 OYMMV_NC014066 Unknown RBM3 8.00E-39
12 79 2068 IR/Rep ToLCNDV_NC004611  Unknown ToYSV_NCO007726 RBINE 2.18E-36
13 1873 45 Rep/IR PYMV_NC001934 MaGMV_NC010952 PYMTV_NCO004638 RGBMES 2.41E-27
14 2003 2488 Rep ToRYLCV_NC020257 RhGMYuV_NC012481 CenYSV_NC016998 RGBMCS3 5.86E-26
15 1848 2479 Rep MaYSV_NC016999 BIYSV_NC010837 SoCSV_NC018457 RGBMCS 7.99E-26
16 91 1983 IR/Rep PHYVV_NC001359 Unknown SIMAIV_NC016573 RBMGS 1.38E-25
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ToSLCV_NC004642
MeCMV_NC014380
CuLCrv_NC002984
SqLCV_NC001936
SqYMMoV_NC003865
EuYMV_NC012553
ToMYLCAV_NC009490
CLCrV_NC004580
DeLDV_NC008494
ToCmMV_NC010835
SiYLCV_EU710750
AbMBV_NC014138

CoYSV_NC008492
OYMMV_NCO014066
SiMSV_NC008059
SiGMHV_NC004659
SiYMYuV_NCO008779
SiCmMV_EU710751
SIMAIV_NC016573

PepGMV_NC004101

CabLCuV_NCO003866

Unknown

Unknown
Unknown
Unknown

SiGMV_NC002046

MaGMV_NC010952
SiYBIV_NC020254

Unknown

SoBIMV_EF016486

RhGMV_NC010294

ToMLCV_NC005850
MeMV_NC_007965
MaYMFV_NC004099

MaGMV_NC010952

SiMoV_NC004637
Unknown

RhMMV_NC015488

REES3

RGBMCS3

RGBNME

RBMICS

RBMECS

RGBMGS

RGBHEIC

4.83E-26

8.52E-24

4.38E-26

9.64E-23

1.65E-20

3.56E-20

3.53E-23
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Events Breakpoints Genomic region Recombinants Putise parents Methods P value
Begin End Minor Major

24 2667 1246 (?) IR/Ren/Trap SiIMAIV_NC016573 AbMBV_NC014138 SiYBIV_NC020254 RG 1.20E-19

25 1933 2201 Rep MaYNV_NC017001 Unknown SimMV_NC005330 GBMCS3 4.90E-19
ToCMoV_NC003664 Unknown ToMiMV_NC010833

26 1936 2146 Rep ToSRV_NC009607 SimMV_NC005330 Unknown REACS3 5.60E-20
ToRMV_NCO002555 ToMiMV_NC010833 Unknown

27 1950 168 Rep/IR MaMPRYV_NC004097 Unknown RhMMV_NC015488 REC3 4.43E-17

28 131 296 IR/ICP OYMolV_AY751753 SqLCV_NC001936 CdTV_NC003830 RGBMCS3 1.99E-16

29 2125 2384 Rep MaYSV_NC016999 Unknown SoBIMV_EF016486 RGBMES 3.41E-16
BIYSV_NC010837 Unknown CabLCuJV_DQ178614

30 1934 2145 Rep SiYMoV_NC016082 Unknown SiGMV_NC002046 RGBMCS3 7.03E-16

31 2028 2610 Rep/IR SimBV_FN436001 MaYVV_NC017000 SiMoV_NC004637 RGBEE  1.33E-17

32 2211 32 Rep/IR SiMoV_NC004637 Unknown SiYNV_NC020253 RGBMCS3 1.96E-14

33 1916 114 Rep/IR SiGMoV_NC014130 MaGMV_NC010952 OYMolV_AY751753 RENE3 2.73E-12

34 1057 1965 Ren/Rep RhGMV_NC010294 Unknown ToYVSV_NC010949 RGBMC 1.24E-14
MeMPRV_NC015490

