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ABSTRACT

ZANARDO, Larissa Goulart, D.Sc., Universidade Federal d®34¢ February, 201 Rew
insights of Cowpea mild mottle virus (CPMMYV) infection in soybean: The involvement
of viral replicase in symptoms induction and its interaction with hosfactors. Advisor:
Francisco Murilo Zerbini JaniorCo-advisers: Claudine Marcia Carvalho and Murilo
Siqueira Alves.

Cowpea mild mottle virus (CPMMV, family Betaflexiviridae and genusCarlavirus) is an
emerging virus in Brazil. The virus is transmitted by thaitefly Bemisia tabaci and it
infects hosts preferentially ¢fabaceae family, being found in different crops in almost all
the continents in the world. In this work, several aspattout biology and genetics of
CPMMV were dicussed and the CPMMV-host relationship wadoeed. CPMMV causes
varied symptoms in plants in the fields and in greenholise.nature of this symptoms
variation was determinate in this work using successiveulatons of a CPMMV
Brazilian isolate causing necrosis in the CD206 soybearvaultuccessive inoculations
led to the isolate, which previously had caused necrosis to imdigesymptoms (mosaic
and vein clearing). This was verified after six successigeulations of a soybean sample
from the field and also from a local lesion of a visallate, and thus submitted to a genetic
bottleneck, inNicotiana benthamiana leaves. We have shown that altering of symptoms
pattern increased the fitness of the virus and vector, stiggethat the induction of
different symptoms by viral variants is an adaptive acagat The viral region involved in
the induction of CPMMV symptoms was viral replicase (encode@RiF1), different sites
distributed throughout the recombinant blocks of ORF1 wesecited with phenotype
changes. In this work, also shought to the understandingt &t replication of CPMMV
in soybean identifying factors necessary for replicatiom.date, all that has been known
aboutbetaflexiviruses’s replication is that it occurs in the cytoplasm. None host factor was
known. Here, two host proteins able to interact with the Ri¢pendent RNA polymerase
domain (RdRp) from a yeast two-hybrid vector-constructedbesmy cDNA library wes
indentifyed. For the library construction, soybean plaots CD206 with CPMMV
infection after 0, 3, 7 and 14 days of inoculation werelu3ée proteins identified were:
the CSC1 type ERD4 (GmERD4) and an inositol methyltrandef@mIMT). The
interaction was confirmed by yeast two-hybrid assays an8itnplecular Fluorescence
Complementation (BiFC) assays. Prediction and subeaellatalization of both proteins

and the RdRp domain were also performed. GmERD4 was logatde endoplasmic

vii



reticulum (ER), GmIMT presented cytoplasmic location wiile RdRp domain induced
punctual structures in the plasma membrane and on theeB#rk. Analysis of the
expression of both genes in soybean plants infected wiMMOP demonstrated that the
they were induced after 3 and 7 dayfsinoculation. Overexpression @mERD4 and
GmIMT was performed on soybean protoplasts infected with CPMMV tawas found
that overexpression dBmERD4 increased viral accumulation after 7 days of infection.
Viral replicase is involved in different viral infectigomocesses, acting not only on genome
replication, but also on the induction of symptoms. Tiemforces the multifunctional

nature of viral proteins.
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RESUMO

ZANARDO, Larissa Goulart, D.Sc., Universidade Federal dgo$a, fevereiro de 2017
Novas descobertas sobre a infeccdo @mwpea mild mottle virus (CPMMV) em soja: O
envolvimento da replicase viral na inducdo de sintomas e sua interagcaarctatores do
hospedeiro.Orientador: Francisco Murilo Zerbini Junior. Coorientadordaudine Marcia
de Carvalho e Murilo Siqueira Alves.

O Cowpea mild mottle virus (CPMMV, familia Betaflexiviridade e géneroCarlavirus) é
um virus emergente no Brasil. O virus é transmitido pelscaxbranc@8emisia tabaci e
infecta hospedeiros preferencialmente da famHiabaceae, sendo encontrado em
diferentes culturas em quase todos os continentes dwlonNesse trabalho, varios
aspectos da biologia e genética do CPMMV foram discutid@s relacdo CPMMV-
hospedeiro foi explorada. O CPMMV causa sintomas muttiadas em plantas campo e
em casa de vegetacdo. A natureza dessa variacdo dmasinfoi determinada nesse
trabalho utilizando-se inoculagbes sucessivas de wiads de CPMMV brasileiro
causador de necrose na cultivar de soja CD206. As in@adagsucessivas levaram o
isolado que antes causava necrose a induzir sintomas srandsaicos e clareamento de
nervuras). Isso foi verificado apds seis inoculactieessivas de uma amostra vegetal de
soja proveniente do campo e também a partir do isoladooviteddo de uma leséo local, e
submetido, portanto a um gargalo genético, em folhadNidetiana benthamiana. A
alteracdo do padrao de sintomas aumentou adaptabilidade de vetos, sugerindo que a
inducéo de diferentes sintomas pelos variantes viraisaéuvantagem adaptativa. A regiao
viral envolvida na inducao de sintomas pelo CPMMV foi a rapbcviral (codificada pela
ORF1) e diferentes sitios distribuidos ao longo de Bldecombinantes da ORF1 foram
associados as alteracdes do fenotipo. Nesse trabathimertase buscou compreender um
aspectos da replicacdo do CPMMV em soja, identificandfaseres necessarios a
replicacdo. Até o momento tudo que se sabia sobrdieagdn dos betaflexivirus € que ela
ocorria no citoplasma. Nenhum fator do hospedeiro eraheoidn. Aqui foram
identificadas duas proteinas do hospedeiro capazes deginteoan o dominio RNA
polimerase dependente de RNA (RdRp) a partir de uma bibliateceDNA de soja
construida em vetor de duplo-hibrido de leveduras. Para awgwstia biblioteca foram
utilizadas plantas de soja cv. CD206 com infeccdo pelo CPMMS 0O, 3, 7 e 14 dias de
inoculagdo. As proteinas identificadas foram: a ERD4 ti@CLT (GmERD4) e uma
inositol metiltransferase (GmIMT). A interagcdo foordirmada por ensaios de duplo-
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hibrido de leveduras e por ensaios de complementacdo desé@oce bimolecular
(BiFC). A predicao e a localizacdo subcelular de analsaproteinas e do dominio RdRp
também foram realizados. GmERD4 localizmino reticulo endoplasmético (RE) e
GmIMT apresentou localizacdo citoplasmatica, enquant@ominio RdRp induziu
estruturas pontuais na membrana plasmatica e sobre dadtle. A andlise da expresséo
de ambos os genes em plantas de soja infectadas corMB\GRIemonstrou que eles
foram induzidos apés 3 e 7 dias da inoculacéo. A superexpras&nERD4 e GmIMT foi
realizada em protoplastos de soja infectados com o CPMMvi eerificado que a
superexpressao d@mERD4 aumentou o acumulo viral apds 7 dias de infeccao. Acesai
viral estd envolvida em diferentes processos da infeccad wituando ndo apenas na
replicacdo dos genomas, mas também na inducdo de sintissmgeforca a natureza

multifuncional das proteinas virais.



INTRODUCAO

As infec¢cBes causadas por virus, de modo geral, causam gramdas peproducdo
agricola e sao de dificil controle. A necrose da hdatesoja causada pet@owpea mild
mottle virus (CPMMV, familia Betaflexiviridade, géneroCarlavirus) se encaixa bem nesse
cenario. O CPMMV foi identificado h& cerca de 40 anos emoesssim pouco se sabe
sobre aspectos da biologia e genética desse virus. O vissuEaser um problema na
cultura da soja brasileira a partir dos anos 2000, causandmas tao variados em campo,
gue a necrose da haste chegou a ser considerada como gqaursdifierentes patdégenos.
Entre os sintomas mais severos estdo a necrose ta ehdslhas, queima do broto e
nanismo. Sintomas como mosaico, clareamento de nereutmlhosidades sdo também

comumente observados.

Grandes perdas econdmigasproducao de soja foram associadas a necrose da haste em
diferentes estados brasileiros produtores de soja, elspecia Goias e Mato Grosso,
sendo, portanto a virose uma grande ameaca a producag@.dAlém da severidade dos
sintomas, o virus € um grande problema por ser transmitidonpetca branc8emisia

tabaci de maneira ndo persistente. Isso significa que a trag&mpode ocorrer durante a
picada de prova, o que aumentam as chances de dissemittagd@mis entre diferentes
hospedeiros, por um vetor de dificil controle. Um estudo iniciad diferentes isolados de
CPMMV coletados em campos de soja em varios estadoseivoss foi realizado e
evidenciou-se a existéncia de duas estirpes de CPMMV (BBRZ. Variacbes no
genoma foram observadas e analises filogenéticas namsteaocorréncia de agrupamentos

de acordo com o padréo de sintomas induzidos.



A natureza da variacdo dos sintomas até entdo erantesida. Determinar a causa dessa
variacdo foi uns dos objetivos desse trabalho. A inddeadiferentes sintomas por virus ja
foi demonstrada estar associada a poucas alteracdequensia nucleotideos, geralmente
uma ou duas mutagbes. Dessa forma, os diferentes smtomsados pelo CPMMV
poderiam estar também associados a diferentes sitiogadastes virais (mais adaptados

ao hospedeiro), 0s quais se mantiveram no campo e thsaaminadas

Para que a infeccdo viral tenha sucesso o0 virus precisa rsaperaspostas de defesa,
recrutar a maquinaria do hospedeiro para a realizacaodigdg replicacdo e movimento
viral. Como isso € feito e os fatores do hospedeirossécies para o sucesso da infecgcao
viral ainda sdo desconhecidos para os betaflexivirus. Aagéerdos carlavirus com seus
hospedeiros é desconhecida, tudo que sabe para sobrecacéplé que ela ocorre no
citoplasma. Nenhum fator do hospedeiro necessario aae@t € conhecido e nem o local

especifico de ocorréncia da replicacdo no citoplasma

Assim, esse trabalho buscou responder parte dessas pergsotasecendo aspectos da
interacdo virus-planta (CPMMV-Soja). Visto que o enimedto do processo de infeccéo
viral pelo CPMMV podera contribuir para o desenvolvimentargelidas do controle da

doenca mais eficientes



CHAPTER 1

Cowpea mild mottle virus— an emerging carlavirus

Zanardo, L. G., Carvalho, C. MCowpea mild mottle virus — an emerging carlavirus.
Tropical Plant Pathology. Submitted.
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Abstract

In this review, we describe and discuss the biology and aspettfection of an emerging
pathogen, the RNA viru€owpea mild mottle virus (CPMMYV). The review takes a globa
perspective but has an emphasis on Brazilian soybean in \@H&MMV causes stem
necrosis Emergence or re-emergence of pathogens are normally @gsbwiith changes in
ecology, transmission routes, host range, climate matdogen variation. Since its first
description in Ghana in 1973, CPMMV has spread across thel wod, although it
principally infects Fabaceous plants, is also able to tinfiests from Solanaceae and
Lamiaceae. Besides the problem in soybean, CPMMV is exgeng in genetically
modified common bean. To limit the impact of CPMMV amanbat future outbreaks, it is
necessary to understand the ecological and evolutiofaotprs responsible for its
emergence. We identify surveillance as a key defensesag@dPMMV, as CPMMV is
transmitted non-persistently by the whiteBgmisia tabaci, there is the possibility of seed
transmission and the virus is able to cause asymptonmdéctions. We discuss the

potential for development of resistant crop lines andtifyekey areas for future research.
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INTRODUCTION

The increasing incidence of infectious diseases in planis,to emergent pathogens, has
hindered agricultural production in recent years (Heneing., 2014; Woolhouse, 2002).
Emerging infectious diseases are caused by pathogens #vat ihcreased their
geographical distribution and host range, have changedvindence, have newly evolved
or have recently been discovered (Andersoal., 2004; Stukenbrock & Mcdonald, 2008;
Imamet al., 2016; Woolhouse, 2002). Viruses are the major taxonoroigpgof emergent
pathogens of humans, wildlife and plants, causing almdisbhall reported emergences in
all three sets of hosts (Andersetnal., 2004; Dobson & Foufopoulos, 2001; Woolhouse,
2002). Viruses are a major problem in many crops, vegetableomrainental plants,
decreasing product yields and qualities. Every year througlneutwbrld, they cause
economic losses estimated at up to US$ 60 billion, witretoss food crops alone up to

$20 billion cited by Zhaet al., 2017.

A number of studies have been carried out with diffewmtses to understand how they
emerge (Bedhommat al., 2014; Dobson & Foufopoulos, 2001; Woolhouse, 2002; Yeites
al., 2006). It has been shown that the emerging and reemevgimses can come from
within the host population itself; from the external envirenimand from populations of
other host species (Woolhouse, 2002). The early steps wf emergence can be
influenced by evolutionary and ecological factors susthast diversity, climate, vectors,
pathogen controls methods and most importantly, geneti@ation in viral populations

(Andersoret al., 2004; Bedhommet al., 2014).
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RNA viruses in particular evolve quickly and display highiatgon, due to their quick
replication and short generation times, large effedtipepulation sizes and lack of
proofreading (Lalicet al., 2011). Here, we discusowpea mild mottle virus (CPMMV), a
single-stranded positive-sense RNA virus that is ablafext peanutsArachis hypogaea)
soybean Glycine max), beans Phaseolus wvulgaris) and other crops across the world
(Menzelet al., 2010; Zanardat al., 2014a). Of these crops, soybean is the most important
on a global scale, being the fourth most produced and caasgrain in the world and the
principal oilseed crop (Hirakuri & Lazzarotto, 2014). Brazitlis world’s second largest
producer of soybeans (Embrapa, 2014) and it is estimatediat 103.5 million tons will

be produced in the 2016/2017 season (Reuters, 2017).

CPMMV is the etiological agent of soybean stem nesrdsease. This virus is considered
as an emergent pathogen in Brazil for several reasona: l{@$t change occurred; it was
first described in Brazil in 1983 infecting common bean dalo (Phaseolus vulgaris)
(Costaet al., 1983), but the disease only became a major economicepnabl Brazilian
soybean production in the 2000’s (Almeida et al., 2003; Zanardat al., 2014a); (2) the
virus has been found in soybean across Brazil (in sfedes all five regions, North,
Northeast, Midwest, Southeast and South) from 2000 to 2010;immphat it had quicky
spread in the field (Almeida, 2008; Almeidgaal., 2003; Zanardet al., 2014a; Zanardet
al., 2014b); (3) CPMMVis highly virulent, with symptoms varying from mild (mosaic,
crinkled and blistered leaves and vein clearing) to severeogisc dwarfism and bud
blight) in soybean plants (Almeidat al., 2003; Zanardcet al., 2014a; Zanardet al.,

2014b). As an emergent pathogen, CPMMV deserves speciati@ttén order to prevent
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new outbreaks in different crops and countries. Thisasetore the focus of the present

review.

No single cost-effective or efficient control measwan be recommended to prevent
CPMMYV infection in all cases and in the different regi@tsoss the globe. The non-
adoption of effective control practices to restrice gpathogen has allowed the virus to
spread since its initial description in cowpedgfa unguiculata) in Ghana (Brunt &
Kenten, 1973). The need for a CPMMV-resistant soybelivaufor commercial release is
urgent but its development will depend upon improved understgquafithe virus and its
interaction with its hosts. In this paper, therefave, provide a comprehensive review of
current knowledge of CPMMV. We discuss key aspects dii@egy, describe its spread
across the world with a particular focus on Brazil, woent its recent emergence in
common bean, describe the phylogenetic relationships a@BMMYV isolates, highlight

discuss possible control measures and key research@réaes future

BIOLOGY OF THE PATHOGEN Cowpea mild mottle virus (CPMMYV)

Genomic organization

Cowpea mild mottle virus (CPMMYV) is a single-stranded positive-sense RNA virus ef th
family Betaflexiviridae (see below for further taxonomic informatiowjth a genome of
8,200 nucleotides with a cap structure [m7GpppG] linked to therBiinus and a poh

tail at the 3’end (Menzel et al., 2010; Adamst al., 2012; Zanardet al., 2014a). CPMMV
belongs to the genuGarlavirus and has a genomic organization typical of the genus, with
six open reading frames (ORFs) (Figure 1A). ORF1 encodesativeuteplicase protein

(predicted at 211.6 kDa), with four conserved motifs: methyltrarsder@23 peptidase,
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RNA helicase and RNA-dependent RNA polymerase (RdRp) (dandr al., 2014a)
ORFs 2, 3 and 4 encode the triple gene block proteins (TZpBivith 25, 11.6 and 3.
kDa), that are essential for virus movement. ORF 5 endbdesoat protein (CP, 32 kDa).
Finally, ORF 6 encodes a cysteine-rich protein (CRP; 15,2 kidh)nucleic acid-binding
activity (NABP). CPMMV is encapsidated by CP subunitdenidous filamentous particles
(10-15 x 610-700 nm) and can be found in the cytoplasm of @alismmesophyll,
parenchyma and epidermal cells in soybean Mrabtiana clevelandii (Almeida et al.,
2003; Bruntet al., 1983). These particles form aggregates in the formedtshor bundles
(Figure 1B) and often brush-like inclusions (Figure 1 C) duat typical of carlavirus

infections (Almeidaet al., 2003; Almeideet al., 2005; Bruntet al., 1983).

Viral proteins are often multifunctional, potentialigtemg at more than one moment of viral
infection. Each function is essential for viral survigad can be dependent on viral species,
host and vector. Carlaviruses encode just six proteingwoudf these have more than one
known function. TGBp1, for example, has been shown to suppr&ssrsc silencing in the
case of the carlaviru2otato virus M (PVM) (Senshwet al., 2011). This is in addition to its
role in viral movement and it is possible that CPMMV TGBgdts similarly. Many
functions have been attributed to the CRP protein encod€dR#6. CRPs of PVM and
Potato virus H (PVH) act as systemic and local suppressors of RNA ilgnti et al.,
2013; Senshet al., 2011), although the CRP @hrysanthemum virus B (CVB) does not
(Lukhovitskayaet al., 2009; Lukhovitskayaet al., 2013). The latter exhibited nuclear
localization and acted as a transcription factor reqwgatell proliferation and mesophyll
tissue growth in tobacco plants (Lukhovitskagiaal., 2013). The CRP of CPMMV

contains a motif for a putative C-4-type zinc finger (AR an adjacent putative nuclear
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localization signal (NLS) (Menzedt al., 2010; Zanardeet al., 2014a), suggesting that it
might act in a similar fashion to CVB CRP, without exahgdthe possibility that it acts
also as a suppressor of RNA silencing. Besides theseidnsictCRP has also been
suggested to be a symptom determinant for several carlavitosas experiment in which
Potato virus X (PVX) expressed the CRPs of six different carlavirus@aviP Daphne
virus S (DVS), CVB, Lily symptomless virus (LSV), Helleborus net necrosis virus
(HeNNV), andNarcissus common latent virus (NLV)], different symptoms were induced
Nicotiana occidentalles with increased accumulation of PVX. The increase oalvir
accumulation (suggesting silencing suppression activity) gpession of symptoms have
not been correlated, but it was shown that symptom induiodependent on the ZF and

NLS domains (Fujitat al., 2016).

Much remains unknown about the functions of CPMMV proteiiéM, CVB and a few
other viruses have received some attention, but studiasGAMMYV are at a very early

stage. This is equally true for genome expression, which seesh next.

Viral genome expression

Little is known of carlavirus genome expression, but ia #action we use the information
that is available to propose a model for CPMMV. Folasanmuses, the only ORF translated
from the full length genomic RNA is ORF1, that encodesrémpdicase protein (Adams
al., 2012; Adams & Kreuze, 2016) (Figure 1A). FBlueberry scorch virus (BBScV)
(Lawrenceset al., 1995), and probably other carlaviruses, the product of ORHicé&sg) is
proteolytically processed between the helicase and RNA-deperRNA polymerase

domains with a fragment of about 30-40 kDa being removed themeplicase (Adamst
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al., 2012). Processing of the carlavirus replicase has a&m Isuggested for other
carlavirusesHelenium virus S (HelSV) (Foster & Mills, 1990a)Carnation latent virus
(CLV) (Meehan & Mills, 1991),Potato virus S (PVS) (Foster & Mills, 1992) and PVM
(Tavantzis, 1991). In the case of CPMMV, the replicasepaatedysis is mediated by the
C23 peptidase domain (Figure 1A) (Zanarti@l., 2014a). The CPMMV replicase would
be translated directly from the viral sSRNA+, duringafier the decapsidation of the viral
particle, giving origin to the polyprotein, which would be paiytically processed by the
C23 peptidase domain. Two fragments are formed: theriickides the methyltransferase,
helicase and C23 peptidase domains, while the second includesherBdRp domain
(Figure 1A). Processing of the polyprotein probably faubes individual activity of the
viral replicase domains: while the methyltransferase andaselidomains act in RNA
capping and in the opening of the secondary structures 6RNA, the RdRp domain can
polymerize the viral genomes independently. The polymeoizatctivity of RdARp can also
depend on more than one subunit, so the replicaseagieaway allow the dimerization or
tetramerization of the RdRp domains. Moreover, the pigie processing can facilitate

interaction with host proteins and other viral proteimgiited for replication.

The expression of carlavirus 3’ ORFs is via subgenomicgg RNAs (Figure 1A). This was
first suggested by Mackenzét al., (1989) and Rupasaat al. (1989) in studies with PVS
and PVM, respectively, and was confirmed by Foster & Mills (199@ho verified that
the expression of PVM CP was by sgRNA of 1.3 kb. Theemas ofsgRNAs was also
verified in plants systemically infected by CLV and in fiad particles of HelSV using
northern hybridization. For CLV and HelSV, two dsRNA speeigsivalent to 2.1 and 1.6

kb (Meehan & Mills, 1991) and 3.3 and 1.5 kb (Foster & Mills, 199@=gpectively, were
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visualized in northern hybridization. The larger sgRNgRBEA1) would be responsible for
the translation of the TGBs while the smaller sgRNA (sgRN&@lld be responsible for
translating CP and CRP (Figure 1A) (Almeigtal., 2003; Foster & Mills, 1990a; Foster &

Mills, 1990b; Adamst al., 2012.

Regarding the regulation of carlavirus expression, tthe available information is that the
5’-untranslated leader sequences of the genomic RNA arsjRigA2 of PVS have been
shown to act as efficient enhancers of replicase anta@Blation, respectivelly (Turner &
Foster, 1997; Turneet al., 1999). This probably applies also to regulation of CPMMV

expression, but at present this has not been investigated.