35 1889 2619 Rep/IR ToMoLCV_JF803246 PSLDV_NC012786 Unknown RGBBIC  6.63E-20

36 864 1743 CP/Rep BYCV_NC019569 Unknown CdTV_NC003830 RGBMC 3.59E-14

37 2558 1659 IR/Rep BYMMV_NC015487 CdTV_NC003830 Unknown MGS 2.53E-13
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Events Breakpoints Genomic region Recombinants Putate parents Methods P value
Begin End Minor Major
38 1346 1925 Ren/Trap/Rep RhMMV_NC015488 CGMV_NC009644 BDMV_NC001931 REN3 1.58E-12
MaMPRYV_NC004097
MeMPRYV_NC015490
39 997 2370 Ren/Rep CGMV_NC009644 Unknown ToChLPV_NC005843 RBIE 1.13E-34
CYVV_NCO006358
40 2321 2634 Rep/IR OMoV_NC011181 Unknown SiYNV_NC020253 GBMCS3 1.20E-11
41 195 1649 IR/Rep SimMV_NCO005330 OMoV_NC011181 Unknown RGEIS 8.61E-13
42 958 1255 CP/Ren MaGMV_NC010952 Unknown BDMV_NC001931 BMCS3 4.28E-12
43 2176 2469 Rep SimBV_FN436001 Unknown CoYSV_NC008492 RGRIC 2.20E-11
BGMV_NC004042 Unknown CabLCuJV_DQ178614
MaYVV_NC017000 Unknown MaGMV_NC010952
44 2014 2250(?) Rep CYVV_NCO006358 Unknown SiYMV_NC004639 MC3 1.47E-10
44 CGMV_NC009644 Unknown ToYMoV_NC019946
45 1869 2079(?) Rep ToMLCV_NCO005850 TCLDV_NC015962 Unknown RGBMCS 2.06E-10
MeMV_NC_007965 PYMTV_NCO004638 Unknown
46 2503 2644 Rep/IR ToYSV_NCO007726 Unknown SiYNV_NC020253 RGB 2.60E-10
a7 1873(?) 2342 Rep ToYMoV_NC019946 Unknown MeMV_NC_007965 RGBCS 9.62E-10
48 1897 2135 Rep ToYVSV_NC010949 Unknown AbMBoV_NCO015045 RGBMCS 1.26E-09
DCMV_NCO018716
PSLDV_NC012786
49 1656 2155 Rep OMoV_NC011181 ToYSV_NCO007726 SiYBIV_NC020254 RGBEIC 1.74E-15
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Events Breakpoints Genomic region Recombinants Pui@e parents Methods P value
Begin End Minor Major
50 23 919 IR/ICP ToYLDV_NC011348 Unknown SiYMoV_NC016082 RM@GS 2.27E-09
51 2020 2153(?) Rep SiYMV_NC004639 CILCrV_NCO016578 OMoV_NC011181 RGIEIC 4.85E-09
52 1925(?) 2159 Rep CoYSV_NC008492 Unknown ToMoTV_NC001828 RGBMCS3 5.10E-09
MaGMV_NC010952
PYMV_NC001934
SiGMoV_NC014130
53 1057(?) 1167 Ren RhGMV_NC010294 TYCV_NC015627 Unknown RGMC3 5.87E-09
PHYVV_NC001359 RhGMYuV_NC012481 Unknown
MaMPRV_NC004097 CabLCuV_NC003866 Unknown
MeMPRV_NC015490 CabLCuJV_DQ178614  Unknown
RhMMV_NC015488
54 2047 2293 Rep ToMiMV_NC010833 SiMBoV1_NC015046 SiYVV_NC004661 RGBMS 1.00E-08
55 2533 2674 Rep/IR ToRYLCV_NC020257 SqMLCV_NC004645 CenYSV_NC016998 GBMCS 1.80E-08
56 366 986 CP SiMBoV1_NC015046 Unknown SiYMAIV_NC020255 BMCS3 3.25E-09
57 2487 2631 Rep/IR SiMBoV1_NC015046 ToMoTV_NC001828 Unknown RBMC 2.88E-08
SiYMAIV_NC020255
58 352 928 CP SiYMAIV_NC020255 SiYBIV_NC020254 CenYSV_NC016998 RBMCS 1.47E-08
59 1874 2286 Rep SiGMV_NC002046 CdTV_NC003830 ToMHV_NC003867 RGBS 1.39E-08
ToYLDV_NC011348
AbMV_NC001928
60 2028 2267 Rep AbMBoV_NC015045 CenYSV_NC016998 SiMBoV2 NC015043 RGBMCS 3.74E-08
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61 120(?) 387 IR/CP ToSLCV_NC004642 Unknown SiGMoV_NC014130 MC3 9.81E-08
62 993(?) 2534 CP/Rep SiIGMHV_NC004659 Unknown OYMolV_AY751753 B 6.68E-10