As shown here, the process of gene expression and reguidticarlaviruses remains
obscure. Few studies have been performed and none ofitkiesee CPMMV. Given the
current importance of this emerging virus, much still needsetdone to clarify the entire
process of CPMMV infection. Which viral and hosts proteiresiavolved in the different
processes, how they act to favor viral infection and tdakost defense mechanisms are

essential questions that are without answers at the moment.

Taxonomy

The familyBetaflexiviridae, to which carlaviruses such as CPMMV belong, is a member o
the orderTymovirales. Until recentlyBetaflexiviridae comprised seven gener@aflavirus,
Capillovirus, Citrivirus, Foveavirus, Trichovirus, Vitivirus and Tepovirus) distinguished
mainly by the phylogeny of the replicase and the numberaamashgement of other genes

(coding movement proteins, capsidial protein and additiomaéms) (Adamt al., 2012).
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The genugCarlavirus has the highest number of species described iBétaflexiviridae,

at 47 compared with at most seven in any other géAelams & Kreuze, 2016). The large
number of host species infected by members ofGdravirus genus includes important
crops such as bean, blueberry, chrysanthemum, garlic,, graglen, soybean and many
others (Lawrencet al., 1995; Meng & Li, 2010; Nagat al., 2005; Pramesh & Baranwal,

2013; Rodriguez-Pardiret al., 2004; Singlet al., 2012 Zanardoet al., 2014a).

New phylogenetic analyses of the replicase gene have edvieab major branches within
the Betaflexiviridae that correlate with the type of movement protein (‘30K-like’ or TGB —
Triple Gene Block). This led to a proposal to subdivBeaflexiviridae into two
subfamilies, Quinvirinae and Trivirinae, along with the creation of four new genera:
Chordovirus, Divavirus, Robigovirus, and Prunevirus (Adams & Kreuze, 2016). The
proposed subfamilyQuinvirinae includes Carlavirus, Foveavirus and Robivirus (all of
which have TGB-type as the movement proteins), whileTiingrinae subfamily would
include Citrivirus, Capillovirus, Chordovirus, Divavirus, Prunevirus, Tepovirus,
Trichovirus and Vitivirus (all of which have 30K-like movement proteinhdams &

Kreuze, 2016).

The CP and replicase genes have been used to classifyettiessin theBetaflexiviridae.
Viruses belongs to the same specieBéaflexiviridae are expected to have more than
72% nucleotide identity (80% amino acid identity of encodedeprs} for CP or replicase
(Adamset al., 2012; Adams & Kreuze, 2016). Although this criterion has beigelyw
used, there is growing evidence that recombination eventdearery frequent in the

ORF1 of carlaviruses (replicase) (Singhal., 2008; Singhet al., 2012; Zanardcet al.,
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2014a). As this genomic region is used in taxonomic cleatdn, there is aisk of errors

in classification occurring in cases where only pag&juences have been determined. For
example, when six Brazilian CPMMV isolates were sequeremed compared with a
Ghanaian isolate (Zanard® al., 2014a), the identity values for replicase (ORF1) among
the isolates were 60-61% for nt and 58-61% for aa, all sahedow the taxonomic
classification criterion. However, the values for CP evé®% for nt and 95-96% for aa,
showing clearly that the Brazilian and Ghanaian isslatdonged to the species CPMMV.
If only the viral replicase had been sequenced, the impressould be that the six
Brazilian isolates would belong to a new speciesCaflavirus. The low similarity
observed between Brazilian and Ghanaian isolategilsultid to recombination events. So,
in our opinion only one of these two genes (replicase grsG&uld be considered and CP
seems to be the most appropriate regiorCamtavirus species classification. Alternatively,
perhaps the time has come to use whole genome sequenseed@s demarcation in the
Carlavirus genus (Zanardet al., 2014a). Even so, greater attention needs to be paid to
recombination events, since much of the variation gertecate be attributed to these, not

only in the viral replicase, but in different regionstud viral genome.

Besides the problems with the classification criteviadarlavirus species, a further factor
of importance is transmission by the vector. For othentpViruses, the nature of vector
transmission is sometimes used as one of the eritesed to classify species within a
genus; in the case of carlaviruses, there is variaimector transmission within the genus

(Adamset al., 2012.
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Transmission mode

In general, carlaviruses are both sap-transmitted ramdritted by aphids (Adanes al.,
2012). Several aphid specie8phis craccivora, A. glycines, A. gossypii, A.spiraecola,
Myzus persicae) were therefore tested as possible vectors of CPMMVWnhgee of these
were able to transmit the virus (El-Hasstiral., 1997; Iwakiet al., 1982; Mansouet al.,
1998; Thouvenekt al., 1982). This led to the discovery that CPMMV is an exceptio
among carlaviruses, being transmitted by the whitdBgmisia tabaci (Hemptera:
Aleyrodidae) (lwakiet al., 1982; Jeyanandarajah & Brunt, 1993; Marubayaeiséli., 2010;
Munyappa & Reddy, 1983; Naidat al., 1998). This insect is a vector of more than 200
plant viruses recognized as species in the geBegamovirus (Geminiviridae), Crinivirus

(Closteroviridae), Carlavirus or Ipomovirus (Potyviridae)(Polstonet al., 2013)

The mode of CPMMYV transmission By tabaci is considered to be nonpersistent. The first
to suggest the nonpersistent mode was Thouvehedl. (1982). After his study,
subsequents studies were directed at determining the tramsmiszde. In these
experiments, that were tested ranged from 10 min to 48 hourgueition access periods
(AAP) and inoculation access periods (IAP) tested rangmeh 6 minutes to 24 hours
Neither ranges led to variations in transmission (El-Haesal., 1997; lizukaet al., 1984;
Iwaki et al., 1982; Mansouet al., 1998; Marubayastst al., 2010; Prado, 2014). Thus, the
virus could be transmitted with only 10 min of AAP and 5 min IA&Bnsistent with
nonpersistent transmission (lwadtial., 1982; Marubayaskét al., 2010). The experiments

also showed that there is no latent or retention géiMansouret al., 1998.
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Regarding the vectds. tabaci, the current consensus is that it is a species corapigxhat
there is no morphological character usable to corretalysify them, so the best approach
Is the sequencing of the mitochondrial cytochrome oxida@aetCOl) gene (Brown, 2000;
De Barroet al., 2011). Dinsdalest al. (2010) proposed a threshold divergence of 3.5% in
the sequences of the mtCOI gene to separate the 24 maehbio indistinguishableB.
tabaci species. Based on this repdst, tabaci biotype B (as it was previously known) is
now part of the species/group Middle East-Asia Minor 1 spdd=AM1). Almeidaet al.
(2005) and Marubayashet al. (2010) showed that the “biotype B” (now the species
MEAM 1) was able to transmit CPMMV in beans and soybeans irilBiidhe same was
observed by Prado (2014) in soybean plants. The main speamhitefly involved in virus
transmission in Brazil is MEAM 1, but two other speciaséhbeen reported in Brazil: New
World (NW, the old A biotype) (Limat al., 2002) and Mediterranean (MED, the @)X
biotype) (Da Fonseca Barboegal., 2015). The potential of these two species of whitefly
to transmit CPMMV has not yet been evaluated. This infaomais important as the
whitefly species present in the field can define whichlvaalates will be transmitted and

which hosts are infected.

Quite how or why whiteflies can transmit CPMMV is unknown;oagn the many
carlaviruses described, it is one of the few transmittedhisyector, which includesielon
yellowing-associated virus (MYaV) (Nagataet al., 2005) andCucumber vein-clearing virus
(Menzel et al., 2011). We suspect that the CPMMV capsid protein was obtdiye
recombination from a different (whitefly-transmitted) virusnmixed infections. Such a

recombination event could have allowed CPMMYV to be tratted by whiteflies, to infect
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new hosts, normally not infected by carlavirus and to greasl in hosts preferentially

colonized by whiteflies.

The ability of CPMMV to be transmitted by seeds was tebted number of authors but
this issue is still unclear. The isolate collected bynBr& Kenten (1973) in Ghana was
transmitted via soybean seeds, cowpea seeds and at adaeritg in common bean seeds.
Seed transmission was also detected in a Venezuelan isolaterdlong bean seeds.
However, Brazilian isolates did not show any transmissicseeds (Almeidat al., 2003;
Almeida et al., 2005). Seed transmission for CPMMV may be dependent owithake
isolate (or strain) and the host cultivar, which wouldkeit more difficult to control the

disease, especially with asymptomatic infections.

As CPMMYV can has the potential to spread through seedbyatioe viruliferous whitefly,
the introduction of the virus in new regions is possibake,has been observed in the last
years, especially in Brazil. This can occur especiallgugh the accidental importation of
infected seed from already infected locales, by migraifomhiteflies or by long-distance
transport of whiteflies by vehicles along transport rout#MMYV is therefore a virus that
represents a great risk to legume crop species and me&sw@strol the propagation of

the virus by vector and by seeds are desirable.

THE EMERGENCE OF CPMMV AS A THREAT TO CROPS
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Host range and symptomatology

The natural hosts of CPMMV usually include only speciesalfaceae (Lagunet al.,
2006), but other hosts can be infected experimentally. Sympaoenkighly variable and
depend on the host, season and the viral strain (Menhak] 2010; Zanardet al., 2014a).
The diversity of symptoms caused by CPMMV in different fiostso great that different
diseases have been described and attributed to differesesiriExamples of this are
groundnut crinkle virus (Durbern & Dollet, 198 psophocarpus necrotic mosékortuner

et al., 1979) and voandzeia mosaic vilFauquet & Thouvenel, 1987) in the Ivory Coast,
tomato pale chlorosis disease in Israel (Cohen & Antigh@82) and tomato fuzzy vein
disease in Nigeria (Brunt & Phillips, 1981). It is now knowattall of these viruses were
caused by CPMMV. The CPMMV has already been described imjetwo solanaceous
hosts: tomato Solanum lycopersicum) causing chlorosis and fuzzy vein (Brunt & Phillips,
1981; Cohen & Antignus, 1982) and eggplarislgnum melongena) causing mosaics in

Jordan (Mansour et al., 1998).

CPMMV was originally described in cowpe¥. (unguiculata) causing systemic mottling,
chlorotic blotches and leaf malformations, and was foeredenominated as the mild
mottling virus of cowpea (Brunt & Kenten, 1973; Thouvesehl., 1982). In peanut or
groundnut A. hypogaea) it was able to cause necrotic lesions, chlorotic ringdiner
patterns followed by systemic leaf chlorosis, rolling andvecrosis (Brunt & Kenten,
1973; Mukoyeet al., 2015). In peaKisum sativum) only mosaic and chlorosis were
observed (Tavasoét al., 2008; Thouvenedt al., 1982). Besides those hosts, CPMMV can
infect different species of beans, causing the diseasemirated bean angular mosaic in

common beanH. wulgaris) (Costaet al., 1983) (Figure 2). The occurrence of angular
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mosaic was first described in Brazil, due to the pattesyofptoms observed in common
bean cv. Jalo. Depending on common bean cultivar, iofechay be asymptomatic (Brito
etal., 2012; Mink & Keswani, 1987; Mukoyet al., 2015; Tavasolet al., 2008; Zanardet
al., 2014a). In mung beanvigna mung) and in green gramsVigna radiata) mild
symptoms such as vein clearing and mottle were describeok (B Keswani, 1987;
Mukoye et al., 2015; Tavasolet al., 2008; Thouveneét al., 1982), while in jack bean
(Canavalia ensiformis) more severe symptoms such as vein mosaic, chlorgsisal a
necrosis and malformation can occur Macrotyloma uniflorum, one of the lesser known

beans, CPMMV may induce necrosis (Naatial., 1998).

CPMMV has received particular attention in Brazil. Hettee most affected crops are
soybeans and common bean. Symptoms in soybean are higlaplegiFigure 2) when
compared to other hosts. Mild symptoms that have beenrvalosencludes: mosaic,
chlorosis, vein clearing and mottling (Almeidaal., 2003; Britoet al., 2012; Zanardat
al., 2014a; Zanardet al., 2014b), while severe symptoms inahsdbud blight, dwarfing,
leaf and stem necrosis, with these diverse symptomtsoes occurring in the same
soybean cultivar (Almeidat al., 2005; Zanardcet al., 2014a; Zanard@&t al., 2014b)
(Figure 2). The disease associated with CPMMV in Braziiaybean was named stem

necrosis of soybean (Almeiahal., 2003).

The occurrence of symptomless CPMMYV infections in soybdemnalso been described
experimentally in some cultivars (Almeidat al., 2003; Zanardoet al., 2014a). The
occurrence of asymptomatic infections, allied to nonptast whitefly transmission and

the possibility of transmission by seeds probably contribtaetie spread of the virus in
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Brazil and in the world. Initially silent CPMMYV infections soybean would not have been
controlled, while crop rotation with beans in the offssea periods would also have

favored the maintenance of the virus in the field acditiaed its spread.

Recently, CPMMV was described in two new host, in naturactidns: chia $alvia
hispanica, Lamiaceae) (Cellet al., 2016) and dixie ticktrefoil esmodium tortuosum,
Fabaceae) (Hennirg al., 2014). It was able to induce yellowing, mottling and blistering in
leaves, and leaf and stem deformation in chia (@el&l., 2016) and mottle in dixie
ticktrefoil. The presence of CPMMV in chia is a partamusurprise as it is not a fabaceous
plant, and this suggests that either the virus is expandirtgpst range, as a consequence
perhaps of its increased prevalence in the field, or thetsitalways been present in other
host families, but has only now been detected inducing sympiidmdatter is particularly

likely if only asymptomatic infections had happened in these hosts.

Host range studies have shown that CPMMV is able to infiae¢rse hosts under
experimental conditions. Thus, some African isolateseci&fd tomato Solanum
lycopersicum), causing mottling and inconspicuous banding of minor vednsnt et al.,
1983; Brunt & Kenten, 1973) or asymptomatic infection (Tavaeblal., 2008), and
Nicotiana clevelandii, causing chlorosis. Infection in these hosts was obseyubd for
isolates from Ghana and the lvory Coast (Brunt & Keni@73; Thouvenedt al., 1982).
In Nicotiana benthamiana, N. debney, Chenopodium amaranticolor and C. quinoa, only
chlorotic local lesions have been observed (Figure 2) (iklnet al., 2005; Britoet al.,
2012; Naiduet al., 1998; Tavasolet al., 2008; Thouveneét al., 1982; Zanardcet al.,

2014a) and no reports of systemic infection were made irofathese hosts for any viral
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isolates. The induction of local lesions in these hostsodaerved for all CPMMYV isolates

tested, suggesting that these hosts can be used asdngieats for diagnosis

The capacities to induce different symptoms in the saos &nd infect hosts from
different families are very interesting charactersstef CPMMV. The nature of these
differential infections and the genomic regions involirethe induction of symptoms have
not been determined, requiring further study. This promisdsetchallenging given the

diversity of symptoms caused.

The spread of CPMMV globally and in Brazil

Following its original description in Ghana in 1973 (Bruntk&nten, 1973) in cowpea,
CPMMV was subsequently described infecting soybeans in THa#lad the Ivory Coast
(Iwaki et al., 1982; Thouvenedt al., 1982) (Figure 3). Although the incidence was high in
these regions, infections were commonly asymptomatic ammapicuous, with the virus
being considered of little importance in Africa (Brunt &rifen, 1973). As a result, no
control measures were undertaken, and probably the virsssteer in different hosts

causing silent infections of minor interest.

A decade later, new outbreaks were noticed in east A&arass Asia and in Brazil (Figure
3). In Kenya and Tanzania, CPMMV was found infecting groundnatdesn and mung
bean, with losses of 64-80% of groundnut production repdrted Kenya (lwakiet al.,
1982; Mink & Keswani, 1987). The virus was subsequently describ&didan infecting

irrigated groundnuts during the 1992-1994 seasons (Figure 3). Oveod pEtiree years,
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the incidence in groundnut fields usually ranged between 1®@q but in some fields

amounted to 100% (El-Hassatmal., 1997), with losses of 10-100%.

CPMMV was reported in Asia infecting soybean in Taiwan ahdil&nd (Iwaki, 1986;
Iwaki et al., 1982; Tavasoliet al., 2008), groundnut in Malaysia, Indonesia and India
(lizuka et al., 1984; Iwaki, 1986) and eggplants, soybean and cowpea in Joralarand
Taiwan, respectively (Charg al., 2013; Ghorbangt al., 2008; Tavasolet al., 2008). All

infections showed typical symptoms of CPMMYV infection.

The first description of CPMMV in the Americas was in 198Bimazil (Figure 3) (Costat
al., 1983). The simplest scenario for its introduction toAh®ericas is in infected bean or
soybean seeds from Africa. No trace has yet been ftmupdbvide information to map the
introduction of the virus in Brazil; as not all isolaseg available for sequencing, this task
becomes a major challenge. The first description in Bisapid, but, as in Ghana, the virus
was considered of minor importance for almost 20 yednis. dnly changed in the 2000-01
season when CPMMV became a primary factor limiting yielddgbean in Goias state
(Almeidaet al., 2003). Three years later, it was found in soybean a&@ssl (Almeida,
2008; Almeidaet al., 2003; Almeidaet al., 2005). By 2010, CPMMV was present in a
number of regions of the states of Parana, Minas §e@oias, Mato Grosso, Bahia,
Tocantins and Maranhdo (Almeida, 2008; Zanagtal., 2014a; Zanardet al., 2014b).
The only Brazilian state that produces soybean but hagpoited the virus is Rio Grande
do Sul (RS) (Almeida, 2008). In January of 2014, we collected @@ean samples with
symptoms of systemic necrosis in fields of the municiealiof Vacaria, Cap&o Bonito do

Sul and Lagoa Vermelha (all in RS). All samples were usedhdlirect ELISA tests (Clark
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et al.,, 1986) using a polyclonal antiserum (Carvattoal., 2013) to confirm CPMMV

infections and none of the samples were positive (@anapublished data). It is possible
then that RS represents a limit to the range of the.viksiBrazilian isolates are apparently
not transmitted by seeds and the winter in RS is velgtharsh, it is possible that the virus

vector is not able to survive in large numbers, so redubmgncidence of the virus.

CPMMV has also been described in other regions of therita®e In Argentina (Salta
province) the virus was identified during the summers of 2002@25 and 2014, infecting
common bean, soybean and chia, respectively (Laguala, 2006; Rodriguez- Pardireh
al., 2004; Celliet al., 2016). It was also found infecting yardlong be%nunguiculata
subsp.sesquipedalis) in Venezuela in 2012 (Britet al., 2012) and it has recently been
described in Puerto Rico infecting soybean in experimerghsfi(Brown & Rodrigues,
2014). In some soybean lines in Puerto Rico the virus wssredd in 100% of plants,
suggesting the extreme potential of this disease to underimngresent and future
cultivation of soybean in Puerto Rico either in wirearseries or during other times of the

year (Brown & Rodrigues, 2014)

The virus is also present in bean and whitefl®srisia tabaci) in Florida-USA, but it has
not been found yet in others states of the US mainlaodafv et al., 2014). It is possible
that the virus was introduced in Florida by seed (beans asdidreans) or ornamental
plants from Puerto Rico or South America, becausevitiges from Florida, Puerto Rico
and Brazil are phylogenetically close (Figure 4A and B). dth the transmission of
CPMMV by soybean seed in Brazil is still controverstake transmission by seeds of

common bean has not yet been ruled out. So, thettee ipossibility of transmission to
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Florida from Brazilian seeds. The presence of CPMMV ariffa could represent a risk for

the production of soybean in the US, and the US is theslapgeducer in the world.

Phylogenetic relationship and viral strains

Given the global spread and distribution of CPMMV, insgimhay arise from a
phylogenetic analysis of the available isolates. With ithisiind, a phylogenetic tree was
constructed of all of the complete genome sequences laViicases available in Genbank,
using Bayesian inference (Figure 4A). This showed cleataring of CPMMYV isolates in
a quite distinct branch from other carlaviruses. Thoslld have implications for the
taxonomy of the group, a subject for future considera{especially as CPMMV is
transmitted by whiteflies while the other carlaviruses aaesimitted by aphids). At the
level of complete genome sequences, there is an imdicdiat the original isolate, from
Ghanaian cowpea, is distinct from the isolates fromAilmericas (from soybean, common
bean or from whiteflies). There is an indication of t&@BMMV strains, as described by
Zanardo et al., (2014a) and these may be associated witiblpagzombination events
within ORF1 (viral replicase). Unfortunately, no other fa#quences are available at

present.

The clustering among CPMMV isolates was clearly indepenofeémbsts; there are isolates
from different hosts (soybean, bean and whitefliesteking in clade 2 (Figure 4A). There
are more sequences of CP available than of the fullgerand a phylogenetic analysis of
these is presented in Figure 4B. Here, it can be obséhaedhere are clusters among
CPMMV isolates independent of the host plants (soybesams, peanuts and also whitefly

vectors). The phylogenetic analysis of CP shows twoamdolates identified in peanuts
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which were the most divergent, clearly clustering iniffeént clade. The phylogeny
indicates that these are genetically quite distant fotimr CPMMV isolates (Figure 4B).
Even the isolate from Ghana, considered the oldestebantly sequenced, clustered with

isolates sequenced in Brazil and India (Figure 4B).

Within clade 2 of the CP tree, there are two groups (figure @i first group includes
isolates from South America (Brazil and Argentina), &ndPuerto Rico, Taiwan and
Florida in U.S., while the second group included isolates fiaia, Ghana and Brazil.
There is no obvious geographical pattern to this tree andifikeWwost plants seem not to
be a factor. This is a strong indication that a gingblate or variants of this isolate has
been propagated over time to different host and regioitls, gegnetic divergence arising

subsequent to its spread

The two groups within clade 2 of the CP phylogeny suggestthbat are different viral
strains (1 and 2) (Figure 4B). The existence of two CPMNM¥irss (CPMMV-BR1 and
CPMMV-BR2) in Brazil has already been proposed by Zanardal.eP014b, based on
partial sequences (ORF2-6). A further result of these stwabes that the topologies of the
phylogenetic trees were associated with symptoms induced/lieao plants: the isolates
causing severe symptoms in soybean tended to cluster togetherthdse causing mild
symptoms also clustered together (Zanaetl@l., 2014b). This suggests that symptom

variation can be explained by genetic variation.