OYMMV_NCO014066

63 2151  2518(?) Rep CabLCuJV_DQ178614  ToMoTV_NC001828  ToChLPV_NC005843 MSR 2.92E-07
MaGMV_NC010952 CenYSV_NC016998
SiCmMV_EU710751

64 1983 2087 Rep ToLDV_EU710749 SiCmMV_EU710751  SiMBoV2_NC015043  GRC3 9.49E-09
65 2444 2571  Rep SiYMYuV_NC008779  Unknown SiGMoV_NC014130 RNAC 3.13E-07
66 202(?) 938 CP MaYVV_NC017000 Unknown SgMLCV_NC004645 8 3.90E-07
67 1470(?) 1965  Trap/Rep SiCmMV_EU710751 BGMV_NC004042 SiMBoV2_NC015043 RGM 6.16E-07
68 1884  2190(?) Rep SiYBIV_NC020254 SIGMFV_NC014446  SiMoV_NC004637 BRCS3 5.14E-07
SIMAIV_NCO016573 SIGYVV_NC004635  SiYNV_NC020253
69 2156(?) 2428 Rep SiYMV_NC004639 Unknown SiYNV_NC020253 RBS3 9.34E-08
70 267 978  CP ToLCSV_NC009606 SiYNV_NC020253 BYMMV_NC015487 R 9.80E-07
71 2486(?) 318  Rep/CF SqYMMoV_NC003865  CabLCuV_NC003866  DiYMV_NC003856 &8 1.60E-06

SgLCV_NC001936
EuMV_NC008304
ToMYLCAV_NC009490

72 1458  1955(?) Rep/Trap PHYVV_NC001359 Unknown ToChLPV_NC005843 RM 1.89E-06

73 1949 2440 Rep ToYMLCV_NC005852 PYMTV_NC004638 BIICV_NC019035 RECS 2.38E-06
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74 955 1251 CP/Ren/Trap RhGMYuV_NC012481 Unknown ToMYLCAV_NC009490 @8 2.44E-06
TYCV_NCO015627
75 2362 829 Rep/CP ToChLPV_NC005843 Unknown TolLDeV_NCO014510 aga 2.29E-06
76 1946 2082 Rep SiIGYVV_NC004635 CdTV_NCO003830 SiIGMFV_NC014446 RBMS 2.53E-06
77 955 2257(?) CP/Rep DCMV_NC018716 Unknown ToYVSV_NC010949 NEC 4.91E-10
78 1378 1500  Trap/Rep SiYLCV_EU710750 RhGMV_NC010294 ToLDeV_NC014510 MR3 5.28E-06
AbMBoV_NC015045
SiMBoV2_NC015043
SiMBoV1_NC015046
SiYMAIV_NC020255
SiCmMV_EU710751
ToYSV_NCO007726
SiYNV_NC020253
SiMoV_NC004637
SiYMV_NC004639
CenYSV_NC016998
TGMV_NC001507
79 2003(?) 2033(?) Rep AbMBV_NC014138 ToMoV_NC001938 Unknown RG3 2.02E-06
80 1962 2028 Rep CLCrV_NC004580 Unknown SiIGMCRV_NCO004657 GR 4.11E-06
81 342 1219 CP/Ren/Trap CabLCuV_NC003866 DiYMV_NC003856 SqMLCV_NC004645 CH 6.20E-06
PepGMV_NC004101
TYCV_NCO015627
CabLCuJVv_DQ178614
82 1993 2107 Rep BYMMV_NC015487 ToGMoV_NC008058 Unknown RGMC 6.50E-06
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MeMPRV_NC015490