The above information indicates that the phylogenetidelug among CPMMYV isolates

cannot be explained by host or geography. It is possibterécambination events are
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generating the observed diversity and any phylogenetic pattare best related to
induction of different symptoms patterns within a given hésiove this level, there do
appear to be at least two phylogenetically distinct CPMN¥irss, and above the species
level, it seems that the whitefly-vectored CPMMV s idst from the other, aphid-

vectored, carlaviruses.

The recent emergence of CPMMYV infecting transgenic beans in Brdzi

While the focus of this review is how CPMMV has emerged asohlem in Brazilian
soybean, we have sought to emphasize the risk of its encergeother situations, such as
other crop plants or in other geographical regions. Indeedare able to justify this by
describing its recent emergence (or re-emergence) in carbean P. vulgaris) in Brazil.
Specifically, CPMMV has emerged in a transgenic line of comb®an that was released
for commercial production in 2011 (Fargh al., 2016). This line is resistant to anathe
virus, Bean golden mosaic virus (BGMV; Geminiviridae: Begomovirus) that is a major
constraint to bean production in Brazil. It is the finisé released after some four decades
of research seeking resistance to BGMV, so the emergdéri@@MMV infecting this line

only two years after its release was met with dismay.

Common beans are a staple food and represent a verytampeource of protein in the
daily diet for Brazilians and the states of Parana, MBarais, Bahia, Sdo Paulo and Goias
are the most important producer, described by Fera., 2016. BGMV has been a key
pathogen of common beans since the 1970’s (Fiallos, 2010). This virus, like CPMMV, is
transmitted by whiteflies and the main symptoms of theasis are a yellow-golden mosaic

of the leaves, variable levels of curling, generally sturgemvth, and distorted pods,
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symptoms that vary among cultivated genotypes and wite gminfection (Fariaet al.,

2016).

When fields are infected, losses due to BGMV range from 40 to 1008«tales, 2006).
Because of this, breeding for resistance to golden metaied soon after its recognition
as a problem in the 1970’s. However, even after 25 years of breeding it was notifded®
release a highly resistant commercial common beaivau(f-ariaet al., 2016). Due to the
lack of results from classic breeding efforts, allied the tremendous difficulty of
controlling the whitefly vectorwork began on transgenic beans in the early 1990°s (Aragio

& Rech, 2001; Aragaet al., 1998; Fariaet al., 2006). This research program also took
considerable time, but in 2007, eighteen transgenic lines wtegned using an intron-
hairpin construction of the BGMWACL gene (rep), based on the RNAI technique. Plants
with up to 93% resistance were obtained even when exposeghtdevels of viruliferous
whiteflies (Bonfimet al., 2007). In the field, homozygous plants showed 100% immunity
to BGMV, while neighboring non-transgenic plants showed sesygmptoms characteristic
of golden mosaic disease (Aragao & Faria, 2009). Thesgemc plants had normal
phenotypes and no off-target or epigenetic effects wermredid, a line denominated 5.1 of
BGMV-resistant GM common bean developed by Embrapa (EmpBrssileira de
Pesquisa Agropecuaria), was selected for biosafety anadysbgproved to be safe for
cultivation and human consumption (Aragao & Faria, 201@afehal., 2016). In 2011, the
Brazilian Biosafety Committee (CTNBIio) approved the conuiadrrelease of line

(http://ctnbio.mcti.gov.br/liberacaocomercial#/liberacao-com#oonsultar-processo

(Fariaet al., 2016).
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The expectation was that problems with BGMV infection imowmn bean had finally been
resolved and that this virus would no longer be a problenedommercial production. In
2013, however, CPMMV was detected in common bean, for tisé time since its
description in beans in Brazil in 1983 (Co#taal., 1983). Common bean fields in the
Midwest, Northeast and Southern regions of Brazil weponted as being infected by
CPMMV and the virus was particularly noticeable in the B&GMsistant GM lines (Faria
et al., 2016). The symptoms of CPMMYV in these GM plants were crinldades, with
vein enations visible as necrotic veins on the abauidhese of the leaf (Fariet al., 2016).
In inoculated plants, CPMMYV infection was confirmed usingtetgcmicroscopy (feather-
like aggregates of CPMMV virions were observed), ELISA tesid next generation

sequencing (NGS).

To date, two isolates of CPMMV from BGMV-resistant Glnumon bean have been
sequenced, one from the Northeast of Brazil (Fetr&., 2016) and the other from the state
of Parana in the South (Milanegial., 2015). Both exhibited high sequence similarity (93-
99%) with Brazilian isolates from soybean. This suggdsas CPMMV may have been
present for a long time in common beans in mixed infectisitk BGMV, remaining
undetected while BGMV remained at a high prevalence. Anothen-érclusive)

possibility is that the virus now found in common bean sdlifiosts from soybean recently.

Whatever the reasons for the emergence of CPMMV in aonimbean, it represents a
tremendous challenge. This virus has been reducing soybeds fgelabout 15 years and
to date there are no resistant soybean cultivarsadl@i(Almeidaet al., 2003; Zanardet

al., 2014a; Zanardet al., 2014b). The BGMV-resistant common bean could serve as a
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starting point to develop resistance also to CPMMV. Asetlage common bean cultivars
that are not infected by CPMMV (Zanardbal., 2014a), classical breeding may still be an
interesting option. Recently, it was shown that sixzBien CPMMV isolates infecting
soybean, which showed high similarity with CPMMYV isolategatihg beans, are unable
to infectP. vulgaris cv. Ouro Negro an®. vulgaris cv. Manteigéo (Zanardet al., 2014a).
Both of these hosts could be good candidates to be useckeding programs against
CPMMV infection. As a final consideration, the relasbipin planta between BGMV and
CPMMYV infections has not been studied, and such work coeld to explain how
CPMMYV infections may have remained undetected in comibeams (if that is what really

happened).

Control mechanisms and resistance

CPMMV presents distinct challenges for control or managemEhe first challenge is

control of its spread and emergence in new crops. It séen@ve been introduced
accidentally in many different countries; possible reusee via asymptomatic infected
plants (including possibly ornamentals), infected seedt&eowhitefly vector. Movement

of plant material across international borders isaglyecontrolled to varying degrees while
specific control of seeds aimed at CPMMV would require greavidence of its potential
for seedborne transmission. Effective control of fpeead of the whitefly vector also
seems to be difficult. For the time being, it is probatmgst important to monitor new
infections due to CPMMV and act as these arise. CPMMYV thaspotential for rapid

spread, vector control is difficult and, while there arteast twvo CPMMYV strains, there is
little indication of population structuring in the virus aatiag to geography or host plants

that might suggest it could be restricted to regions op species. It is transmitted in a
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non-persistent mode by a highly polyphagous and generally aftuneietor. CPMMV is
an RNA virus, which are known for their high rates wdlation, and recombination seems
to be important. For all of these reasons, CPMMV reptesarthreat to fabaceous and
other crops across the world, and current knowledge ditfdesprospect of control of its

geographical spread or of its emergence in new crops.

While the above discussion is not very optimisticjsitimportant that the spread and
emergence of CPMMV be understood so that action camaken twhen it does threaten
agricultural production. Although it is far from a quickeasy solution, the development of
resistant cultivars probably represents the best straiégyscreening of resistance sources
in soybean, common bean and peanut is crucial to prépammpending new outbreaks
and to control the virus where it has been found. demsite must be durable and effective
for both viral strains. Suryantet al. (2014) tried to identify the number and roles of
CPMMV resistance genes in Indonesian soybean cultiVAesy showed that the resistance
properties of soybean were controlled by two duplicatesedoe or dominant (depending
on the cultivar combination) epistatic genes and itsritdree was additive. The fact that
inheritance of resistance is additive means that thistaese has a high genetic value and
can be inherited, which are two important characteristibfeeding programs of soybean
crops. Despite this initial work, no resistant cultivamaigilable at the moment for virus

control.

In Brazil, work on resistance or tolerance to CPMMYV i at an early stage. Mituti &
Almeida (2006) suggested that the use of tolerant cultivarkl do@i a good option to

control the virus. It was shown that the soybean\arki BRSMT Pintado and BRS 133,
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which are tolerant to CPMMV, accumulated more e initial infection than the
susceptible cultivars CD 206 and BRS 136, especially at low tamoypes. However, 16
days after inoculation, the tolerant cultivars were=dbl recover from infection, reducing
the viral titer and the chances of viral propagation. Tiécates that the use of tolerant
cultivars might help to limit the spread of CPMMYV in theld in Brazil; given there is no
resistant cultivar. However, the fact that these twhbivars have a high viral titer at the
beginning of the infection may favor, even for a shp@tiod, the transmission of the virus.
As the virus is transmitted in a nonpersistent manner,ighas particular concern and so

tolerant cultivars should be used with caution.

So, while tolerant cultivars are an option, resistailscenore desirable. In an effort to
identify sources of CPMMV resistance, Almeida (2008) analyhedeaction to CPMMV
infection in 170 soybean cultivars available in Brazilngsmechanical inoculation and
analyses based on symptomatology. He found eight cultiwaistant to CPMMV, 23 with
moderate resistance and 139 that were susceptible. In aneteet study in Brazil, 50
soybean cultivars were analyzed and 92% showed toleranceMMZRvhile only 8%
were susceptible (Brizolkt al., 2015). These results show that the virus is able to iafect
variety of Brazilian soybean cultivars, but even sadhare resistant or tolerant cultivars
available that could be used in a breeding program to preveestoict CPMMV infection

in Brazilian fields. This would have the added benefit of raduthe prevalence of the

virus, and so its potential to emerge in new crops.

In general more studies are needed to understand the epidgnmdl@PMMV and its

interaction with its host plants, to find resistanttigars and ensure that any resistance is
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durable. It is also necessary to alert growers to the gmrobhd ensure they can recognize
the symptoms of CPMMV disease in its numerous hosts (ngtlegumes), as well as
paying attention to CPMMV transmission through seeds andptead by the whitefly

vector.

PERSPECTIVES

Although CPMMV was first described a considerable time, #g@mains a challenge for
virologists. Its recent emergence, especially in Braziiaybean and now common bean,
means that it has begun to attract more attention.fadtethat it is now found infecting
hosts of new families and in different geographical regimgher demonstrates the
emerging nature of this pathogen and potential future risksnhthile, the fact that it can
at least in some instances be transmitted by seedss atgb transmitted by a notorious

vector inB. tabaci, mean that its control promises to be extremely difficu

Key areas for future research are the basic biology RYIKAV, in particular how its
genome ultimately contributes to the infection processtarsymptom expression, how it

evolves and its interaction with host plants and vector

As described above, very little is known about how CPMMYV infecticcurs, particularly
which viral proteins are necessary in each moment ofrfieetious process. Unraveling
this process is a necessary task for greater understasfding pathogen and one possible
route is the discovery of host proteins used by the .vifils strategy promises to be
informative also to efforts to breed resistance to thesvand to ensure any resistance is

durable.
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The high degree of variation in symptoms caused withisdinee soybean cultivar is a very
interesting characteristic of CPMMYV that provides cleaidence of significant molecular
variability within CPMMV populations. Quantifying and characterg this variation is an

essential task to make future resistant cultivars deralthe field as it is probable that the
variation of symptoms observed in soybean plants isttirassociated with viral genomic
variation. The viral proteins are subject to differendletionary forces and induce different
phenotypes. The nature of the viral proteins and the eraetidns of the symptom

determinants are completely unknown for CPMMV.

The ability of the whitefly to transmit CPMMV has been véttfe investigated. Among
the many carlaviruses described, CPMMV is one of the famsimitted by this vector and
it would be fascinating to discover how this became posskdethere may be vector
proteins involved in this process, this understanding migkt @ffenues to restrict vector
borne transmission in the future. A particular mystarhaw highly virulent isolates of
CPMMV can be efficiently transmitted in the field as mesis of the plant is presumably
lethal to developing vectors. There may well be varigtiin transmission of isolates that
are related to the symptoms they cause and this maydekplain why symptoms can be

so variable in the field.

We hope soon to unravel some of these mysteries for CPMMV help to understand

much more about CPMMYV infections, especially in Brazil.
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Figure Legends

Figure 1: Genomic organization ofCowpea mild mottle virus (CPMMV) and
cytoplasmatic inclusions induced in soybean CD206 by CPMM\/. Genomic
organization of CPMMYV in six ORFs and the putative proepression strategy. The
possible auto proteolysis of viral replicase (coding by ORBE1)niaccordance with
Lawrenceet al., 1995. In the viral replicase, four domains are describtedhyltrasferase,
Helicase, C23-peptidase and RNépendent RNA polymerase). In this model, the 3’ORFs
are expressed by subgenomic RNAs (sgRNAs): the sgRNAlaftiest) is responsible for
translation of the triple gene block proteins (TGBs), wiiikedecond sgRNA2 (the smaller)
is responsible for the capsidial protein (CP) and aysteich protein (CRP)B and C.

Transmission electron micrograph of CPMMV-infected soybea CD206 leaf cell 14

days after mechanical inoculatioB. Sheets or bundles-like aggregate of CPMMV virions
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in citoplasm.C. Brushlike inclusion of CPMMYV virions. In both images the vnis were
immunogold labeled after being exposed to @&rRi{CPMMV) antibody. The black points
indicate the gold particles specifically attached to themfiatous particles forming the

inclusions.

Figure 2: Symptoms induced by Brazilig@owpea mild mottle virus (CPMMYV) isolates in
different hostsA. Mosaic in common bean cv. Ja®.; Mosaic in cowpea cv. B7 Gurguéia;
C. Local lesions inN. benthamiana; D. Chlorotic local lesions iN. debneyi. E and F.
Mosaic and vein clearing in soybe@D206;G. Systemic necrosis in soybean CD266;

Bud blight, leaf and stem necrosissoybean CD206.

Figure 3: Global spread o€owpea mild mottle virus (CPMMV) since the first report. The
numbers represents chronologically the descriptionsRMKV in the different countries
in the world: 1- Ghana; 2a- Ivory Cost; 2b-Thailand; 3-KeMTanzania; 5a-Malaysia;
5b-Indonesia; 6-Brazil; 7-India; 8-Sudan; 9-Jordan; 10-Argantid-lran; 12-Taiwan; 13-
Venezuela; 14-Puerto Rico and 15- Florida (USA). The lettensd b refer to locations that

were described in the same year.

Figure 4: Phylogenetic relationships amo@pwpea mild mottle virus (CPMMV) isolates
and other carlaviruses, based on complete genome sequancagsidial protein (CP)
sequences using Bayesian inference (implemented in MrBay@s?RES with 10 million
generations A. Complete genome phylogeny with selection of model GTR+Ik@ian

citrus ringspot virus (ICRSV, genusMandarivirus, family Alphaflexiviridae) was used as

the outgroup The 5° UTR, 3 UTR and intergenic regions were removed from the
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alignment and the overlapping coding regions were maimtafoe complete genome
phylogeny. B. CP phylogeny with selection of model GTR+G. Support for théesas
presented as filled circles (posterior probabilities from 0t681.0) or open circles
(posterior probabilities from 0.85 to 0.90). The accessiombers of the sequences are
shown next to their acronyms. The black and gray barsatedtbe two clades observed in

the phylogenies.
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CHAPTER 2

Experimental Evolution of a Plant Virus Reveals Recombination-Driven Redu@bn in
Virulence Accompanied by Increases in Diversity and Viral Fitness.

Zanardo, L. G., Trindade, T. A., Mar, T. B., Alves, M, Barbosa, T. M. C., Queiroz, S. S.,
Lima, R. R. P. N., Milanesi, D. F., Elliot, S. L., Milauti, E. S.G., Zerbini, F. M.,Carvalho,
C. M. Experimental Evolution of a Plant Virus Revdaé&combination-Driven Reduction in
Virulence Accompanied by Increases in Diversity and \hitless.
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ABSTRACT

Some major themes in pathogen evolution are emergenodytion of virulence, host
adaptation and the processes that underlie them. RNA vianeesd particular interest due
to their rapid evolution. Then vivo molecular evolution of a plant RNA virus was
demonstrated here using a single necrotic isolat€owfpea mild mottle virus (CPMMV)

and a single soybean genotype submitted to serial inocmdatio the first experiment, the
virus lost the capacity to cause necrosis after sisgmges. In the second, a severe
bottleneck was imposed and virulence loss occurred in tendeassage. The change to
milder symptoms had fitness benefits to the virus (greateamulation) and to its vector,
the whitefly Bemisia tabaci. The systemic necrosis symptom showed features of the
hypersensitive response, with its appearance dependenb-chaperonesGmRAR1,
GmSGT1 and GmMAPKKKo. in the MAPK cascade. Genetic polymorphism was highest in
ORF1 (viral replicase) and was independent of symptoms. Rmcaton was a major
contributor to this diversity even with the strong genetic bottleneck, recombinatiemts

and hot spots were detected within ORF1. Virulence reductionssasiated with different
sites in ORF1 obtained through recombination, in both é@xeets. Overall, the results
demonstrated that reduction in virulence was a consequenttee afmergence of new
variants, driven by recombination. Besides providing detailshef biochemical and
evolutionary mechanisms behind a reduction in virulence, wepose that this
recombination-driven switch in virulence allows the patimoggeadapt to a new host very

rapidly and, potentially, switch back.
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AUTHOR SUMMARY

A common feature of emerging diseases is a highly vitutethogen that, with time,
evolves towards reduced virulence. This is in accordantecwirent theory that predicts a
tradeoff between virulence and transmission. We examenethnt RNA virus,Cowpea
mild mottle virus, that has emerged over the past two decades as a maat tith the
world’s principal oilseed crop, soybean. Some isolates of this virus cause systemic necrosis
and consequent death of the host plant, which certainly appedre maladaptive. In
successive inoculations of host plants, we found that the sivitched to lower virulence,
with increases in viral fitness within the plant, andréctor fitness on the plant, as a result.
A comprehensive population genetical analysis revealedebambination was the driving
force behind the switch to lower virulence. In the fi¢ld pathogen is faced with a variety
of host genotypes, so we propose that recombination alldesdapt extremely rapidly to
changing local conditions. This would imply that selectiomvards lower virulence
following emergence is not a continuous or gradual proeeskeven that highly virulent
genotypes may be maintained in the population if they ataptive under certain

conditions.

INTRODUCTION

Last century, Frank Fenner collected decades of data stpavolutionary changes in the
virulence of the myxoma virus that had been importedlustralia to control the European
rabbit. In that instance, virulence was initially high (tleswihy the virus was selected),
reduced yeaonyear and then finally began to increase again, apparemigrds some
optimal level for the virus [1]. Such new associationsnveen host and parasite (the

myxoma virus was isolated in South America) may als® avisere the parasite is invasive,
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and this can be a major factor contributing to the proldéramergent diseases. Where
virulence is initially high, it may be maladaptive, hence the parasite’s evolution towards
lower virulence (the same applies to a maladaptive lowenad, but these cases usually
attract less attention) and in fact the pattern of selecn virulence is expected to change
with time [2]. The evolution of virulence has becomemajor theme in evolutionary
ecology and much theory has been developed, based pliyncipan a supposed trade-off
between virulence and transmission [3, 4]. It has a&senlkihe subject of a number of
studies in experimental evolution, these usually supportingddee of some optimal level
of virulence [3, 5]. Quite often, however, the underlying medmsi that could be
considered to be genetic, biochemical or physiological, agertnvestigated. There are
notable exceptions, however, such as a recent studfich a bacterial pathogen of the
nematodeCaenorhabditis elegans evolved towards avirulence in selection experimemds, a

the authors were able to identify the genetic changes unugtlyis transition [6].

A number of experimental evolution studies have also loeeaucted with RNA viruses
[7], because variability in such viral populations tends to bh.HRNA viruses have rapid
replication, short generation times and large effectiygufadion sizes that, associated with
the lack of proofreading and high mutation and recombinatibes, can generate highly
polymorphic populations [8]. These factors can lead to rapiirshost evolution [9],
adaptation to new niches and hosts, breakdown of hostaress[10] and changes in
virulence [11, 12]. High mutation rates, in associatidth wecombination events, offer a
range of possibilities that allow viral pelations to explore a diverse “genotypic
landscape” quickly and to find the most beneficial genotype [13]. Recombination

contributes by creating potentially advantageous genotypdsr@moving deleterious
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mutations, boosting the process of emergence. Ratescofnbination depend on the
prevalence of multiple infections and the ability of thr@l replicases to undergo template
switching. In summary, the maintenance of geneticatian is highly dependent on
mutation and recombination rates, on the distributiomofational effects on viral fithess

and on the strength of selection and genetic drift withpugadions [14].

The carlavirus Cowpea mild mottle virus (CPMMV, family Betaflexiviridae, genus
Carlavirus) is a single-stranded positive-sense RNA virus (~ 8.2 [KB) 16] that has
posed a major threat to soybe&@iyCine max) production in Brazil as it causes the disease
soybean stem necrosis. As the name implies, thisaslés can be highly virulent the
necrosis is systemic and can lead to plant death in 14 télysJuriously, though, there is
considerably variability in disease symptoms in a giveld,fieanging from systemic
necrosis to mild mosaic or even asymptomatic plant tioled16-18]. It has been shown
that there are two strains of CPMMYV in Brazil: CPMNBR1 and BR2, but both strains
include isolates that cause mild (mosaic) or severeefsysinecrosis) symptoms in a given
soybean genotype [18]. While there is clearly a genetic f@sibe variations in virulence
observed in this system, there has been little indicatidhe studies conducted to date as

to the underlying reasons for this variation.

CPMMV is unusual among carlaviruses in that it is vesdo(in a non-persistent manper
by the whiteflyBemisia tabaci MEAM 1 [19-22]. This insect is itself an important invasive
organism [23] and is notorious for its polyphagy. This polgyh& understood to be a
major factor contributing to the high diversity of pldstgomoviruses [24] and may well be

important also to the evolution of the CPMMV. While CPMNMas originally described
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from cowpea Vigna unguiculata) in West Africa, it has a broad host range encompgssi
many Fabaceae and the Brazilian strains are quite distoratthe type strain [16, 18]. It
seems likely that CPMMV has had to adapt to a variety &drdifit hosts. Akin to Burdon
and Thrall’s geographical mosaic of coevolution [25], a mosaic of hosts would be expected

to contribute considerably to pathogen diversity. In thigext, a suitable hypothesis is that
the extremely high virulence of some CPMMV isolatesstime host genotypes is
essentially maladaptive. This could be understood as maladaptigdlyirulence due to
CPMMYV being an invasive pathogen in South America, or eveevaassociation having
arisen with soybean (both of which represent a novedqattf selection on CPMMYV as an

invasive pathogen).

The present study considers a highly virulent isolatee¥itus and a susceptible genotype
of the host. In selection experiments, repeated gass@mechanical inoculations) of the
virus were run through the host with or without the impositdra genetic bottleneck.
After several passages, the necrotic symptoms caused byrtiseswitched to milder,
mosaic symptoms. Viral fithess (accumulation) wasrerad within the host plant before
and after the change in symptoms, and similarly how thiagehaffected performance of
the insect vector on the plant. Sequencing of multijplel genomes before and after the
phenotypic change allowed a detailed analysis of the relatmtributions of mutation and
recombination to the observed changes, as well as the paftelective pressure on

different ORFs.
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RESULTS AND DISCUSSION

Serial Passages Lead to Reduced Virulence

We conducted serial inoculations (or passages) of aatésoff CPMMYV in soybean, in
three replicated lineages. Infection was by mechanicatuiation and we used only
symptomatic plants to inoculate each subsequent gerer@hie experimental design is
explained in detail in Material and Methods and in Fig Bdhough the number of plants
that were successfully infected varied during the first pass@i P4 and P5, Fig 1A), all
of the infected plants suffered from necrosimterestingly, these necrotic symptoms were
much less extensive in P5 than in the previous passaggslBji In the subsequent
passage, P6, the phenotype changed in all three lineagesaseouisly, with infected
plants now showing mild symptoms characterized by tyg@RIMMV mosaic with vein

clearing, while only one plant of the 23 infected plants veasatic (Fig 1A, B).

We chose to repeat the above experiment for the sakaidtion, but also submitting the
viral population to a genetic bottleneck. For this, wet firsoculated plants of\.
benthamiana to obtain local lesions [16]. As one or a few viral pdetcare likely
responsible for such local lesions, this representsrga strong genetic bottleneck. These
local lesions served as inoculum to infect three sayh@ants. At 40 dpi, one of these
showed necrotic symptoms (Fig 1C, D), although not as exterss in most of the
passages in the previous experiment, while the other two dhaoaveigns of infection. This
single plant was used to infect three new soybean pksis,the first experiment (Fig 1C).
Strikingly, these three soybean plants showed mosaipteyns after 14 dpi (Fig 1C, D).
Thus, the switch from severe, necrotic, symptoms to mittesaic symptoms was repeated

in a second experiment, but much more swiftly, presumablytalube imposition of a
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genetic bottleneck. We now sought to investigate the fito@ssequences of this change,
the biochemical and genetic aspects of the systemic sigecrand the molecular

evolutionary processes underlying the phenotypic change.

Viral Accumulation and \ector Performance Increase once CPMMYV Becomes Less Mirulent
Systemic necrosis is very damaging to the host plant/lyseaulting in rapid death. As
CPMMV and its whitefly vectors depend upon their host foradpction and subsequent
transmission (or dispersal in the case of the inseateto hosts, the high virulence that
systemic necrosis represents may well be maladafiivéhe virus. We thus wished to
examine both viral accumulation and vector performancplants suffering necrosis in
comparison with plants exhibiting mosaic symptoms. The éxperiment allowed this and
in particular allowed a comparison between populationseoféime viral isolate before and

after it lost its capacity to cause necrosis.

We used real time PCR to determine viral accumulation lagcklby estimate within-host
fitness [26, 27] in P1, P3 and P6. Viral accumulation in B6tp (with mosaic) was higher
than in P1 and P3 plants (with necrosis) (Fig 2A), whilerehwas no difference in
accumulation between P1 and P3, in both of which passhgedrtis still caused necrosis.
This is probably a direct consequence of a high fitnedstadbe pathogen resulting from
high virulence [28]. Our results with CPMMV are similar testady of Soybean mosaic

virus (SMV) in soybean, in which an increase in virulence (@loeurrence of necrosis
symptoms) resulted in reduced fitness [29]. It is alsonia With ecological evolutionary
theory, whereby high virulence may ultimately reduce trassion (i.e. fitness) due to

negative effects on the host [3, 30].
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Considering these results, the maintenance of theewniridolates in nature would require
that they be transmitted during the early stages offfieetion. Although nymphal stages of
the whitefly are almost entirely sessile, adults are highbyilenand take flight at the
slightest disturbance. As the virus is transmitted in apassistent fashion, this may
facilitate transmission even if the virus is lethal to filent. Meanwhile, less virulent
isolates could be transmitted at early or late staggéghase could even represent distinct
strategies for transmission. It has been shown that a hgiblient isolate ofCucumber
mosaic virus (CMV) in Spain, that caused necrosis in tomato, required tnggismission

rates ensured by a high density of its aphid vector [31].

The effects of viral infection on a plant can have dikion effects on the performance of
vectors and ultimately viral transmission [32-37]. Thefects can be positive or negative,
and can be observed in important components of the insect’s fitness, such as survival,
developmental time, fecundity or oviposition [38, 39, 40]. 4lb examine whitefly
performance, we first infected soybean plants with ihoauaken from P2 and P5, which
resulted in P3 (necrotic) and P6 (mosaic). A third treatntonsisted of whiteflies on a
completely different CPMMYV isolate that causes mosgmptoms naturally. Finally, there
was a blank-inoculated control. There were significafierdinces in survival of whitefly
nymphs among treatments (LME, Likelihood ratio test 22d.f. = 3, P < 0.0001; Fig 2B).
Survival on plants infected with the inoculum from P6 #me mosaic strain did not differ
significantly from one another or from the control, Butvival on P3-infected plants was
considerably lower (over 80% of insects had died by dayesus less than 5% for the

other treatments) (Fig 2B). Meanwhile, no nymphs were aldevelop on the P3-infected
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plants, while this variable was otherwise unaffected by tiiers treatments (LME,

Likelihood ratio test = 5.62, d.f = 3, P = 0.06; Fig 2C).

These results show a clear ecological and evolutiogast to the virus of inducing
systemic necrosis, since the virus is dependent upon whitefligs transmission to new
host plants. It may also be that necrotic symptomsnsledves are not adaptive, but
represent excessive (maladaptive) virulence on host gewty which a given strain is not
adapted. Yet the conclusion remains that systemic siscdoes not represent an adaptive
trait. Given a patchwork of different soybean varietiesthe field, in which CPMMV
strains may cause different symptoms, one might expdghamic and constantly evolving
situation in which a strain that has adapted to one planttgee infects a new genotype in
which it causes necrosis; here, it is selected for rebvicelence, that might then affect its
capacity to infect the first genotype successfully. WHils is speculative at present, it

might warrant further investigation.

Systemic Necrosi s Has Features of the Hypersensitive Response (HR)

We next turned our attention to the biochemical pathwasglenlying the systemic necrosis
symptoms. We examined biochemical features and gene egprésplants from P3 (with
necrosis) and P6 (without necrosis). A characteribiown colour, indicating bD-
accumulation, was detected in leaves from P3 (necrdzis)not from P6 (mosaic) (Fig

3A).

The genesGmPR1, GmPR4 and GmNAC6 are typical defense-related genes that are

expressed during the HR [42, 43]. Expression analyses of these genes showed that
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they are induced in soybean plants from P1 and P3, but R@ (Fig 3B). Similarly, RAR1
and SGT1 are co-chaperones of Hsp90, and these proteins mawgp@tant role in
regulation of the plant immune response [44]: the ge&p@SGT1 and GmRARL were
induced in plants inoculated with all viral populations (P3,and P6), irrespective of the
symptoms caused (Fig 3C). It can thus be seen that CPMM\¢es the defence response
pathway activated by RAR1 and SGT1, independent of HR. Thisianiet the plant
defense response against the pathogen has been actiugtée pathways, that lead to

plant cell death (PCD) or mosaic symptoms are differe

Next we examinedsmMAPKKKo and GmMEKK?2, genes from the MAPK cascade. This
cascade plays an important role in many R-gene-medidéézhce responses to plant
pathogens and has been proposed to act downstream ofcite e¢cognition step that
involves SGT1 and RAR1 [45]. In plants with systemic nesrof?l and P3),
GmMAPKKKo. and GmMEK2 were induced (Fig 3D). In contrast, onfBmMMEK2 was
induced in plants showing mosai®gj. These results suggest thé&mMAPKKKo
expression is necessary for induction of systemic asgcrin CPMMV infection, but

GmMEK2 is not.

Overall, the systemic necrosis caused by CPMMYV infechiad several features of HR.
Among those common features, we can include ROS and PCDndhetion of the

pathogenesis-related ger®smPR1 and GmPR4, andGmNACS6, and induction of a part of
the MAPK cascade. In future studies, it will be intargsto link this information with the

fitness effects observed above.
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ORF 1 Has High Genetic Polymorphism and is The Region Involved in Population
Subdivision

Since the soybean genotype used for the serial passagabe same, it seems reasonable
to suspect the emergence of viral variants with higher fitmebsth experiments. For the
first experiment, we amplified 10 full genomes from eacthode passages (P1, P3 and P6)
and from the three distinct selection lineages. Forsde®nd (bottleneck) experiment, 40
full genomes were amplified, 10 from each passage (B&BR2) and repetition (a, b and
c). For all genomes amplified, the six typical carlasirORFs were detected: ORF 1
encoding the putative viral replicase; ORFs 2, 3 and doding the triple gene block
proteins (TGBpl, 2 and 3), which are essential for virus mover@RF 5 encoding the
coat protein(CP, 34 kDa); and ORF 6 encoding a cystein-rich protein (GR#)a zinc
finger motif, acting as a silencing supressor [16, 46]. Theegegf nucleotide identity for
all coding regions ranges from 93 to 100% for nt in the @sgeriment and from 98 to

100% for nt in the second (S1 and S2 Fig).

For both experiments the genetic variability in all cgdiegions was evaluated (Table 1
and S1 Table). The sequences from each passage (P1, BR1P&h)d BP2) were assumed
to correspond to populations and each experiment was anabpadiely. ORF1 was the
most variable region of the CPMMYV genome for all popafa in both experiments (Table
1 and S1 Table). There was an increase in genetic polymorplikneach passage in the

first experiment (Table 1), that was observed only for ORFfhie second (S1 Table).
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Analysis of the first experiment showed that the meammme number of nucleotide
differences (m) for ORF1 increased threefold from P1 to P6 (0.017 to 0.051) (Tablenl). |
the bottleneck experimenORF1 showed very small & values that were very similar for
BP1 (0.00435) and BP2 (0.00463) (S1 Table). The populatided mutation rates (6-w)
ranged from 10 - 10° for ORFs 2-6, but for ORF1 this value was?¥or all passages in
the first experiment (Table 1). For the to bottleneck expetiniee values ob-w were

close to 10 for all ORFs except for ORF3 for which was?($1 Table).

The = value in slinding windown analysis for each individual ORF waso aletermined
(Fig 4, S3 and S4 Fig.) and ORF1 was found to have the greatestion in both
experiments (Fig 4). For the first experiment especiallyr fegions were observed (A, B,
C and D) to be extremely variable (Fig 4A), while for thatleneck experiment, only
regions C and D were detected (Fig 4B). Regions A, C Rnére within the
methyltransferase, helicase and RNA-dependent-RNA-polyméRaifep) domains of the
viral replicase, respectively (Fig 4). For the other cgpdeygions a low amount of variation
was observed in both experiments, with almost none ibdtié&eneck experiment (S3 and
S4 Fig). Thus, the genetic bottleneck to which the initial uhom was submitted in
experiment 2 clearly affected the genetic diversity ef @PMMV population. For many
plant RNA viruses, low levels of variation have been olekr indicating that
accumulation of significant differences in virus populatiisxa slow process, especially

when the population is submitted to a genetic bottleneck [47].
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High levels of variation are commonly found in flexivirus EXRin inter-host analyses [48,
49], but this is the first time that it has been obsérin an intra-host analysis. The
variation analyses clearly showed that alterations irCi®IMV genome occurred during
the serial inoculations, even in the population submitte@ bottleneck. To determine
which genomic region could differentiate populations phyletjen analyses using
Bayesian Inference (BI) were performed for each codiggpneof the CPMMV genome,

from both experiments.

In first experiment, the topology of the phylogenetieto®nstructed for ORF1 had two
clusters (Fig 4C). The first cluster included all isoldtesn P1 and P3 and 11 isolates from
the P6 population. The second cluster only included isolatem P6 (Fig 5C). The
phylogenetic trees constructed for the other coding regibosved no such separation
according to passage (S5 Fig), so ORF1 was the genomic réwabndifferentiated
phylogenetically the CPMMV P1, P3 and P6 populations. Smnésults were obtained in
the second experiment (Fig 5D and S6 Fig). We thereforgé diseriminant analysis of
principal components (DAPC) to identify the sites thatstrcontributed to differentiation
among the populations in both experiments (Fig 5E and FjdS)! A total of 73 sites were
identified and described in four regions (A-D) of the viglicase (Fig 5E and S2 Table)
in the first experiment. The sites which most contriiot@opulation differentiation were
in interdomain regions (methyltransferase-peptidase and peptigdicase) and within the
RdRp domain (Fig 5E and S2 Table). For the bottleneck experiméntal of 34 sites most
contributed to differentiation among the two populationd arere in the interdomain

region (metiltransferase-peptidase) and peptidase dofigiblF and S2 Table).
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ORF1 is a Recombination Hotspot

Recombination events were only detected in QRFa@r the first experiment 38
recombination events were detected (S3 Table) which occwitin at least one of the
four ORF1 variable regions (A, B, C and D) (Figs. 4A and).6Por the bottleneck
experiment, four recombination events were detected (S4)T&lethese, two were of
interest: event 1 corresponded to a large recombinant 81:8896) and included the
methyltransferase, helicase and peptidase domains (S4 Vdile) event 2 included a
small recombinant block (2942-4054) including the peptidase-helicéselomain and

helicase domain.

We analyzed each recombination event in detail. In itise éxperiment eight of the 38
recombination events detected (events 13, 15, 16, 18, 2292ahd 37) were shared by
more tharten isolates (S3 Table). Curiously, events 13, 15, 18, 25 and r&7siared by
isolates from the three passages (P1, P3 and P6). @fdltgg events, three were of most
interest: (a) event 15 was detected among the isolatesHig P3 and the 11 isolates from
P6, (b) event 16 occurred in all isolates from P1 andne8r¢tic isolates), involving the
peptidase and helicase domains, and (c) event 29 was deatatted some isolates of P6
(S3 Table). Together, events 15 and 29 can explain thtedhyg in the phylogenetic tree of
11 isolates from P6 in Fig 4C cluster 1. In the botti&rexperiment, event 1 only included
isolates from BP1 (necrotic isolates) and event 2 ardjuded isolates from BP2 (mild

isolates) (S4 Table).

Independent phylogenetic trees were constructed, using an afgnmewhich all

recombinant blocks were removed, so that recombinationtefiexier genetic variability
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could be perceived easily (S8 Fig). In both experiments th@ldgy of the phylogenetic

trees changed, new clustering occurred among the iso&gd5q).

Recombination rates (p) were also determined for the passages: P1, P3, P6, BP1 and BP2
(Table 2). The highesp value in the first experiment was in P6, and in the bottleneck
experiment in BP2, the two passages that were associatledclanges in symptoms
Additionally, the recombination rate by site (p/site) was determined along the CPMMV
nucleotide sequence (Tlak2). The rate p/site in P3 was the lowest (1.75x102) while the
highest value was in P6 (0.6324) (Table 2) in the first expetima the bottleneck

experiment, p/site was highest in BP2 (0.318) (Table 2).

The relation p/6 was also determined to identify the contribution of recombination and
mutation for variability of CPMMV populations. In P1 an@,Recombination contributes
more to variability than mutation, while in P3 the opposite was observed. The relation p/0

in the bottleneck experiment also showed that recombinapiotributes more to variability
than mutation (Table 2). Overall, recombination contributethe high polymorphism in
ORF1. Significant higher densities of breakpoints were foan@RF1 when detectable
breakpoint positions were plotted on a density map, suggeshag ORF1 is a
recombination hotspot (Fig 5). Recombination seems to be n&bj® for much of the

variation found in ORF1 in both experiments.

Some Codons Are Under Positive Selection in the Replicase Gene, But Adaptive Selectionis

Not Responsible for Maintaining the Diversity in ORF1
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Selection analyses were performed on each ORF from ®kIMY genome using
neutrality tests (Table 3 and S5 Table) for both experiméntghe first experiment, all
values were negative, except for ORF1 in P6, and stalligt&ggnificant deviations from
neutrality were observed for different populations andogea regions (Table 3).
Curiously, ORF5 was the only region where all values wegative and statistically
significant (Table 3). In ORF1 of P6, the tests were ngn#stant, so the high
polymorphism was not being maintained by selection (Table I&.Shme was observed
with the bottleneck experiment for BP1 and BP2. Thectet constraints in all ORFs
from BP1 showed negative values, which were significant onli@R¥F3 (S5 Table). In
BP2, all ORFs had significant negative values except faF4Df$5 Table). Thus, for BP2
there is evidence of strong purifying selection or receptjadion expansior because the
diversity in BP2 was, in general, smaller than in BPd #we original population was

derived from the genetic bottleneck.

Site-by-site selection analyses were also performeddgoh genomic region in P1, P3 and
P6 in the first experiment and in BP1 and BP2 in the lmaitle experiment, using five
algorithms: SLAC, FEL, IFEL, REL and PARRIS (Table 3 and T&ble). In the first
experiment, evidence of negative (purifying) selection wagsmed for most codons under
selection in ORF2-6 by all algorithms (Table 3 and S6 Tabte) ORF1 there were codons
under positive selection, but many were also under negsdleetion, especially in the P6
population (Table 3 and S6 Table). Strong evidence of postection in individual
codons in ORF1 from P6 was detected for SLAC and PARR4BI€T3 and S6 Table). For
the bottleneck experiment the site-by-site selecti@tyars showed that the majority of the

codons under selection were subject to negative seleatioalli ORFs from both
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populations (BP1 and BP2) (S7 Table). Sites under positigetsa were found in ORF1
(BP1 and 2) and in ORF6 in BP2 (S7 Table). However, the evidengesitive selection

was weak; the codons were detected only by IFEL and/or(REDable).

The codons corresponding to the sites responsible fpulgion subdivision were
compared with the codons under selection in the popntatio identify coincidences in
each experiment. Many sites involved in population sulidivisn the first experiment
were under selection (Fig 4E, S2 and S6 Tables), but imagbtwith the first experiment,

no coincidence was identified in the bottleneck experirffégt4E, S2 and S7 Tables).

Together, these results indicate that adaptive sefeigioot acting to maintain the genetic

variability of CPMMV populations.

The Sites Associated with Phenotypic Change Differ Between Experiments 1 and 2, but are
Propagated Across Extant Population by Recombination

To try to associate the phenotypic change over succesgiealations with genotypic
changes in ORF 1, association and localization tests penfermed using the program
ALTree [50]. The 70 sequences generated in the first expdrivere used in analyses and
67 haplotypes were detected, 39 belonging to the control(#1@4sH39, necrotic isolates)
and 28 to the case class (H40-H67, mild isolates). In gwcasion test, the phylogenetic
tree showed 13 levels of which four (10-13 levels) were saifi (data not shown)The
tree global P-value was calculated and showed a significance value of 1.9998x10

showing an association between phenotype and genotypgeshéata not shown).
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The localization analysis was based on character Sre¢patsented the phenotype status
(necrotic or mild). Each haplotype was classified as agiype state using the character S.
An evolution index (Vi) was calculated between each changadi site in ORF1 and the
changes of the character S in haplotypes. The sitesemthanges were the most correlated
to character S were considered as involved in phenotypgeha total of 27 sites were
found involved in the phenotype change from necrosis to m@$alale 4) in the first
experiment. The 27 sites were compared with the sites neigp® for population
subdivision and 17 were putatively under positive selecti@blélr4, S2 and S6 Tables).
Interestingly, most sites involved in altering phenotygge located in recombinant blocks
involving a number of isolates (events 13, 15, 16, 18, 20 and 2%)a#er the
recombination hotspot 1 (Fig 5 and 6, Table 4 and S3 Table). Tibgested that the
recombination events, in association with mutation seldction action are involved with

the phenotype changes.

The association and localization tests were repeatedquesces from BP1 and BP2 to
check if the same sites associated with the phenotiiege in the first experiment would
be identified again in the bottleneck experiment. Forab®ociation test, we detected 40
haplotypes (from 40 sequences generated), 10 belongitige control class (HO1-H10,
necrotic isolates) and 30 to the case class (H30-H40, saldtés). The phylogenetic tree
of association test showed eight levels of which fou8 (Bvels) were significant (data not
shown). The globaP-value of the tree was significant at 9.9999 X]Go there was an

association between the phenotype and genotype changes.
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In localization analyses, a total of 36 sites were asttiwith the phenotype change from
necrosis to mosaic (Table 4) in the bottleneck experinddnthe sites identified coincided
with the sites responsible for population subdivision amde of them are under selection
(Table 4 and S6 Table). All these sites were located in recamibblock from event 1 in

ORF1 (Fig 6, Table 4 and S7 Table).

None of the sites identified as responsible for theratiion in phenotype by the association
test in the first experiment were identified in theosetexperiment (Table 4). However, all
sites identified were located on recombining regions, suipgotihe likelihood that
mutations are being propagated across extant populdiionscombination (Fig 6). The
results suggest that recombination events within CPMMV ORF#& wesponsible for the
phenotypic changes observed after successive inoculationsdistributing mutations
among individuals in the population. Experiments involvingdtifeis clones and targeted

mutation sites may be used to evaluate the induction gfteyns and viral fitness.