CdTV_NC003830

Events Breakpoints Genomic region Recombinants Putate parents Methods P value
Begin End Minor Major

83 2438 9 Rep/IR CoYSV_NC008492 BIICV_NC019035 ToLCSV_NC009606 BBI 1.09E-05
SiMSV_NC008059
SiGMoV_NC014130

84 2367(?) 2567(?) Rep SiYMoV_NC016082 SIMAIV_NC016573 SiGMV_NC002046 ARIC3 6.92E-04
SiIGMFV_NC014446 SiYBIV_NC020254 ToMoV_NC001938
SiIGYVV_NC004635
ToLCSV_NC009606
ToYLDV_NC011348
RhRGMV_HM236370
OYMolV_AY751753

85 2038 2186 Rep ToYSV_NCO007726 Unknown BGYMV_NC001439 RBMCS3 8.85E-06
SiMBoV1_NC015046
OMoV_NC011181
SiMoAIV_NC020256
ToLDeV_NC014510
TGMV_NCO001507
SoBIMV_EF016486

86 1393 1556  Trap/Rep SiYBIV_NC020254 ToMLCV_NC005850 BDMV_NC001931 RBC 3.07E-05
ToCmMV_NC010835 MeMV_NC_007965 SiIGMFV_NC014446
SIMAIV_NCO016573

87 753(?) 1061 CP/Ren SiIGYVV_NC004635 Unknown SiYMYuV_NCO008779 MC3 2.21E-05

88 439 1111 CP/Ren ToLDV_EU710749 OMoV_NC011181 SiCmMV_EU710751 () 9.03E-06
SimMV_NC005330 CenYSV_NC016998 OYMMV_NC014066 @] 3.66E-05
WGMV_NC010948 ToMoLCV_JF803246 TCLDV_NC015962 RMC 3.95E-05
RhMMV_NC015488 BYCV_NC019569 Unknown MCS 7.05E-05

106




Events

Breakpoints

Begin

End

Genomic region

Recombinants

Putise parents

Minor

Major

Methods

P value

92

93

94

95

96

97

98

99

2500

2010

2432

1981

2427(?)

2373

2259(?)