It was expected that the change in symptoms caused by CPMMM Wwe associated with
mutations in one or a few sites that altered one ewaaimino acids. Our expectations were
based on studies showing that the mutation of a singleatide causing an amino acid
change may be enough to cause drastic changes in thetygte [51, 52]. We can see in
this study that the phenotypic changes in the viral populare governed by a much more
complex virus-plant interaction network than might dndween expected. In principle,
changes are not determined by one or a few mutations, ausétyof them and the eagies

and fastest way to acquire these beneficial mutationsyarecombination [14].
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In the present study, a set of mutations were acquired fgratit variants of CPMMV

through the infections and were propagated via recombinationthe serial plant

inoculations. Having higher fitness, the frequencies of these@nts increased in the
population, and could be maintained in the population by eotgbrecognized by the
plants’ defense mechanisms. Transposing this situation to the field, these new mild variants,

accumulating to higher levels within the plant and beirgrerbeneficial for the insect
vectors, would predominate. This local, or host, adaptatmight however render the
variant less well adapted to another host genotype. ItdMoilinteresting to determine if
the now-mild variant has lower fitness than its ancest@ different host. If so, we may
observe a reversal of the evolutionary change showey back towards the more virulent
genotype. Given these considerations, we propose thaetbenbination events that we
observe in CPMMYV have actually been selected for, aswhoelld permit rapid adaptation

to different hosts.

CONCLUSIONS

We have shown that the high virulence of an isolat€®MMV (its capacity to cause
systemic necrosis) evolves to lower virulence (causing migeptoms such as mosaic) in
a consistent pattern across separate lineagemanad experiments. Our study shows that
this could be due to local and swift evolutionary processes) within a single isolate in
the case of CPMMV, and potentially for other plant \@sisClearly, several sites localized
within recombinant blocks were associated with the changgnmptoms. These alterations
in the viral genome generated variants with higher ggnend also allowed the vector to

increase its fitness.
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MATERIAL AND METHODS

Selection Experiments — Experimental Design

Two selection experiments were conducted, using the sawolte of CPMMV,
CPMMV:BR:GO:10:5, access number KC884249.1. This was collected uadag010
from soybean in Cristalina, Goias, central-westernziBrgone of the main soybean-
producing regions in Brazil) and has previously been describ#d bolecularly and in

terms of its host range [16].

To initiate the first experiment, sample leaves wesed to mechanically inoculate three
plants of soybean cv. CD206 at VC stage (corresponding to 14 foays sowing).
Inoculum was obtained by grinding the material in 0.1M phatplbuffer, pH 7.2, with
0.1% sodium sulfite. All inoculated plants in this study evemaintained in gauze cages
within a greenhouse (means daily temperature of 26 + 2°C) andsyerged weekly with
insecticides to avoid any possible contamination. All of éhpants showed systemic
necrosis (of stem and petiole) plus dfisn after 14 dpi (Fig 1). One of the plants (first
passage-P1) was used to inoculate three more plants {RR}hese showed the same
symptoms after 14 dpi (Fig 1B). Eacii these three plants was then used to inoculate
twelve more plants (P3) and these were then considéred teparate repetitions. The
plants of each repetition with visible signs of infent(necrosis in all cases) after 14 dpi
were collected, pooled and used for inoculation of 12 new plantach repetition. This
was done until P6, with phenotypes (i.e. disease syng)tbeing recorded and material

being storedsdescribed above throughout.
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For the second experimemicotiana benthamiana plants were mechanically inoculated as
above. The local lesions observed Nin benthamiana plants were excised and used to
inoculate three soybean plants (as above), thus ingpasgenetic bottleneck on the virus
population. At 40 dpi, only one of these three plants showetbtic symptoms. Leaf tissue
from this this plant was used to inoculate three new soybé&mts. Again, these plants

were observed for symptoms and material was stored eslsesabove.

Real Time PCR Quantification of Viral Accumulation (Selection Experiment 1)

RNA from plants from P1, P3 and P6 was used for cDNA sygigl{three replicates in each
of the three selection lineages bar PJust the three replicates) in addition to three
independent healthy soybean plants as control. We useddb00 total RNA, extracted
using the RNeasy Plant Mini Kit (QIAGEN), ORF6R primer [16] a&dperscript Il
reverse transcriptase (Invitrogen), according to the manufacturer’s protocol. All procedures

for real-time PCR, including tests, validation and ekpents, were conducted according to
the recommendations of Applied Biosystems, using spegifimers (Table S8). All
guantifications were performed on StepOnePlus instrum@pplied Biosystems) using
SYBR Green PCR Master Mix (Applied Biosystems). This d@se using individual tubes
and specific primers for ORF5 (CP coding region; Table S8}lii@yconditions were 10
min for 94°C, 40 cycles of 15s at 94°C and 1 min at 60°C. All sssnweége submitted to
thermal denaturation to determine their dissociation ciymelting) and to verify the
specificity of amplifications. The standard curve was imbth using increasing amounts of
PCR amplified for the CPMMV CP gene. Means were compared using Student’s t test in

Excel.
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\ector Performance (Selection Experiment 1)

Bemisia tabaci were obtained from a colony established in 2008 at the Fddenarsity
of Vicosa, Minas Gerais, Brazil. The insects were kane cabbageBrassica oleracea
var. capitata) in gauze cages under greenhouse condiiomsvhiteflies were identified as
B. tabaci MEAM1 by partial sequencing of the mitochondrial cytochraowr&lase 1 gene
(mtCOl) and comparing with three reference sequences oEplécies/group in GenBank

(access number AF340215, AJ510071 and AJ510079).

For the assays, soybean plants were inoculated ¢ag)@bith virus from P2, resulting in
P3 (causing necrotic symptoms) and P5, resulting in P6ifcao®saic symptoms). As a
form of positive control, a third set of plants wasculated with a separate isolate that
causes mosaic symptoms in soybean cv. CD206 (CPMMV:BR:GO:01:1; 4hfij)as a
negative ontrol, further plants were treated only with carborundamd buffer. Plants
showing symptoms were used 8-11 days after inoculation &MY infection was

subsequently confirmed by RT-PCR (Zanardo et al., 2014a).

Newly emerged nymphs (<24h) were used to evaluate survival andpiewital times.
Nymphs were obtained by allowing adults to oviposit on hgabybean plants for 24 h
and were then collected with a fine paint brush and placdbeoabaxial surface of the first
and second trifoliate leaves of the test plants. Tenphgnvere placed per plant, five on
each trifoliate leaf. Nymphs that died after 24 h werdacsl by others of the same age.
Each treatment consisted of 30-40 nymphs placed on 3-4spl@he experiment was
carried out in randomized blocks in a room at 26x2°C and 12:4@périod. Survival and

development were recorded daily under stereomicroscope amélgence of adults or
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death of nymphs. Dead nymphs were identified by their dark-eolddried appearance. In
order to eliminate handling effects on mortality, only nymgfet survived more than 3

days after placing them on the plants were used for suaadyses.

Survival and development data were analyzed using a linear reffexts model (nime
package of R) [53]. Replicates were used as random factothantfeatments as fixed
factor. We started the analyses by including interactidrfaators and checking residual
distributions. Non-significant interactions and factorgeveemoved from the full model
using the ANOVA function. Contrasts among treatments was®sessed with the glht

function (Ismeans package of R).

Staining Assay 3,3 -diaminobenzidine (DAB) (Selection Experiment 1)

To detect HO, in necrotic leaf tissues, a staining assay was perforasgty DAB,
according to [54, 55] with modifications. Nine leaves, thireen each of three different
plants from the third and sixth passage were collectecgamahitted to staining with DAB
solution, at first for 5 minutes (Img/ml DAB with 10mM M#PO, and 0.5ul/ml of
Tween20, PH 7.5) using vacuum infiltration and then indidméx for a further 8 hours in the
dark, then submerged in a bleaching solution (ethanol:aceticgycierol - 3:1:1) and
finally immersed in a boiling water bath (~90-95°C) for 30 misufehe sample leaves
were maintained in 10mM NHPO, buffer for subsequent analysésO, was visualized as

a reddish brown color.

Quantification of Gene Expression (Selection Experiment 1)
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581 Quantification of gene expression was used with the sameRMA samples as described
582 above and the same protocol for cDNA synthesis and qROftade of the ORF6R primer,
583 oligo (dT) was used. Relative quantification was performedindividual tubes for
584 GmMSGT1, GMRARL, GmMAPKKKa, GmMEK2, GmPR1, GmPR4 and GmNACS6. All
585 samples were submitted to thermal denaturation to determ@ie dissociation curve
586 (melting) and to verify the specificity of amplificatis. The expression of each gene was
587 tested in three replicates in each of the threeetelineages. Initial tests were performed
588 on serial cDNA dilutions of 1910™, 10° and 1C° and the dilution with the best efficiency,
589 according to the E=I8slope equation, was selected. The slope angle was obfaimed
590 regression of the amplification reaction. For quantifimaof gene expressiogmHelicase
591 was used as a reference gene to normalize the real-tiRed®@. The relative expression

592 and  statistical analyses were done using the REST2009 software

593 (https://www.giagen.com/according to the manufacturer's instructions.

594

595 RT-PCRand CPMMV Cloning

596 Amplification and cloning of viral genomes was performed frplants of all replicate
597 lineages from P1, P3 and P6 in the first experiment and BE1B&#2 in the second
598 experiment. Total RNA was extracted from 100 mg of leatiéissf individual or pooled
599 soybean plants cv. CD206 (14 dpi), depending on the number a$ ptdected in each
600 repetition and experiment, using the RNeasy Plant Mini(@AGEN) according to the
601 marufacturer’s instructions. Reverse transcription (RT) was performed using Superscript I11
602 reverse transcriptase (Invitrogen), according to the manufacturer’s protocol, using 500 ng
603 of total RNA. PCR amplifications were carried out usingtiflan high fidelity DNA

604 polymerase (Invitrogen). The primers and RT-PCR ampliboati conditions were as
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described by Zanardet al. (2014a), except for the 5’-end, for which the primer ORF1F
(GAAAAACCCG) and ORF1R (TCTCGTTAGCTGAGGGTT) were used. Amplified PCR
products were gel-purified using the lllustra GFX PCR DNA and GeldBPurification Kit
(GE Healthcare), ligated into pGEM-T Easy Vector (Promega) @ansformed into
Escherichia coli DH5a cells. Ten different clones of each amplified region were selected.
Plasmid DNA was purified using the lllusttaplasmid Prep Mini Spin Kit (GE healthcare)
and sequenced in both directions with universal primers (M13F/MI8RMacrogen

(Seoul, South Korea).

Sequence Assembly, |dentification and Alignment
Sequences were assembled using DNA BASER SEQUENCE ASSEMBLER (Heracle

Biosoft) and the ORFs were located using ORF FINDER

(http://www.ncbi.nlm.nih.gov/gorf/gorf.hthl The nucleotide sequences were initially
submitted to a BLAST search to check the sequence identficducleotide sequences of
each experiment were analyzed independently. Each ORF wagdlusing the Muscle

module [56] in MEGA v.5, based on amino acid sequences.

Description of Molecular Variability and Divergence Among Sequences

Descriptors of molecular variability were estimated ush@naSP software v. 5.10 [57],
giving (i) the total number of segregating sites (s); (i\3Gsontent; (iii) mean nucleotide
differences between sequences (k)) nucleotide diversity (xr); (v) number of mutations;
(vi) number of haplotypes (h); (vii) haplotype diversity (Hd) and (viii) Watterson’s
estimator for the population-scaled mutation rate baseith@ total number of segregating

sites (0-W).
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The = statistic was also calculated using a sliding window of 100 bagdsa step size of
50 bases to estimate the nucleotide diversity througlheusection of the genome running
from ORFs 1 to 6. Confidence intervals (CI) of 95 % were estimated for 7 values based on

coalescent simulations (10,000 replicates) using DnaSBQ.. 5.

Bayesian Phylogenetic Analyses

Phylogenetic trees were constructed for each of the &ksOindividually (ORF1-6).
Phylogenetic relationships were inferred using Bayesian mfer¢Bl) in MrBayes v.3.0
[58], with the evolution models selected by MrModeltest2.[59] using the Akaike
information criterion (AIC). Two runs with four Marko€hain Monte Carlo (MCMC)
simulations were conducted simultaneously using 20 millionrg&oas, except for ORF1
of the first experiment (50 million generations), startir@m random initial trees. Burn-in
was set at 25% from the resulting trees. Trees were visdalith FigTree version 1.3.1

(http://tree.bio.ed.ac.uk/software/figtreahd midpoint rooted.

Discriminant Analysis of Principal Components (DAPC)

Multivariate statistical analysis using Discriminant Amsiés of Principal Components
(DAPC) was performed in the package adegenet implementedswoiftiRare [60] using
nucleotide sequences from ORF1 of both experiments. TheCDA€thod is intended to
describe the diversity between pre-defined groups of obsengatiWe considered that we
had three different populations: population 1 (P1), populati(®32 and population 3 (P6)
for the first experiment and two different populations: poparal (BP1) and population 2

(BP2) for the second experiment. The algorithm runs tmaresformation of the raw data
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using Principal Component Analysis (PCA). All of the pnpadicomponents were retained
in order to conserve all of the variation in the origjotata. The key nucleotides involved in
the cluster differentiation were determined and plottedgusithreshold of 0.02 in the first

experiment and 0.002 in the bottleneck experiment in eachirdisant function of DAPC.

Recombination Analyses

Detection of potential recombinant sequences were performed URgecombination
Detection Program (RDP) v. 4.7 [61] incorporating the reconibimaletecting methods
RDP (R), Geneconv (G), Maximum chi square (M), Bootscan @$ter scan (S),
Chimaera (C) and 3 SEQ (3S). Default settings and a naultipimparison-corrected P-
value cutoff of 0.05 were used throughout. Only those recombinatients detected by
more than four methods were considered credible. ThetLpdickage in the RDP program
was also used to estimate the recombination rate (p), determine the recombination rates by
site (p/site) and estimate the relation of recombination rate byatimut rate (/0). A
breakpoint density plot was constructed and the statissigmificance of potential
breakpoint hot- and cold-spots was tested using a permutadisin with 10,000
permutations, windows size of 200 and step size of 100, withidemck Intervals (Cl) of
95 and 99% in DnaSP v. 5.10. This test allows determinatiomhether the breakpoint

distribution was significantly non-random.

Selection Analyses
To test the occurrence of selection in populationsetltypes of neutrality tests were used:
Tajima's D, Fu and Li's D* and Fusing DnaSP v. 5.10 [57]. Gene and site-specific

selection were also measured for each viral protein and pigouia both experiments.
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Sites under negative and positive selection in each gemne determined using five
different maximum likelihood-based algorithms: Single&kdlihood Ancestor Counting
(SLAC), Fixed Effects Likelihood (FEL), Internal Fixed Edéts Likelihoods (IFEL),
Random Effects Likelihood (REL) and Partitioning for Rdbusference of Selection

(PARRIS) within the HyPhy software packad#tp://www.hyphy.orgy implemented in the

Datamonkey server hftp://www.hyphy.orgy with default conditions. The nucleotide

substitution model applied was specific for each ORF and populaind was run before
all analyses. Phylogenetic trees corrected for recombmatiere inferred by GARD

(available at the Datamonkey server) and used as inputefeetaction analysis.

Association Test by Phylogenetic Approach and Localization Analysis

To determine the association between phenotypes (iee@wod mosaic) and genotype
changes observed in ORF1 after the passages we conducesbariation test and a
localization analysis with ALTree program [50]. The progratanding for association
detection and localization of susceptibility sites usingdtgpk phylogenetic trees, is used
to perform nested homogeneity tests to compare distriigitid affected and unaffected
individuals in different clades of a given tree [50]. Theeobiye is to detect if some clades
of a phylogenetic tree are more or less enriched in affeor unaffected individuals
compared with the rest of the tree. For the assoaiatist we determined the haplotypes in
Dna$ v.5.10, the necrotic phenotype was chosen as control anddbaic phenotype as
case. Parsimony phylogenetic trees were inferred using RAYFD. All tests in Altree
were done at phylogenetic tree level. TRealue at each tree level was performed by
10,000 permutation procedures to test the difference betweerbskeeved distribution of

affected or unaffected individuals and the random disiohut
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ALTree was also used to localize the susceptibility siteacltides an algorithm to identify
which sites are most likely to be involved in detected@aton. It was used to localize the
sites involved in phenotype changes from necrotic to masanptoms. For this, a®
character (supplementary character) was added for eachedff@Ecase-mosaic phenotype)
and unaffected (control-necrotic phenotype) haplotype. Aftat, haplotypes including
characterS were reconstructed at ancestral nodes using PAUP v. édalitation of
susceptibility sites was done by computing a correlated evnlutidex (Vi) calculated
between each change of site and the changes of theten&#n two possible directions of
change. The sites whose evolution is the most edeehith theS character are those most
likely involved in the phenotype change. All procedures were peefbraccording to the

program manual.
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FIGURE CAPTIONS

Fig 1. Experimental design and phenotypic resokshe two selection experiments (serial
inoculations) using isolate CPMMV:BR:G0O:10:5 Gbwpea mild mottle virus (CPMMV)

in soybean cv. CD206 at the VC stage (14 days of developra@dt the symptoms
presented (14 days post-inoculation) in each pasgadgexperimental design for the first
experiment, showing the number of plants used at eaph (plassages P1-6) and the
creation of three separate selection lineagesRepresentativémages of the symptoms
observed. From P1 to P5, severe symptoms were obsergéeingy necrosis, bud burning
and dwarfism, while in P6 symptoms were mild: mosaics and vearing.C. Schematic
representation of serial inoculation of the bottleneekperiment with the
CPMMV:BR:GO:10:5 isolate excised from local lesions Nh benthamiana and re-
inoculated in soybean cv. CD206 at the VC stage in two pass@fel-BP2).D.
Symptoms observed over the serial inoculations orh gqessage after 14 days of
inoculation. In BP1, necrotic symptoms were observedhm leaves, while in BP2
symptoms were very mild: mosaics, leaf deformation ama alearing. The letters a, b and
c represent the repetitions. Black vases represent plaitits symptoms of systemic
necrosis, white vases are plants that showed no vieddtioh and grey vases the plants that

showed mild symptoms such as mosaic.

Fig 2. Viral accumulation and vector fitness in plantsdaling serial passages. A single
isolate of Cowpea mild mottle virus (CPMMV) was passaged six times through soybean
plants. As such, P1 and P3 represent initial passages @ wie virus caused systemic
necrosis in the plants, while P6 represents a passagdiah viral symptoms became

milder (mosaic)A. Viral accumulation of CPMMYV in the P1, P3 and P6 passdgesers
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918 represent statistically significant difference in megRx 0.05) analyzed with 95%
919 Confidence Intervals (Cl). Error bars are standard dewsmtB. Survival of whitefly
920 (Bemisia tabaci) nymphs on control plants, plants infected with a distmoisaic strain
921 (C+), plants infected with the necrotic strain (P3) arahisl infected with the mild variant
922 (P6). C. Mean developmental times of newly emerged nymphs to addltbaocontrol
923 plants (healthy), plants infected with the distinct mosrain (C+) , plants infected with
924 the necrotic isolate (P3) and plants infected with the waitcant (P6).c0 means no data.
925

926 Fig 3. Systemic necrosis induced b@owpea mild mottle virus (CPMMV) has
927 characteristics of the hypersensitive response (ARPetection of HO, (ROS) in necrotic
928 leaf tissues by staining assay using DAB in leaves fronithyeglants and plants
929 inoculated with a CPMMYV isolate that had been passagee times (P3, in which the
930 virus still caused necrotic symptoms) or six times (P6, lmckvthe virus had become
931 milder, causing only mosaic symptoms). Data are 14 days pasilation (dpi). The upper
932 panel shows the leaves before staining with DAB and therlganel after staining. A
933 characteristic brown color indicatess® production B-D. Gene expression in soybean
934 plants from P1, P3 and P6 passages in relation to hedidthis 14 dpiB.GmPR1, GmPR4
935 andGmNACG6. C. GmSGT1 and Gm RARL andD. GmMAPKKKo andGmMMEK2. The bars
936 represent the average expression level in three plants dach treatment calculated and
937 statistically analysed with the REST 2009 program. * repmsstreatments statistically
938 different from healthy plants.

939

940 Fig 4. Sequences and phylogenetic analyses of ORF1 (viral repliochsgowpea mild

941 mottle virus (CPMMV) from two serial passage experiments in soybéanAverage
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pairwise number of nucleotide differences pie (nucleotide diversity, m) calculated on a
sliding window across ORF1.Sequences fradata set with 70 CPMMV sequences from
the first passage experiment (dark grey line: ten seqgednom P1- first passage, light
gray line: 30 sequences from P3- third passage and dotted lineg@8nses from P6
sixth passageB. Sequences from data set with 40 CPMMV sequences froreeitend
experiment in which a bottleneck was imposed (dark grey limes¢éguences from BP1-
first passage, light gray line: 30 sequences from BB&cond passage.D. Phylogenetic
relationships of isolate o€Cowpea mild mottle virus (CPMMV) subjected to passage
experiments. Phylogenies are based on the sequences of @R first experiment and
a subsequent experiment in which a bottleneck was imposed Bsiyesian inference
(implemented in MrBayes 3.1). Support for the nodes isepted as filled circles
(posterior probabilities from 0.95 to 1.0). The grays b&mwsthe grouping of isolates
causing severe necrosis symptoms and the black bars shatedscausing mild mosaic
symptoms.C. ORF1 tree using 70 sequences from the first experiment mahkel
GTR+I+G and 50 million generationd. ORF1 tree using 40 sequences from the second
experiment with model GTR+I and 20 million generatijoBsF. Contribution of ORF1
sites of an isolate o€owpea mild mottle virus (CPMMV) to population subdivision
following two serial passage experiments. Contributioneewietermined by Discriminant
Analysis of Principal Components (DAPC). Heights of eaahn a proportional to the
contribution of the corresponding site; sites abdwethreshold (0.02 or 0.002) correspond
the most contributing site$he sites that were associated with the change ofopyy@es in
association and localization tests are listed in &Blel The letters A, B, C and D

corresponded to the regions with higher polymorphism previousiyrsho
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Fig 5. Distribution of recombination breakpoints within ORF1 ofisoiate ofCowpea mild
mottle virus (CPMMV) that had been subjected to serial passages in tparate
experiments.A. ORF1 recombination breakpoints in the first experiment Niwvg 70
sequences, which included P1, P3 and P6 (first, third and sisHages, respectively.
ORF1 recombination breakpoints in the second experimentvingodO0 sequences which
includes BP1 and BP2 (first and second passages respectidiiy)etectable breakpoint
positions are indicated by small vertical lines at the fograph. A 200 nucleotide window
was moved along the alignment one nucleotide at a timarendumber of breakpoints
detected within the window region was counted and plotted (ko&)l The upper and
lower broken lines indicate 99 and 95% confidence threshoddpectively, for globally
significant breakpoints clusters. Dark and light grey argakcate, respectively, local 95
and 99% breakpoint clustering thresholds. Vertical blackwasrindicate recombinants hot-

spots. The domains in the viral replicase are showed &bphaf each graph.

Fig 6. Schematic representation of recombination blocks anditégeis ORF1 associated
with phenotypic changes in an isolateGawpea mild mottle virus (CPMMV) subjected to
serial passages in two experimemts Recombination events detected in ORF1 of the first
experiment in more than three sequences and which coindide¢he position of the sites
involved in changing the phenotypB. Recombination event detected in ORF1 in the
second experiment and which coincides with the positidhesites involved in changin
the phenotype. Recombinants blocks are shown in dark grayvenedidentified in RDP
program v. 4.7. The position of the sites associateth wie phenotype changes are

indicated by small dots in the upper part of the figure.
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SUPPLEMENTARY FIGURE LEGE NDS

S1 Fig. Two-dimensional plot representing the percent sequenceitidenamong the
isolates from passages P1, P3 and P6 in the first experaftenthe serial inoculations of
the original CPMMV:BR:GO:10:5 isolate. Nucleotide sequence idesitdie above the
diagonal. A. ORF1, RNA-dependent RNA polymerase (RdRP);C and D. ORFs 2-4,

triple gene block (TGB1, TGB2 and TGB3, respectively);,ORF5, coat protein (CPF.

ORF6, nucleic acid binding protein (NABP)

S2 Fig. Two-dimensional plot representing the percent sequencgitide among the
isolates from passages BP1 and BiPthe second experiment after the serial inoculations
of the CPMMV:BR:GO:10:5 isolate from local lesion frd benthamiana. Nucleotide
sequence identities are above the diagoAalORF1, RNA-dependent RNA polymerase
(RdRp);B, C andD. ORFs 2-4, triple gene block (TGB1, TGB2 and TGB3, respectively);

E. ORF5, coat protein (CPl, ORF6, nucleic acid binding protein (NABP).

S3 Fig.Average pairwise number of nucleotide diffieces per site (nucleotide diversity, )
calculated on a sliding window across ORFs 2, 3, 4, 5 arfddMMV sequences from
serial inoculations in soybean plants, ten sequemoesP1 (dark gray line), 30 sequences
from P3 (light gray line) and 30 sequences from P6 (dotted INeDRF 2, triple gene
block (TGB 1);B. ORF 3 (TGB 2);,C. ORF4 (TGB 3);D.ORF5, coat protein (CPE.

ORF6, nucleic acid binding protein (NABP).

S4 Fig.Average pairwise number of nucleotide differences pef(isiteleotide diersity, )

calculated on a sliding window across the ORF2, 3, 4, BSafdCPMMV sequences from
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the second experiment obtained after serial inoculat@minshe CPMMV:BR:GO:10:5
isolate from local lesions iN. benthamiana. Ten sequences from P1 (dark gray line) and
30 sequences from BP2 (light gray ling). ORF 2, triple gene block (TGB 1B. ORF 3
(TGB 2); C. ORF4 (TGB 3);D.0ORF5, coat protein (CPE. ORF6, nucleic acid binding

protein (NABP).

S5 Fig. Phylogenetic relationships, based on the 70 sequencesMi¥MZRsolates from
serial inoculations of P1, P3 and P6 in the first erpent, of individual ORFs (2-6) using
Bayesian inference (implemented in MrBayes 3.1, with lllomgenerations). Support for
the nodes is presented as filled circles (posterior pifitis from 0.95 to 1.0)A. ORF 2,
triple gene block (TGB1) with model GTH-C. ORF3-4 (TGB2-3) with selection of
model HKY. D. ORF5, coat protein (CP) with model HKE. ORF6, nucleic acid binding

protein (NABP) with model GTR.

S6 Fig. Phylogenetic relationships, based on the 40 sequencesMfZRsolates from
serial inoculations of BP1 and BP2 in the second expetintd individual ORFs (2-6)
using Bayesian inference (implemented in MrBayes 3.1, W@hmillion generations).
Support for the nodes is presented as filled circles (postgnababilities from 0.95 to 1.0).
A. ORF 2, triple gene block (TGB1) with model HKB; ORF3 (TGB2) with selection of
model GTR.C. ORF4 (TGB3) with model HKY.D. ORF5, coat protein (CP) with model

HKY+l. E. ORF6, nucleic acid binding protein (NABP) with selection maddi€Y.

S7 Fig. CPMMV ORF1 multivariate statistical clustering analysi$ population

subdivision using Discriminant Analysis of Principal Compiare(DAPC). A. DAPC
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scatterplot with ellipses representing subpopulationserfitbt experiment. Dots represent
each isolate from each subpopulation: bled; yellow, P3 red, P6.B. Discriminant
function obtained for the first experiment; discrimin&mction 1 was choserC. DAPC
scatterplot with ellipses representing subpopulations @ gbcond experiment. Dots
represent each isolate from each subpopulation: blud; &, BP2.D. Discriminant

function obtained for the bottleneck experiment.

S8 Fig. Phylogenetic relationships, based on the sequences of ORRL Which
recombinants blocks were excluded, using Bayesian inferemg@e(hented in MrBayes
3.1). The recombinant blocks were excluded in RDP program v.Suiport for the nodes
is presented as filled circles (posterior probab#iftom 0.95 to 1.0).A. ORF1 tree using
70 sequences from the first experiment with model GTR+I +Gla@nehillion generations;
B. ORF1 tree using 40 sequences from the second experiment with Gbidel and 10

million generations.
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Table 1. Descriptors of variability for Cowpea mild mottle virus (CPMMV) populations from the first experiment.

Genome Region
Inoculation Number of sequence* S K® n®  #of mutations HY Hd® 0-W'
region length (nt) G+C
P1 10 413 0.401 96.956 0.01738 413 10 1 0.02616
ORF1 (REPLICASE)
P3 30 5577 662 0.400 76.995 0.01380 760 29 0.998 0.02995
P6 30 780 0.401 283.168 0.05094 1073 28 0.995 0.03542
P1 10 27 0.412 5.400 0.00776 27 7 0.867 0.01371
ORF2 (TGB1)
P3 30 697 5 0.411 0.395 0.00057 5 6 0.310 0.00181
P6 30 7 0.411 0.715 0.00103 7 7 0.510 0.00254
P1 10 1 0.420 0.200 0.00062 1 2 0.200 0.00110
ORF3 (TGB2)
P3 30 321 6 0.421 0.400 0.00125 6 7 0.366 0.00472
P6 30 4 0.421 0.267 0.00083 4 5 0.253 0.00315
P1 10 1 0.310 0.200 0.00097 1 2 0.200 0.00171
ORF4 (TGB3)
P3 30 207 3 0.310 0.262 0.00127 3 4 0.251 0.00366
P6 30 6 0.310 0.524 0.00253 6 6 0.363 0.00732
P1 10 9 0.426 1.800 0.00208 9 8 0.933 0.00367
ORF5 (CP)
P3 30 867 14 0.426 1.239 0.00143 14 12 0.777 0.00408
P6 30 55 0.426 4.453 0.00514 57 13 0.821 0.01601
P1 10 5 0.418 1.000 0.00292 5 5 0.667 0.00517
ORF6 (NABP)
P3 30 342 7 0.418 0.653 0.00191 7 7 0.464 0.00517
P6 30 8 0.419 0.772 0.00226 8 5 0.409 0.00590

Total number of segregating sité¥verage number of nuclectide differences between sequetesleotide diversity mean (with 95% confidence intervaking! coalescent
simulations) “Haplotype numbefHaplotype diversity'Watterson’s estimate of the population-scaled mutation rate based on the total number of s¢igggies.
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Table 2. Recombination ratg) in populations of CPMMV from the first and bottleneck experimerts.

First experiment

Pop. p (CI) p/site (95% CI) 0/site p/0
P1 1166.679 (187.653-5048.163) 0.2125 (3.419x16-0.919) 2.518x10° 8.441
P3 91.698 (62.221-131.29) 1.75x107 (1.187x10*-2.505x107 2.774x10° 0.631
P6 3488.913 (282.606-8693.906) 0.6324 (5.122x16-1.576) 2.525 x1CG 25.05
All 1237.834 (231.287-3265.553) 0.2244 (4.192x16-0.5919) 4.165x10° 5.387

Bottleneck experiment

Pop. p (CD p/site (CI) 0/site p/0
BP1 957.927 (19.848-5935.066) 0.188 (3.899x10-3-1.166) 4.791x10-3 39.274
BP2 1635.841 0.318 (2.489x10-2-0.879) 9.623x10-3 33.065
All 9.375 (7.66-11.505) 2.112x10-3 (1.726x10-3-2.592x10-3) 1.478x10-2 0.143

*Cl=Confidence interva)s:Recombination rate; 6= mutation rate.
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Table 3: Neutrality tests and analysis of selection site by siteORF1, ORF2, ORF3,
the first experiment implemented in Datamonkey server.

ORF4, ORF5 and ORF6 of CPMMYV isolates from

Genome Fu & Li’s SLAC FEL IFEL REL PARRIS
region Inoculation Tajima’D Fu & Li’s F*
D+ NP N P N P N P P
P1 -1.85041 2.04262 2.25531 3 - 2 2 1 9 PS - .
ORF1 P3 2.3390" -3.62413 -3.77908" 4 - 55 7 9 34 - 69 -
ns ns ns
P6 0.17794 0.13339 0.17250 22 2 46 16 35 18 28 136 +
P1 2.07497 -2.45320' -2.66135 - - 2 - - ;
ORF2 P3 -1.87346 -2.36062 257755 - - 1 - -1 ; ; ;
P6 175911 -0.81656 -1.28327 - - 2 - - PS - -
P1 111173 -1.24341 -1.34668 - - - ; . )
ORF3 P3 -2.09995 -3.43598" -3.53709' - - - - - PS - -
P6 -1.88948 -2.99378 -3.10061 - - - - - PS - ;
P1 111173 -1.24341 -1.34668 - - - ] . )
ORF4 P3 -1.53889 " -1.47512° -1.72941 - - 1 - - - Ps - -
P6 -1.86605 -1.88589 2.18941 - - 2 - - 2 - ;
P1 -1.88589 2.21874 -2.40603 - 1 - - ; 1 ;
ORF5 P3 -2.16704° -2.63942 -2.92188 - - 2 - - - - - -
P6 258928 -4.60532" -4.65377 1 - 7 - 2 - 1 ; ;
P1 -1.74110 -2.01007° -2.17902° - - - - - - - -
ORF6 P3 -1.86290 151321 -1.88745 - - T - - - PS - -
P6 -1.87584 2.47845 -2.68001 - 2 - - PS - ;

FRE

"P<0.05;"P<0.02(P);” P< 0.001 Sites under positive selection; (N) sites underimegatlection; (PS) purifying selection; (-) no site unsiection; (+) sites under
positive selection®*“*Codon-based maximum-likelihood algorithniSingle Likelihood Ancestor Counting (SLAC)ixed Effects Likelihood; (FEL):® Internal
Fixed Effects Likelihood (IFELfRandom Effects Likelihood (REL) antPartitioning for Robust Inference of Selection (PARRIS).
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Table 4. Description of sites in ORF1 of CPMMV isolates from batkperiments as
potential sites involving in phenotype changes.

First Experiment Bottleneck Experiment
Site Codon Substitution Vi Site Codon Substitution Vi
1082 344 A-->C 6.24695 648 216 G-->A 7.682213
1096 365* T-->C 5.364934 819 273 C-->T 7.682213
1119 373* C-->A 6.24695 957 319 C-->T 4.287483
1122 374* T-->G 5.364934 1354 452 G-->A 7.682213
1130 377* G-->C 5.364934 1357 453 A-->G 7.682213
2345 782* A-->G 7.714678 1358 453 G-->A 7.682213
3225 1075* A-->C 7.714678 1359 453 A-->T 7.682213
3243 1081 G-->T 6.24695 1360 454 T-->C 7.682213
3246 1082* A-->G 7.714678 1361 454 C-->T 7.682213
4463 1488* G-->A 7.714678 1362 454 T-->C 7.682213
4464 1488* A-->C 11.00037 1627 543 G-->A 7.682213
4465 1489* C-->T 11.00037 1628 543 A-->G 7.682213
4468 1490 A-->G 11.00037 1629 543 G-->A 7.682213
4470 1490 G-->A 11.00037 1630 544 A-->T 7.682213
4482 1494* A-->C 11.00037 1631 544 T-->C 7.682213
4504 1502* T-->C 7.714678 1632 544 C-->A 7.682213
4514 1505 C-->A 11.00037 1633 545 A-->G 7.682213
4524 1508 T-->G 11.00037 1634 545 G-->T 7.682213
4525 1509 G-->A 11.00037 1636 546 T-->C 7.682213
4530 1510* A-->T 11.00037 1637 546 C-->T 7.682213
4546 1516 C-->A 7.714678 1638 546 T-->G 7.682213
4548 1516 C-->T 11.00037 1639 547 G-->C 7.682213
4565 1522* T-->C 11.00037 1640 547 C-->T 7.682213
4567 1523* C-->T 11.00037 1641 547 T-->A 7.682213
4570 1524 G-->A 11.00037 1644 548 A-->T 7.682213
4577 1526 T-->A 11.00037 1646 549 T-->C 7.682213
4578 1526 G-->A 11.00037 1647 549 C-->A 7.682213
2770 924 C-->A 4.287483
2771 924 A-->T 7.682213
2772 924 T-->A 7.682213
2773 925 A-->C 7.682213
2774 925 C-->A 7.682213
2775 925 A-->T 7.682213
2776 926 T-->G 7.682213
2777 926 G-->C 7.682213
2778 926 C-->T 7.682213

*Codons also submitted to positive selection. Vi= evolutmnziex
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Fig 2:
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Fig 3:
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S1 TableDescriptors of variability foCowpea mild mottle virus (CPMMV) populations from the bottleneck experiment.

Genome Region
Inoculation Number of isolates* F K n°  #of mutations H® Hd®  o-W'
region length (nt) G+C

BP1 10 0.402 69 24.289 0.00435 69 10 1.000 0.00437

ORF1 (REPLICASE 5577
BP2 30 0.401 207 25.816 0.00463 218 30 1.000 0.00936
BP1 10 0.408 6 1.822 0.00262 6 4 0.644 0.00305

ORF2 (TGB1) 697
BP2 30 0.407 8 0.595 0.00086 8 9 0.515 0.00290
BP1 10 0.421 6 1.200 0.00374 6 6 0.778 0.00661

ORF3 (TGB2) 321
BP2 30 0.421 13 0.929 0.00289 13 13 0.00289 0.01022
BP1 10 0.310 3 0.600 0.0029 3 4 0.533 0.00512

ORF4 (TGB3) 207

BP2 30 0.309 0 0 0 0 1 0 0

BP1 10 0.428 13 3.800 0.00438 13 7 0.933 0.00530

ORF5 (CP) 867
BP2 30 0.427 17 1.501 0.00173 17 15 0.825 0.00495
BP1 10 0.428 3 0.600 0.0175 3 4 0.533 0.00310

ORF6 (NABP) 342
BP2 30 0.430 4 0.267 0.00078 4 5 0.253 0.00295

®Total number of segregating sit@#wverage number of nucleotide differences between sequerfbeslectide diversity mean (with 95% confidence
intervals, using coalescent simulatiorf$japlotype number*Haplotype diversity'Watterson’s estimate of the population-scaled mutation rate based on the
total number of segregating sites.
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S2Table: Sites involved in subdivision population described in disicrant analysis of

principal components DAPC analysis.

Sites involved in subdivision population
First experiment Bottleneck experiment

1094 648
1119 819
3199 1354
3200 1357
3203 1358
3208 1359
3225 1360
3228 1361
3229 1362
3213 1627
3243 1628
3246 1629
3248 1630
4311 1631
4461 1632
4463 1633
4464 1634
4465 1636
4467 1637
4468 1638
4470 1639
4474 1640
4477 1641
4478 1644
4479 1646
4481 1647
4482 2771
4484 2772
4485 2773
4486 2774
4489 2775
4490 2776
4491 2777
4492 2778
4494

4496

4497

4500
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4501
4503
4505
4508
4513
4518
4520
4521
4522
4524
4526
4527
4528
4529
4530
4541
4543
4545
4546
4547
4548
4562
4564
4567
4568
4572
4573
4574
4577
4580
4581
4582
4583

4584
*The sites showed in red correspond to sites that weoeiatsd with the change of phenotypes
in association and localization tests.
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S3 table:Recombination detected by RDP in ORF1 of CPMMV populations franiirst experiment.

Breakpoints in Alignment Parental sequences
Event Recombinant Sequence(s) Detected by P:value
Begin End Minor Major
1 4454* 5483 CPMMV:P3c:1 Unknown CPMMV:P3c:2 GBMCS3S 1.01xE®°
2 2957 3358 CPMMV:P3c:5 Unknown CPMMV:P1:4 RGMCS3S 3.21xEY
3 3599 4248* CPMMV:P3a:7 Unknown CPMMV:P1:10 RGBMCS3S 2.85xE*
4 932 1570* CPMMV:P1:10 Unknown CPMMV:P3a:2 RGBMCS3s 1.39xE*
5 3178 3644 CPMMV:P6a:3 Unknown CPMMV:P6a:2 RGBMCS3s 5.84xE?®
6 3648 4214 CPMMV:P3a:2 Unknown CPMMV:P6c:3 RGBMC3S 4.53xE*®
7 1132 4309* CPMMV:P6b:1 Unknown CPMMV:P6¢:10 RGMCS3S 1.62xE®
8 1030 1202 CPMMV:P6a:6 CPMMV:P1:4 CPMMV:P6b:4 RGBMCS3S 1.37xE*
2240* D - . . 33
9 4404 CPMMV:P1:4 Unknown CPMMV:P3c:9 RGBMCS3S 2.65xE
10 1288 2686 CPMMV:P6b:3 CPMMV:P6b:4 CPMMV:P1:2 RGBMCS3S 1.91xE*
CPMMV:P6b:3 CPMMV:P1:5 CPMMV:P6b:9 RGBMCS3S 1.82xE%®
11 3304* 4324
CPMMV:P6a:3 CPMMV:P1:1 CPMMV:P6a:10
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12

1922

3592*

CPMMV:P3b:7

CPMMV:P3b:2

CPMMV:P3a:2

RGMCS3S

8.15xE®

13

1136

1870*

CPMMV:P6a:2

CPMMV:P1:5

CPMMV:P3b:1

CPMMV:P3b:2

CPMMV:P3b:3

CPMMV:P3b:4

CPMMV:P3b:10

CPMMV:P6a:3

CPMMV:P6a:5

CPMMV:P6a:6

CPMMV:P6a:8

CPMMV:P6b:2

CPMMV:P6b:3

CPMMV:P6b:4

CPMMV:P6b:6

CPMMV:P6b:7

CPMMV:P6b:8

CPMMV:P6b:10

CPMMV:P6c:1

CPMMV:P6c:4

CPMMV:P6a:4

Unknown

RGBMCS3S

5.46XE%"
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CPMMV:P6c:5

CPMMV:P6c:7
CPMMV:P6c:8
CPMMV:P6c:9
CPMMV:P6c:10
14 742* 1922 CPMMV-P6b:9 CPMMV:P3a:4 Unknown RGMCS3S 5.83xE*
CPMMV:P6b:5 CPMMV:P1:2 Unknown
15 3208 3478 CPMMV:P3c:7 CPMMV:P6c:1 CPMMV:P1:1 RGBMCS3S 2.56xE™
CPMMV:P1:1 CPMMV:P6a:2 CPMMV:P1:2
CPMMV:P1:2 CPMMV:P6b:2 CPMMV:P1:5
CPMMV:P1:5 CPMMV:P6b:6 CPMMV:P1:6
CPMMV:P1:6 CPMMV:P6b:10 CPMMV:P1:7
CPMMV:P1:7 CPMMV:P6c:10 CPMMV:P1:8
CPMMV:P1:8 CPMMV:P1:9
CPMMV:P1:9 CPMMV:P3a:1
CPMMV:P3a:1 CPMMV:P3a:2
CPMMV:P3a:2 CPMMV:P3a:3
CPMMV:P3a:3 CPMMV:P3a:4
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CPMMV:P3a:4

CPMMV:P3a:5

CPMMV:P3a:6

CPMMV:P3a:7

CPMMV:P3a:8

CPMMV:P3a:9

CPMMV:P3a:10

CPMMV:P3b:1

CPMMV:P3b:2

CPMMV:P3b:3

CPMMV:P3b:4

CPMMV:P3b:5

CPMMV:P3b:6

CPMMV:P3b:7

CPMMV:P3b:8

CPMMV:P3b:9

CPMMV:P3b:10

CPMMV:P3c:1

CPMMV:P3c:2

CPMMV:P3c:3

CPMMV:P3c:8

CPMMV:P3a:5

CPMMV:P3a:6

CPMMV:P3a:8

CPMMV:P3a:9

CPMMV:P3a:10

CPMMV:P3b:1

CPMMV:P3b:2

CPMMV:P3b:3

CPMMV:P3b:4

CPMMV:P3b:5

CPMMV:P3b:6

CPMMV:P3b:8

CPMMV:P3b:9

CPMMV:P3b:10

CPMMV:P3c:1

CPMMV:P3c:2

CPMMV:P3c:3

CPMMV:P3c:4

CPMMV:P3c:10

CPMMV:P6a:7

CPMMV:P6a:9
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CPMMV:P3c:9

CPMMV:P3c:10

CPMMV:P6a:1

CPMMV:P6a:4

CPMMV:.P6a:7

CPMMV:P6a:9

CPMMV:P6a:10

CPMMV:P6b:5

CPMMV:P6b:9

CPMMV:P6c:2

CPMMV:P6c:3

CPMMV:P6c:4

CPMMV:P6c:6

CPMMV:P3c:6

16

2666*

4319

CPMMV:P1:1

CPMMV:P1:2

CPMMV:P1:3

CPMMV:P1:5

CPMMV:P1:6

CPMMV:P1:7

CPMMV:P6c:6

CPMMV:P6c:7

CPMMV:P6b:2

CPMMV:P6c:1

CPMMV:P6c:5

CPMMV:P6c:8

CPMMV:P6c:9

RGBMCS3S

2.89xE®®
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CPMMV:P1:8
CPMMV:P1:9
CPMMV:P1:10
CPMMV:P3a:1
CPMMV:P3a:2
CPMMV:P3a:3
CPMMV:P3a:4
CPMMV:P3a:5
CPMMV:P3a:6
CPMMV:P3a:7
CPMMV:P3a:8
CPMMV:P3a:9
CPMMV:P3a:10
CPMMV:P3b:1
CPMMV:P3b:2
CPMMV:P3b:3
CPMMV:P3b:4
CPMMV:P3b:5
CPMMV:P3b:6
CPMMV:P3b:7

CPMMV:P3b:8

CPMMV:P6c:10
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CPMMV:P3b:9

CPMMV:P3b:10

CPMMV:P3c:1

CPMMV:P3c:2

CPMMV:P3c:3

CPMMV:P3c:4

CPMMV:P3c:5

CPMMV:P3c:6

CPMMV:P3c:7

CPMMV:P3c:8

CPMMV:P3c:9

CPMMV:P3c:10

CPMMV:P1:2

Unknown

CPMMV:.P1:7

RGBMC3S

5.06xE?