2424

2653(?) Rep/IR

2106(?) Rep

25 Rep/IR

2075 Rep

120 Rep/IR

2510 Rep

2310 Rep

2577(?) Rep

SiYBIV_NC020254
SIMAIV_NC016573

BIYSV_NC010837

BDMV_NC001931
TCLDV_NC015962
ToMHV_NC003867
SiIGMCRV_NC004657
ToMoV_NC001938
SiYVV_NC004661

CdTV_NC003830
BYCV_NC019569
ToMoTV_NC001828
ToMoV_NC001938
RhRGMV_HM236370
SiIMSV_NC008059
SiYVV_NC004661

BIYSV_NC010837

MeMV_NC_007965
ToMLCV_NC005850

ToMLCV_NC005850
MeMV_NC_007965
TYCV_NC015627
MaYMFV_NC004099
DLDV_NC018717
CdTV_NC003830
SoCSV_NC018457

PSLDV_NC012786

SIGMFV_NCO014446

Unknown

Unknown

MaYMV_NC010647
SiMoAIV_NC020256
SiGMV_NC002046

TCLDV_NCO015962
MaMPRV_NC004097

SiMoAIV_NC020256

Unknown

SiMoAIV_NC020256

TCLDV_NCO015962

MaYNV_NCO017001

Unknown

ToMoLCV_JF803246

SiMoAIV_NC020256

RBCS

RGM

MCS

RGBCS

RBMC

RMC

7.33E-05

2.89E-05

3.60E-05

7.77E-05

7.33E-05

2.69E-04

5.81E-05

3.20E-04
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Events Breakpoints Genomic region Recombinants Putise parents Methods P value
Begin End Minor Major
100 2474(?) 2635 Rep/IR BYCV_NCO019569 Unknown SimMV_NCO005330 RN 7.80E-06
101 1251 1409 Ren/Trap MaYMFV_NC004099 EuMV_NCO008304 TCLDV_NCO015962 RMC 2.38E-04
BGYMV_NC001439
MaYMV_NC010647
102 2060 2213 Rep ToMoLCV_JF803246 Unknown MaYMV_NC010647 RN\ 8.73E-06
PYMPV_NC002048
ToCMoV_NC003664
PSLDV_NC012786
103 1033(?) 1388 Ren/Trap ToYVSV_NC010949 Unknown SoCSV_NC018457 MC3 1.08E-04
SoBIMV_EF016486
104 754 1019 CP/Rer ToMYLCAV_NC009490 Unknown AbMBoV_NCO015045 B 2.42E-03
105 27 131 IR PYMTV_NCO004638 Unknown SiGMV_NC002046 GMm 2.09E-03
PYMPV_NC002048
PYMV_NCO001934
106 1960(?) 2047 Rep MaYMV_NC010647 MaYNV_NCO017001 MaYMFV_NC004099 MC3 1.45E-04
107 166(?) 1062 IR/Ren ToMoLCV_JF803246 ToCMoV_NC003664 Unknown MCS 2.23E-03

& Numbering starts at the first nucleotide after the cleastget the origin of replication and increases clockwige bfeakpoint could not be precisely pinpointed.
R, RDP; G, GeneConv; B, Bootscan; M, MaxChi; C, Chan8, SisScan; 3, 3SEQ.
¢ The reportedP values are for the methods indicated in red, andaheyhe lowesP values calculated for the region in question.
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Suppl. Table S3 Putative recombination events detected among begonses from the New World, based on the full-lerigihA-B.