CPMMV:P3b:8

CPMMV:P1:1

CPMMV:P1:3

CPMMV.P1:4

CPMMV:P1:9

CPMMV:P3a:1

CPMMV:P6c:6

CPMMV:P6c:7

CPMMV:P6b:2
CPMMV:P6c:1

CPMMV:P6c:5

CPMMV:P6c:8

CPMMV:P6c:9

RGMCS3S

3.67xE*®
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CPMMV:P3a:2

CPMMV:P3a:3

CPMMV:P3a:6

CPMMV:P3a:7

CPMMV:P3b:7

CPMMV:P3c:1

CPMMV:P3c:2

CPMMV:P3c:4

CPMMV:P3c:5

CPMMV:P3c:6

CPMMV:P3c:7

CPMMV:P3c:8

CPMMV:P3c:9

CPMMV:P6a:1

CPMMV:P6a:7

CPMMV:P6a:9

CPMMV:P6c:10

19

3748

4588*

CPMMV:P6c:6

Unknown CPMMV:P6c:3

RGMCS3S 1.45xE%

20

2410

4580*

CPMMV:P6a:6

CPMMV:P6a:5

CPMMV:P6a:8 Unknown

CPMMV:P6a:2 Unknown
CPMMV:P6b:2 Unknown

RGMCS3S 8.69xE®

112



CPMMV:P6b:8

21 1066 1134 CPMMV:P6a:8 Unknown CPMMV:P6C5 RGMCSS  2.44xE™
22 742+ 1080 CPMMV:P6b:9 CPMMV:P3b:9 CPMMV:P6C:3 RGBMC3S  5.00xEY
CPMMV:P6b:5 CPMMV:P1:2 CPMMV:P6C:2
23 2240 2860 CPMMV:P1:4 Unknown CPMMV:P6C:4 RGBM3S 1.02xE
24 1136* 1861 CPMMV:P6a:4 Unknown CPMMV:P6a:9 RGMCSS  1.35xE%
CPMMV:P6a:10 CPMMV:P6a:1
CPMMV:P6C:2 CPMMV:P6a:7
CPMMV:P6C:3
CPMMV:P6c:4
CPMMV:P6c:6
25 2132 2909 CPMMV:P6a:9 CPMMV:P6b:4 CPMMV:P6b:6 RGBMCS3S  1.48xE¥
CPMMVP1:1 CPMMV:P6a:2
CPMMV:P6a:8
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CPMMV:P1:3

CPMMV:P1:5

CPMMV:P1:6

CPMMV:P1:7

CPMMV:P1:8

CPMMV:P1:9

CPMMV:P1:10

CPMMV:P3a:1

CPMMV:P3a:2

CPMMV:P3a:3

CPMMV:P3a:4

CPMMV:P3a:5

CPMMV:P3a:6

CPMMV:P3a:7

CPMMV:P6b:2

CPMMV:P6b:7

CPMMV:P6b:10

CPMMV:P6c:1

CPMMV:P6c:5

CPMMV:P6c:7

CPMMV:P6c:8

CPMMV:P6c:9

CPMMV:P6c:10
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CPMMV:P3a:8

CPMMV:P3a:9

CPMMV:P3a:10

CPMMV:P3h4

CPMMV:P3b:5

CPMMV:P3b:10

CPMMV:P3c:1

CPMMV:P3c:2

CPMMV:P3c:3

CPMMV:P3c:4

CPMMV:P3c:5

CPMMV:P3c:6

CPMMV:P3c:7
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CPMMV:P3c:8

CPMMV:P3c:9

CPMMV:P6a:1

CPMMV:P6a:4

CPMMV:P6b:1

CPMMV:P6b:5

CPMMV:P6b:9

CPMMV:P6c:4

CPMMV:P6c:6

26

4582

4969*

CPMMV:P3c:1

Unknown

CPMMV:P3a:9 RGBMC3S

6.28xE™®

27

1922

2122*

CPMMV:P3a:2

CPMMV:P1:5

CPMMV:P3a:1

CPMMV:P3¢:10 RGBMCS3S

CPMMV:P3b:1

CPMMV:P3b:2

CPMMV:P3b:3

2.26xEY?
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CPMMV:P3a:3

CPMMV:P3a:4 CPMMV:P3b:4
CPMMV:P3a:6 CPMMV:P3b:5
CPMMV:P3a:8 CPMMV:P3b:6
CPMMV:P3a:9 CPMMV:P3b:8
CPMMV:P3a:10 CPMMV:P3b:9
CPMMV:P3c:4 CPMMV:P3b:10
CPMMV:P3c:5
CPMMV:P3c:6
CPMMV:P3c:7
28 1028 1120* CPMMVP3D:9 CPMMV:P6b:7 Unknown RGBMCS3S  5.93xEY?
CPMMV:P3b:6 CPMMV:P6b:6
29 1* 683 CPMMV:P6a:9 CPMMV:P3b:9 Unknown RGBMC3S 8.75xE
CPMMV:P6a:1 CPMMV:P1:1
CPMMV:P6a:4 CPMMV:P1:2
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CPMMV:P6a:7

CPMMV:P6a:10

CPMMV:P6b:5

CPMMV:P6b:9

CPMMV:P6c:2

CPMMV:P6c:3

CPMMV:P6c:4

CPMMV:P6c:6

CPMMV:P1:3

CPMMV.P1:4

CPMMV:P1:5

CPMMV:P1:6

CPMMV:P1:7

CPMMV:P1:8

CPMMV:P1:9

CPMMV:P1:10

CPMMV:P3a:1

CPMMV:P3a:2

CPMMV:P3a:3

CPMMV:P3a:4

CPMMV:P3a:5
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CPMMV:P3a:6

CPMMV:P3a:7

CPMMV:P3a:8

CPMMV:P3a:9

CPMMV:P3a:10

CPMMV:P3b:1

CPMMV:P3b:2

CPMMV:P3b:3

CPMMV:P3b:4

CPMMV:P3b:5

CPMMV:P3b:6

CPMMV:P3b:8

CPMMV:P3b:10
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CPMMV:P3c:2

CPMMV:P3c:3

CPMMV:P3c:4

CPMMV:P3c:5

CPMMV:P3c:6

CPMMV:P3c:7

CPMMV:P3c:8

CPMMV:P3c:9

CPMMV:P3c:10

30

3646

4367*

CPMMV:P6b:9

CPMMV:P6b:5

Unknown CPMMV-P6c:4 RGMCS3S 4 41xE®

CPMMV:P6a:4

31

1014

1135*

CPMMV:P6b:8

CPMMV:P6a:5

CPMMV:P6c:10 Unknown RGMS3S 1.59xE™

CPMMV:P6c:5 Unknown
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32 862 976 CPMMV:P1:9 Unknown CPMMV:P6b:10 RGMC3S 7.05xEX®
33 2929* 3456 CPMMV:P6b:4 Unknown CPMMV:P6b:10 RGMCS3S 2.20xE"
34 3021* 4310* CPMMV:P6c:8 Unknown CPMMV:P6b:6 RGMC3S 3.21xE%®
CPMMV:P6b:7
35 4106* 4786* CPMMV:P6b:10 Unknown CPMMV:P6b:6 RGMCS3S 6.60xE®
36 1862* 1921* CPMMV:P6a:4 Unknown CPMMV:P6a:9 RGBMCS3S 2.16xE”
CPMMV:P6c:2 CPMMV:P6a:1
CPMMV:P6c:3
CPMMV:P6c:4
37 3262 3562* CPMMV:P3c:4 Unknown CPMMV:P1:4 RMCS3S 1.58xE®
CPMMV:P1:2
CPMMV:P1:9
CPMMV:P1:10
CPMMV:P3a:2
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CPMMV:P3a:4

CPMMV:P3c:6

CPMMV:P6a:1

CPMMV:P6a:4

CPMMV:.P6a:7

CPMMV:P6a:9

CPMMV:P6a:10

CPMMV:P6b:3

CPMMV:P6b:5

CPMMV:P6b:9

CPMMV:P6c:2

CPMMV:P6c:3

CPMMV:P6c:4
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CPMMV:P6c:6

38

3599+ 3651 CPMMV:P3a:7 CPMMV:P3a:4 Unknown

RGMC3S

7.85xE%”

(*) Indicates that the breakpoint could not be precisely pinpainte
R, RDP; G, GeneConv; B, Bootscan; M, MaxChi; C, Chimagr&isScan; 3S, 3Seq.
The reportedP-valueis for the program in bold and underlined type ans is thedtivvalue calculated for the event.
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S4 table:Recombination detected by RDP in ORF1 of CPMMV populations fhensecond experiment.

Events Breakpoints in Alignment Parental sequences
Recombinant Sequence(s) Detected by P-value
Begin End Minor Major
1 3462 3642 CPMMV:BP2c:8 CPMMV:BP1:5 CPMMV:BP2c:6 RGMC3S 6.87E16
CPMMV:BP2c:7 CPMMV:BP2a:7 CPMMV:BP2a:1
CPMMV:BP2b:1 CPMMV:BP2h:2 CPMMV:BP2a:2
CPMMV:BP2h:2 CPMMV:BP2h:4 CPMMV:BP2a:3
CPMMV:BP2b:4 CPMMV:BP2h:5 CPMMV:BP2a:4
CPMMV:BP2b:8 CPMMV:BP2b:6 CPMMV:BP2a:5
CPMMV:BP2b:10 CPMMV:BP2b:9 CPMMV:BP2a:6
CPMMV:BP2c:9 CPMMV:BP2b:10 CPMMV:BP2a:8
CPMMV:BP1:2 CPMMV:BP2a:10
CPMMV:BP1:4 CPMMV:BP2c:1
CPMMV:BP1:7 CPMMV:BP2c:2
CPMMV:BP1:8 CPMMV:BP2c:3
CPMMV:BP1:9 CPMMV:BP2c:4
CPMMV:BP1:10 CPMMV:BP2c:7
2 3540 4036 CPMMV:BP2b:5 CPMMV:BP1:5 CPMMV:BP2c:6 RGMC3S 4.63xe"™
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CPMMV:BP2b:6 CPMMV:BP1:1 CPMMV:BP2a:1
CPMMV:BP2b:9 CPMMV:BP1:2 CPMMV:BP2a:2
CPMMV:BP1:3 CPMMV:BP2a:3

CPMMV:BP1:4 CPMMV:BP2a:4

CPMMV:BP1:6 CPMMV:BP2a:5

CPMMV:BP1:7 CPMMV:BP2a:6

CPMMV:BP1:8 CPMMV:BP2a:8

CPMMV:BP1:9 CPMMV:BP2a:10

CPMMV:BP1:10 CPMMV:BP2c:1

CPMMV:BP2c:2

CPMMV:BP2c:3

CPMMV:BP2c:4

CPMMV:BP2c:7

CPMMV:BP2c:10

CPMMV:BP2c:6

2958 4014 CPMMV:BP2b:7 CPMMV:BP1:5 CPMMV:BP2c:6 RGMCS3S 1.19xe™

CPMMV:BP2a:1 CPMMV:BP1:1 CPMMV:BP2a:2
CPMMV:BP2a:2 CPMMV:BP1:2 CPMMV:BP2a:3
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CPMMV:BP2a:3 CPMMV:BP1:3 CPMMV:BP2a:4
CPMMV:BP2a:4 CPMMV:BP1:4 CPMMV:BP2a:5
CPMMV:BP2a:5 CPMMV:BP1:6 CPMMV:BP2a:6
CPMMV:BP2a:6 CPMMV:BP1:7 CPMMV:BP2a:8
CPMMV:BP2a:8 CPMMV:BP1:8 CPMMV:BP2a:10
CPMMV:BP2a:10 CPMMV:BP1:9 CPMMV:BP2c:1
CPMMV:BP2b:3 CPMMV:BP1:10 CPMMV:BP2c:2
CPMMV:BP2c:1 CPMMV:BP2c:3
CPMMV:BP2c:2 CPMMV:BP2c:4
CPMMV:BP2c:3 CPMMV:BP2c:7
CPMMV:BP2c:4 CPMMV:BP2c:10
CPMMV:BP2c:5 CPMMV:BP2c:6
CPMMV:BP2c:7
CPMMV:BP2c:10

4120 5337 CPMMV:BP1:2 CPMMV:BP2c:6 CPMMV:BP1:5 RGBMCS3S 6.87x '
CPMMV:BP1:1 CPMMV:BP2a:1 CPMMV:BP1:7
CPMMV:BP1:3 CPMMV:BP2a:2 CPMMV:BP1:8
CPMMV:BP1:4 CPMMV:BP2a:3 CPMMV:BP1:10
CPMMV:BP1:6 CPMMV:BP2a:4
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CPMMV:BP2a:5

CPMMV:BP2a:6

CPMMV:BP2a:7

CPMMV:BP2a:8

CPMMV:BP2a:10

CPMMV:BP2b:1

CPMMV:BP2b:2

CPMMV:BP2b:3

CPMMV:BP2b:4

CPMMV:BP2b:5

CPMMV:BP2b:6

CPMMV:BP2b:7

CPMMV:BP2b:8

CPMMV:BP2b:9

CPMMV:BP2b:10

CPMMV:BP2c:1

CPMMV:BP2c:2

CPMMV:BP2c:3

CPMMV:BP2c:4
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CPMMV:BP2c:5

CPMMV:BP2c:7
CPMMV:BP2c:8
CPMMV:BP2c:9
CPMMV:BP2c:10
2954 3461 CPMMV:BP2c:8 Unknown CPMMV:BP2b:9 RGMC3S 6.87xe-16
CPMMV:BP2a:7
CPMMV:BP2b:1
CPMMV:BP2b:2
CPMMV:BP2b:4
CPMMV:BP2b:5
CPMMV:BP2b:6
CPMMV:BP2b:10
CPMMV:BP2c:9
CPMMV:BP1:10
3592 4508 CPMMV:BP2a:9 CPMMV:BP1:5 Unknown RGMCS3S 4.36xe™
CPMMV:BP2c:3 CPMMV:BP1:7
CPMMV:BP1:8
CPMMV:BP1:9
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CPMMV:BP1:10

(*) Indicates that the breakpoint could not be precisely pinpainte
R, RDP; G, GeneConv; B, Bootscan; M, MaxChi; C, Chimagr&isScan; 3S, 3Seq.
The reportedP-valueis for the program in bold and underlined type ans is thedtivvalue calculated for the event.
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S5 Table: Neutrality tests and analysis of selection site by sitédRF1, ORF2, ORF3, ORF4, ORF5 and ORF6 of CPMMYV isolates from
the second experiment implemented in Datamonkey server.

— SLAC FEL IFEL REL
: Inoculation Tajima’D Fu & Li’s D* Fu & Li’s F* PARRIS
region N P N P N P N P
BP1 -0.02052ns 041837 20360211 2 2 4 . 2 1 s 37
ORF1
BP2 -2.05656* -3.24263%* -3.36699%* 4 - 21 - ; 6 24 25
BP1 058262 0.203680 0.01194v - - 4 - ; - fa
ORF2
BP2 2.14213% 3.11216% -3.28967%* " . 2 = ; } b ) .
BP1 -1.79631" -2.08124% .2.25642% . . . - . - P ; .
ORF3
BP2 23676 379378+ 3.92533%+ 2 2 el
BP1 -1.56222s -1.78443m -1.93380m 1 - ) - ol - .
ORF4
BP2 -1.50738m -2.28108m 2.38176 3 . 2 2 : 2 PS
BP1 078753 026257 0.44208m - . 1 y - « -
ORF5
BP2 22245 #x -4.11900%* 4.13376%+ . - 1 - ; - o4
BP1 -1.5622208 -1.78443ms -1.93380m . . 1 : a b - s
ORF6
BP2 -1.88948* 2.99378+ -3.10061* - - 1 - - - 1 2

P<0.05; **P<0.02(P); ***P< 0.001 ns-non significant (P) Sites undsaitipe selection; (N) sites under negative selectios) ({Burifying selection; (-) no site under
selection; &:P:¢.d:€0don-based maximum-likelihood algorithrSingle Likelihood Ancestor Counting (SLACYFixed Effects Likelihood; (FEL);C Internal Fixed
Effects Likelihood (IFEL);dRandom Effects Likelihood (REL) anBPartitioning for Robust Inference of Selection (PARRIS).
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S6 Table: Description of codons under selection for ORF1, ORF2, ORFEADBRF5

and ORF6 of CPMMYV isolates from P1, P3 and P6 in first exymnt implemented in

Datamonkey server.

Cddons in ORF1 under selection in P1

Algoritms
SLAC IFEL FEL REL
N P N P N P N P
323 323 290 323 308
371 308 325 381
793 382 337
643 375
1083 | 422
1182 | 790
1183 | 793
1184 | 808
1186 | 975
1010
1030
1047
1134
1178
1185
1207
1214
1247
1414
1454
1486
1824
Cddons in ORF1 under selection in P3
Algoritms
SLAC IFEL FEL REL
N P N P N P N P
363 319 47 37 381 11
1257 324 66 65 382 80
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1380
1387

357
363
367
383
641
1380
1384

304
308
369
370
373
376
380
381
382
698
782
1070
1075
1082
1083
1097
1100
1101
1103
1121
1142
1163
1199
1202
1203
1205
1210
1444
1475
1479
1488
1489

131
141
192
207
246
306
319
324
363
378
383
386
548
658
665
666
674
684
696
728
794
832
872
898
1032
1034
1048
1059
1067
1104
1125
1137
1138
1257
1267
1306
1332
1344
1368

1065
1101
1103
1489
1787

81
83
300
308
356
360
364
365
368
369
370
373
376
377
379
380
381
382
649
694
707
740
793
899
1024
1054
1058
1065
1066
1071
1078
1080
1081
1082
1083
1088
1093
1097
1099
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1380 1100
1384 1101
1387 1103
1463 1121
1520 1210
1524 1330
1525 1357
1538 1363
1540 1364
1555 1367
1577 1371
1579 1376
1593 1377
1663 1381
1383
1384
1385
1393
1444
1475
1489
1494
1495
1499
1510
1583
1722
1787
Cddons in ORF1 under selection in P6
Algoritms
SLAC IFEL FEL REL

N P N P N P N P
350 365 260 281 24 256 | 260 | 250
360 1216 | 350 | 365 47 281 | 350 | 251
394 360 | 379 260 365 | 496 | 252
496 362 389 295 379 | 623 | 253
625 378 697 306 624 | 630 | 254
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633

660

699

716

829

1121
1140
1150
1435
1437
1513
1515
1518
1523
1663
1672
1695

394
462
496
600
623
633
660
699
716
723
724
728
743
829
987
1117
1121
1140
1150
1434
1435
1437
1464
1513
1518
1522
1523
1663
1672
1814

701
702
703
726
1074
1187
1191
1197
1198
1199
1208
1216
1429

320
350
360
362
378
390
394
462
496
600
625
633
634
660
699
716
723
124
743
829
987
1053
1117
1121
1140
1150
1181
1260
1284
1435
1437
1513
1515
1518
1522
1523
1663
1672
1695

702

923

1066
1070
1074
1083
1199
1216
1436
1493
1501

660

699

716
1065
1071
1077
1078
1081
1150
1419
1422
1425
1431
1434
1435
1437
1513
1515
1518
1522
1523
1663
1672

256
257
258
259
262
263
265
266
267
268
269
270
271
272
274
276
278
279
280
281
282
283
284
285
286
287
336
361
363
364
365
366
367
368
369
370
371
372
373
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1795
1814

374
376
377
379
380
381
382
383
384
385
386
387
389
391
392
393
396
397
468
492
494
527
577
605
606
608
611
618
619
629
638
642
645
647
679
683
700
702
703
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719
720
721
725
726
729
749
793
852
916
921
923
950
982
990
1066
1070
1074
1083
1111
1129
1141
1161
1184
1187
1191
1196
1197
1199
1200
1205
1207
1208
1211
1215
1357
1413
1418
1436
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1439
1465
1473
1491
1493
1495
1498
1501
1502
1506
1721
1835
1853
1857
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Cddons in ORF2 under selection in P1

Algoritms
SLAC IFEL FEL REL
P N P N P N P
36
224
Cddons in ORF2 under selection in P3
Algoritms
SLAC IFEL FEL REL
P N P N P P
159 36
Codons in ORF2 under selection in P6
Algoritms
SLAC IFEL FEL REL
P N P N P P
157
190
Codons in ORF4 under selection in P3
Algoritms
SLAC IFEL FEL REL
P N P N P N P
44
Codons in ORF4 under selection in P6
Algorit ms
SLAC IFEL FEL REL
P N P N P N P
29
36
Cddons in ORF5 under selection in P1
Algoritms
SLAC IFEL FEL REL
P N P N P N P
171 258
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Cddons in ORF5 under selection in P6
Algoritms
SLAC IFEL FEL REL
N P N P N P N
237 237 215 237
267 224
237
267
272
278
286
Codons in ORF6 under selection in P3
Algoritms
SLAC IFEL FEL REL
N P N P N P N
20
Codons in ORF6 under selection in P6
Algoritms
SLAC IFEL FEL REL
N P N P N P N
37
106

(P) Sites under positive selection; (N) sites under hegaelection; Codon-based maximume-likelihood
algorithms. Single Likelihood Ancestor Counting (SLAC); Fixefeé&s Likelihood; (FEL);Internal Fixed
Effects Likelihood (IFEL);Random Effects Likelihood (REL) and Partitioning for Robudtrence of
Selection (PARRIS).
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S7 table: Description of codons under selection for ORF1, ORF2, ORR¥4, ORF5 and
ORF6 of CPMMV isolates from BP1 and BP2 in second exparimmplemented in
Datamonkey server.