Events Breakpoints Genomic Region Recombinants Putative Parén Methods P value
Begin End Minor Major
1 667 2361 NSP/IR OMoV_NC011182 ToYSV_NCO007727 SimMV_NCO005331 RBMECS  4.64E-52
2 592 1355 NSP/MP OYMMV_NCO014067 CLCrV_NC004581 BYCV_NCO019568 RGBMCS3 1.75E-28
3 2465 2524 IR PYMV_NCO001935 CoYSV_NC008493 PYMTV_NC004644 GBMCS 8.15E-17
DLDV_NCO018715
4 2286 14 IR CabLCuV_NC003887 Unknown RhRGMV_HM236371 BIBCS 3.70E-16
5 2482 64 IR EuMV_NCO008305 EuYMV_NCO012554 BIICV_NC019036 RM®CS 6.80E-12
6 1190 55(?) IR CabLCuV_NC003887 Unknown RhRGMV_HM236371 RGBS 1.27E-09
7 84 1403 IR ToMoV_NCO001939 Unknown ToMoTV_NC001917 (O} 8.21E-09
8 2509 2578(?) IR SiIGMFV_NC014447 ToMoTV_NC001917 Unknown GM 4.78E-09
SiIGMV_NC002047
TYCV_NCO015628
9 2413 2586 IR ToYLDV_NCO017913 RhRGMV_HM236371 CLCrV_NCO004581 RGBH™ 1.06E-09
WGMV_NC010951
ToMoTV_NC001917
SiYMoV_NC016083
10 2611 101 IR SIMAIV_NC016579 SiMBoV1_NC015044 Unknown 8BS 5.76E-08
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Events Breakpoints Genomic Region Recombinants Putative Parén Methods P value
Begin End Minor Major
11 99 188 IR PYMV_NCO001935 Unknown DLDV_NCO018715 @&BM 1.36E-09
12 2448(?7)  2515(7?) IR SiIMSV_NC008056 CoYSV_NC008493 OYMMV_NCO014067 GBS 1.55E-07
13 401 743 NSP SiIGMV_NC002047 SiGMoV_NC_014128 Unknown RGBC 1.70E-09
14 90 146 IR AbMBoV_NCO015048 ToYVSV_NC010950 CdTV_NCO003831 RGBBIC  4.53E-09
15 2430 2541 IR SiGMoV_NC_014128 Unknown SiYMYuV_NC008780 GBMC 2.74E-06
16 2440 2540 IR EuYMV_NCO012554 SqMLCV_NCO004646 ToYVSV_NC010950 RGBM 2.15E-07
ToMYLCAV_NC009491
17 15 456 IR/NSP DCMV_NC018718 CYVV_NCO006359 BIICV_NC019036 NBC 7.47E-09
18 1392 1605 MP DLDV_NCO018715 SiIGMHV_NC004660 Unknown RGBS 5.33E-05
PYMPV_NC002049 ToGMoV_NC008057 Unknown
PYMV_NCO001935
19 1035 1235 IR SiYMoV_NC016083 SimBV_FN436002 SIGMHV_NC004660 RBMC 8.40E-05
SiYVV_NC004662
20 2428 72 IR SgMLCV_NC004646 BCaMV_NCO003505 ToYVSV_NC010950 R®IC 3.17E-07
21 2408 31 IR BCaMV_NC003505 SqYMMoV_NCO003860  Unknown RGKMC 4.00E-05
22 2200 60 IR MeMPRV_NC015491 Unknown MaYMFV_NC004100 RC 3.02E-07
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Events Breakpoints Genomic Region Recombinants Putative Parén Methods P value
Begin End Minor Major
23 127 261(?) IR ToRYLCV_NC020258 SiMBoV2_NC015047 ToGMoV_NC008057 CHl 2.23E-04
24 1225 2119 MP/IR RhMMV_NC015489 CabLCuV_NC003887 SiMBoV2_NC015047  &8C 4.49E-15
25 2531 2597 IR ToMoLCV_JF803264 SoCSV_NC018456 Unknown GBS 2.27E-03
26 1722(?) 1834 MP ToMHV_NC003868 PYMPV_NC002049 SiYMYuV_NC008780 N 1.61E-02

% Numbering starts at the first nucleotide after the cleastget the origin of replication and increases clockwiBe bfeakpoint could not be precisely pinpointed.

R, RDP; G, GeneConv; B, Bootscan; M, MaxChi; C, Chan8, SisScan; 3, 3SEQ.
¢ The reportedP values are for the methods indicated in red, andaheyhe lowesP values calculated for the region in question.
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Suppl. Fig. S1.Midpoint-rooted maximume-likelihood tree based on CPlenitle sequences
of New World begomoviruses. Nodes with bootstrap \shigher than 50% and lower than
85% are indicated by empty circles and those with wakgual to or higher than 85% by

filled circles.
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Suppl. Fig. S2. Midpoint-rooted maximume-likelihood tree based on Repclentide
sequences of New World begomoviruses. Nodes withsbrap values higher than 50% and
lower than 85% are indicated by empty circles and thodevalues equal to or higher than
85% by filled circles.
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Suppl. Fig. S3. Midpoint-rooted maximum-likelihood tree based on NS&cleotide
sequences of New World begomoviruses. Nodes withisbrap values higher than 50% and
lower than 85% are indicated by empty circles and thodgevalues equal to or higher than
85% by filled circles.
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