Codons in ORF1 under selection in BP1
Algoritms
SLAC IFEL FEL REL

N P N P N P N P

106 | 1501 | 30 6

319 106 14

319 38

1521 124
214
642
657
869
890
924
1256
1385
1397
1491
1496
1499
1501
1502
1504
1505
1507
1508

Cddons in ORF1 under selection in BP2
Algoritms
SLAC IFEL FEL REL
N P N P N P N P
453 290 273 974 | 274
974 869 295 1180 | 450
1035 1178 | 318 1181 | 605
1149 1186 | 453 1182 | 615
1190 | 938 1184 | 638
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1216 | 940 1185 | 694
944 1198 | 818
974 1201 | 869
995 1203 | 937
1003 1205 | 1103
1035 1208 | 1108
1119 1214 | 1112
1149 1215 | 1114
1176 1217 | 1120
1198 1219 | 1175
1220 1220 | 1178
1255 1222 | 1186
1283 1223 | 1192
1360 1224 | 1194
1432 1225 | 1195
1494 1226 | 1204
1227 | 1479
1228 | 1481
1229 | 1491
1501
Codons in ORF2 under selection in BP1
Algoritms
SLAC IFEL FEL REL
P N P N P N P
3
117
150
152
Codons in ORF2 under selection in BP2
Algoritms
SLAC IFEL FEL REL
P N P N P N P
171
229
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Cddons in ORF3 under selection in BP1

Algoritms
SLAC IFEL FEL REL
P N P N P N
43
79

Cddons in ORF4 under selection in BP1

Algoritms
SLAC IFEL FEL REL
P N P N P N
41

Codons in ORF4 under selection in BP2

Algoritms
SLAC IFEL FEL REL
P N P N P N
19
36

Codons in ORF5 under selection in BP1

Algoritms
SLAC IFEL FEL REL
P N P N P N
171

Codons in ORF5 under selection in BP2

Algoritms
SLAC IFEL FEL REL
P N P N P N
149

Codons in ORF6 under selection in BP1

Algoritms
SLAC IFEL FEL REL
P N P N P N
83
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Cddons in ORF6 under selection in BP2

Algoritms
SLAC IFEL FEL REL
N P N P N P N P
53 53 18
60

(P) Sites under positive selection; (N) sites under ne&gaelection; Codon-based maximume-likelihood
algorithms. Single Likelihood Ancestor Counting (SLAC); Fixeffeés Likelihood; (FEL);Internal Fixed
Effects Likelihood (IFEL);Random Effects Likelihood (REL) and Partitioning for Robuderence of
Selection (PARRIS).
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S8 Table:Primers used in gRT-PCR viral accumulation and gene expnessalyses.

Primer 5’-sequence’
GmRAR1F CCCAGATGTCAGCAGGGTTT
GmRAR1R GCGGCCTTGTCTCCAATAATAT
GmSGT1F CATTCACCTCGAACCCAACAA
GmSGTI1R TCAGCAACAGCCTCAGTCAAGT
GmPR1F AACTATGCTCCCCCTGGCAACTATATTG
GmPR1R TCTGAAGTGGCTTCTACATCGAAACAA
GmPRA4F TGCTGCACTGATCTACGATTCTC
GmPR4R TGCGGGTGACAAATACAGGAA
GmNACG6F CCAACAAAAGCACTTGTGGCA
GmNACG6R GGACTATTCAACTGACCCAAAAG
GmMAPKKKaF TCGAAGTGGAAGAAAGGAAAGC
GmMAPKKKaR TGCGCACAATTGTCCACTATC
GMMEKK2F ACGATCCGAACGTGGTGAA
GmMEKK2R CCAGTGACCCTCCGTCCAT
GmHelicaseF TAACCCTAGCCCCTTCGCCT
GmHelicaseR GCCTTGTCGTCTTCCTCCTCG
CPMMV CPF ATAGTGAGATGGCTGATAAACAAAAAC
CPMMV CPR TTCAGCATCAATGTCTGGAAG
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S3 Fig:
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S4 Fig:
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S5 Fig:
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CHAPTER 3

The proteins early-responsive to dehydration stress (GmERD4) andositol
methyltransferase (GmIMT) are recruited during the replication of a betaflexivirus in
soybean.

Zanardo, L. G, Alves, M. S., Queiroz, S. S., Bruckke?., Silva, F. N., Zerbini, F. M.,
Carvalho, C. M. The proteins early-responsive to dehydrati@ss protein (GmERD4) and
an inositol methyltransferase (GmIMT) are recruited rmyrithe replication of a
betaflexivirus in soybean.
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Title: The proteins early-responsive to dehydration stress (GmEB4) and an inositol
methyltransferase (GmIMT) are recruited during the replication of a betaflexivirus in

soybean.

Larissa G. Zanardo; Murilo S. Alves; Sarah S. Queircarn&nda Prieto Bruckner; Fabio

N. Silva; F. Murilo Zerbini; Claudine M. Carvalho.

ABSTRACT

Identification of host factors is an important step to ust@deding virus infection. We
sought to identify soybean candidate factor able to intevih the RNA-dependent RNA
polymerase (RdRp) domain @obwpea mild mottle virus (CPMMV) replicase. With two-
hybrid screens using a soybean cDNA library, we identified twb saadidates: CSC1-
like protein ERD4 (Early-responsive to dehydration stress pr@enERD4) and an
Inositol Methyltransferase (GmIMT). We confirmed the iat#ion using a BiFC assay and
evaluated the effects of these proteins on viral infectismg soybean protoplasts.
Subcellular localizations were predicted using web tools, emde confirmed in
localization assays iNicotiana benthamiana. These showed that GmERD4 is localized in
the endoplasmic reticulum (ER) and GmIMT in the cytoplasiile the RdRp domain
induced punctiz structures in ER and cell membra@nERD4 andGmIMT were induced
at 3 and 7 days post-inoculation (dpi) in infected plantsthe overexpression GiERD4
improved viral accumulation at 7 dpi. Both soybean proteange mucleic acid-binding
domains, which, associated with their additional domamicates that GmERD4 may be
conferring stability to nascent viral RNA, while GmIMT wdube involved in viral

methylation to avoid degradation of viral RNA. Togethar pesults suggest that both
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GmERD4 and GmIMT are required for CPMMYV replication. Tikishe first study to show

the interaction of host proteins with the RdRp domaia bétaflexivirus.

INTRODUCTION

Among the processes of viral infection, replicatiorcéestral. Through replication, viral
genetic material is copied and progeny genomes are gehefate majority of viruses that
infect plants have RNA as their nucleic acid. This carsingle-stranded RNA (ssRNA),
either positive (+) or negative (-), or double-stranded RB8RNA) and can be composed
of one or several segments (Kimgyal., 2011; Laliberte & Sanfacon, 2010; Saxena &
Lomonossoff, 2014). There is considerable variation inogenorganization and virion
morphology, though the replication cycle of (+) ssRN#uses are usually conserved
(Ahlquist, 2006). Genome replication involves the copying of (g RNA into a
complementary (—) RNA strand, that is used for the generation of multiple (+) RNA copies

by RNA-dependent RNA-polymerase (RdRp), the core enzymdvenan catalysis of

nucleotide polymerization (Laliberte & Sanfacon, 2010).

RNA viruses have small genome and thus encode a limitecbamof viral proteins.
Nevertheless, they are able to establish complex int@nacowith their hoss components,
and this capacity can be attributed to the multifunctimaalire of their proteins (Vidalain
& Tangy, 2010). For RNA viruses in particular, multiple anamotifs of few amino acids
allow their proteins to establish interactions withfetiént host factors, facilitation viral
replication, movement and spread and overcoming host @efeisponsegVidalain &

Tangy, 2010). For viral replication, the participationseteral factors, of both viral and
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host origin, that collectively form replication comypds, is necessary (Laliberte &
Sanfacon, 2010). Beyond this, viral infection induces a fsalt@rations in cell organelles
(the formation of spherules, vesicles and multivdarchodies) that are required for viral
genome replication or for virus cet-cell movement (Barajat al., 2009; Rochoret al.,
2009; Wanget al., 2005). Positive-strand RNA viruses that infect mammals &mtgare
models used to explore the endoplasmic reticulum (ER) naraluturing viral infections.
In this case, the ER would act as an anchor for the taomaf a structure harboring the

replication complex (viral RNA, host and viral proteiggerchot, 2016).

Soybean stem necrosis is one of the most importeat diseases of soybean in Brazil
(Almeida, 2008; Almeidaet al., 2003). Infected plants show variable symptoms ranging
from mosaic and vein clearing to systemic necrosis (&net al., 2014a; Zanardet al.,
2014b). The causal age@owpea mild mottle virus (CPMMV) is an emerging virus in
soybean plants in Brazil and is still very little studiéd.is a member of the genus
Carlavirus in family Betaflexiviridae (Adams & Kreuze, 2016; Kingt al., 2011) Itis a (+)
ssRNA with a cap structure [m7GpppG] linked to the 5 terminudsapdlyadenylated at
the 3'end, with ~8.2 kb (Menzel et al., 2010). To date, the genomes of nine CPMMV
isolates have been completely sequenced (Meeizal.,, 2010; Rosarioet al., 2014;
Zanardoet al., 2014a). The genomic organization includes six open readimg&éORFs):
ORF1 encodes a putative replicase protein, with four ceedamotifs: methyltransferase,
C23 peptidase, RNA helicase and RNA-dependent RNA polymeRatiep]. ORFs 2, 3
and 4 encode the triple gene block proteins (TGB1-3p), whrehessential for virus

movement. ORF 5 encodes the coat protein (CP). ORF 6 enacdeseine-rich protein
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(CRP) with nucleic acid-binding activity (NABP) (King al., 2011; Menzekt al., 2010;

Zanardoet al., 2014a).

The understanding of thetaflexivirus family of viruses is limited. It is assumed that viral
replication is cytoplasmic (Adangt al., 2012), and possibly associated with ER, as with
many (+) ssSRNA viruses (Bamunusingdieal., 2009; Chen & Ahlquist, 2000; Dos Reis

al., 2002; Suhyet al., 2000). For the betaflexiviruSrapevine rupestris stem pitting-
associated virus (GRSPaV- genusFoveavirus), it has been shown that the methyltransferase
domain of the replicase polyprotein was able to induce piendtadies inNicotiana
benthamiana leaf cells and tobacco protoplasts, which were distribngsd to the ER network.
Bioinformatic analyses and fractionation analyses @tsliular membranes have shown
that the replicase is able to associate with cell mands, though the nature of the
membrane is unknown (Prossaral., 2015). No other replicase domain for the viruses

belonging to this family has been studied.

In addition to determining the functions of each virallicase domain, it is also important
to identify the interactions between these domains andfdisrs, as only the involvement
of viral proteins in betaflexivirus replication procassknown (King et al., 2011). We
expect that a better understanding of the mecharoéBataflexiviridae replication will be
important scientifically and economically for all cropgeicted by this group of viruses. All
discoveries will help in the development of effectiventcol methods for the virus. We
therefore sought to identify host factors able to intemath the RARp domain of
betaflexivirus CPMMV, to study its involvement in viral regtion, and determine
intracellular localization of RARp domain and host proteins
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MATERIAL AND METHODS

Viral isolate

The isolate CPMMV:BR:MG:09:2 collected in Capin6polis-MG in 2009] previously
described both molecularly and in terms of its host rafgyeardoet al (2014a) was used
for all experiments. This isolate has been maintaimdoybean plants cv. CD206 by
successive sap inoculations using inoculation buffer [potasphosphate buffer (0.2 M,

pH 7.2) with 1% sodium bisulfite].

Plant material

Soybean plants cv. CD206 aNitotiana benthamiana were used in all experiments. They
were planted and kept in a greenhouse with average daily tetoeer of 26 + 2°C. Viral
inoculations in soybean were conducted after 14 days (&§exor five days (exclusive to
protoplast experiment) of development as described albdivetiana benthamiana plants
were kept in the greenhouse for 28 days and then transferrgabwoh chambers with
controlled temperature (22°C) and photoperiod (14h/10h light/darkg. pldnts were

maintained under these conditions for three days andtiwemneagroinoculated.

RNA extraction and RT-PCR

Total RNA for all experiments was extracted from 100 mépaf tissue of soybean plants
cv. CD206, infected or uninfected, using the RNeasy Plant MiniQAGEN) according
to the manufacturer’s instructions. Reverse transcription (RT) for all experiments was
performed using Superscript Il Reverse Transcriptase ftgen), according to the

manufacturer’s protocol, using 500 ng of total RNA and the oligonucleotide ORF6R (for
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140

viral amplifications) (Zanardet al., 2014a) or oligo(dT) (for host amplifications) (Table
S1). PCR amplifications were carried out using PlatinughHFidelity DNA polymerase
(Invitrogen), and consisted of 35 cycles of the followingfigo94°C for 1 min, annealing
at the temperatures listed in Table S1, elongation at 7@°@-2 min, depending on the
expected size of the fragment to be amplified, and adixt@insion step at 72°C for 10 min.
The primers and RT-PCR amplifications conditions astedi in Table S1. All amplified
PCR products for cloning were gel-purified using the lllustra GFXORHINA and Gel

Band Purification Kit (GE Healthcare).

Yeast two-hybrid library construction

RNA isolation and amplification

The library was prepared from soybean leaf samples at/0ai3] 14 days post-inoculation
(dpi). Leaves of three soybean plants for each pmat were collected and pooled for
RNA extraction. Total RNA extraction was conducted ugimg RNAeasy Plant Mini kit
(Qiagen) and then submitted to purification using the NuckmTnRNA kit (Macherey-
Nagel) for messenger RNA (mMRNA) enrichment. For cDNAtlsgsis, 0.126 ug of mMRNA
and CDSIIlI primer in SMART(‘Switching Mechanism At 5’ end of RNA Template’)
technology (Clontech) were used. The cDNA (3uL) was sttbthto along-distance PCR
using the Advantage 2 Polymerase Mix (Clontech) anddheDNA” generated were purified

in CHROMA SPIN TE-400 Columns (Clontech). All procedures followlel manufacturer's

recommendations.
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141

142  Yeast transformation

143 Competent cells o%accharomyces cerevisiae strain Y187 MATa, ura3-52, his3-200, ade2-
144 101, trpl1-901, leud; gal4A, met—, gal80A, MEL1, URA3:GALluas -GALlrara-lacZ)
145 (Clontec) were prepared based ofeastmaker TM Yeast Transformation System 2 User
146  Manual Approximately 7 g of ds cDNA of infected soybeans plants and 3 pg of linearized
147 pGADT7-Rec wereco-transformed into Y187 yeast cells to construct the Saylm®NA
148 library in yeast two-hybrid vector according to the Make YQwn “Mate & Plate™”
149 Library System User Manual (Clontech). Transformamisre plated on SD/-Leu
150 (synthetically defined medium lacking leucine) medium gnown at 30°C for 7 days.
151 Atfter this period the plates were washed with YPDA medium smpphted with 25%
152 glycerol and stored in Eppendorfs at -80 ° C.

153

154  Yeast two-hybrid screening

155 To obtain proteins from the soybean cDNA library ablenteract with the RdRp domain
156 (bait) of CPMMV replicase, this bait was cloned into the INd& EcoRlI sites of the vector
157 pGBKT7, originating the construct pGBKT7-RdRp, which expredsefRIRp domain as a
158 fusion to the yeast GAL4 DNA-binding doma(BD). The construction was used for
159 transformation ofSaccharomyces cerevisiae strain AH109( MATa, trp1-901, leu2-3, 112,
160 ura3-52, his200, galdA, gal80A, LYS2:: GAL1uas-GAL1TATA-HIS3, GAL2uAs-GAL2TATA-
161 ADE2, URA3::MELluas-MEL17ATA-lacZ) (Clontech) Before screening, the bait protein
162 was tested for autoactivity and toxicity in AH109 yeastcading to the manufacturer's
163 recommendations. A concentrated culture of AH109 yeastsfoemed with pGBKT7-
164 RdRp) and 1 mL of the soybean cDNA library in yeast stydi87 were mixed for mating
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according to the Matchmaker™ Gold Yeast Two-Hybrid protocol (Clontech). Nineteen 150
mm plates with SD/-Leu -Trip-His (synthetically defined medium lacking leucine
tryptophan and histidine) and supplemented with 20 mM of 3A&ngino-1,2,4-triazole
were used to screen the clones after mating for 7 da83@°&t All colonies that appeared
on the plates were individually transferred to new platéth \8D/-Leu -Trip -His
supplemented with 50 mM of 3AT and grown at 30°C for 10 dAillscolonies capable of
growing in this medium were selected and recovered in SD/fltp medium. The yeast
colonies recovered were subjected to plasmid DNA extraosarg the East yeast plasmid
isolation kit (Clontech), according to the manufactsreecommendations, and sequenced

using T7promoter and T7terminator universal primers by Macr{geoul, South Korea).

Identification of candidate proteins able to interact with the RdRp domain ad
sequence analysis

The nucleotide sequences of the candidates for intenaetith the RdRp domain were
compared in different databases: Phytozome (http://www.phytereti), NCBI
(http://blast.ncbi.nim.nih.gov/Blast.cgi) and SoyKb (http://soykip)o The candidate
proteins were selected based on their functions. Thacaatid sequences from selected
proteins were aligned and used for phylogenetic analysis BMI£6.06. The trees were
constructed using the Neighbor Joining method with 10,000 bootstipations. The
protein domains were predicted using ORF Finder (www.ncbi.nlm.nih.dbrdtmr/),
Pfam (http://pfam.xfam.org/), Interpro (https://www.ebi.ac.ukfipte/) and UniProtKB
(http://www.uniprot.org/uniprot/). The determination of secondary stracvas done using

PsiPred server (Mcguffiet al., 2000) and the subcellular localization was predicted using
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WoLF PSORT (Hortonet al., 2007), Yloc (Briesemeisteet al., 2010) and TargetP

(Emanuelssost al., 2007) web tools.

Yeast two-hybrid (Y2H) interaction assays

Specific primers for candidate proteins were designed fodifeaapon, digestion and
cloning into pGADT7 and pGBKT7 two-hybrid vectors (Table S1). The Rdiitpain was
also cloned in pGADT7 and was used for the construction ofIGERdRp, previously

described, in all two-hybrid experiments.

Yeast transformation and two-hybrid assays were conducteaccordance with the
recommended procedures (Matchmaker Gold Yeast Two-Hybrid Bysteastmaker

Yeast Transformation System 2, Clontech). The AH109 ystasin was co-transformed
with appropriate pGBKT7 and pGADT7 clones and plated in SD/-Letp -hedium.

Three colonies from SD/-Leu -Trip plates were replicatgd sequentially with increasing
stringency of selection and analyzed for growth in SDU-LErip -His medium containing
increasing concentrations of 3AT (5-60mM). The culture agjasted to an Ofg, of 0.2.

The plates were incubated at 30° C for 7 days. The lzatrpd (0 GBKT7-53 or pGBKT7-
Lam, Clontech) was co-transformed into AH109 yeast vighgrey plasmid (pGADT7-T,
Clontech) to serve as positive and negative controlspertively, according to the

manufacturer's recommendations.
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208

209 p-Galactosidase interaction assay

210 The B -galactosidase assay was carried out to validate and detetimainstrength of
211 protein-protein interactions. The substrate 5-bromo-4-cloroe@xil-p-D-
212 galactopyranoside (X-gal, in Colony membrane assay) ded orho-nitrophenyl-b-
213 galactopyranoside (ONPG, Sigma Aldrich) were used in two imtkpe experiments. For
214  colony membrane assay the yeast colonies with appremaatstructions were transferred
215 from selective plates on to nylon membrane and grown féwrgl8Then, the membrane was
216 immersed in liquid nitrogen for 5 min. The membrane was thawezbat temperature and
217 overlaid with X-gal buffer [Z buffer (0.1 M N&PQ,, 0.05M NaHPQO,, 0.01 MKCI and
218 0.002 M MgSQ, pH=7), 0.98M X-gal (5-Bromo-4-chloro-3-indolyl g-D-
219 galactopyranoside) and 0.27% 2-Mercaptoethanol. The fitere incubated overnight at
220 room temperature and until the appearance of the blue cotbeipositive control. This
221 assay was carried out as described in the yeast protocatdak (Clontech) with
222 modifications. For the ONPG assay, the yeast cellsfwamed with appropriate pGBKT7
223 and pGADT7 constructions were inoculated into SD/-Leu -Tqpidi media and grown at
224 30° C with vigorous shaking until the @3 reached 0:6L. Cells (5 ml) were pelleted and
225 B -galactosidase assay was carried out as described in &is¢ yetocols handbook
226 (Clontech). The B -galactosidase activity was estimated using the formula

227 1000 x (0D, /tx V X 0D.y), wherein Oy represents the product absorbancegdD

228 cell density, t, time of incubation in min and V, voluroé cells in ml. Means were
229  compared using Student’s t test with p<0.05.

230
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All B-galactosidase assays were performed in triplicate usingreotssin both the GAL4
activating and DNA binding domain fusion proteins. The baismpid (pGBKT7-53 or
pGBKT7-Lam, Clontech) and the prey plasmid (pGADT7-T, @ah) served as positive

and negative controls, respectively.

Subcellular localization and Bimolecular Fluorescence Compleantation (BiFC) assay
The binary expression vector PK7FWG2 (GFP C-terminal fusson the Bimolecular
Fluorescence Complementation (BiFC) vectors pSITE-nEMERand pSITE-CEYFN1
(for split YFP N-terminal/C-terminal fragment expresgiovere used in experiments of
localization and BiFC, respectivellyor localization and BiFC assays, the RdARp domain of
CPMMV replicase GmERD4 andGmIMT were amplified, using the primers described in
Table S1, and cloned into pPDONR201 vector (Invitrogen) usingabeway recombination
system with Gateway BP Clona¥ell Enzime mix (Invitrogen), resulting in pDONR-
RdRp, pDONR-ERD4 and pDON-IMT constructs, respectively. Thetaarts were used
to transfer the respective fragment to PK7TFWG2, pSITE-H=CE and pSITE-cEYFE1
vectors using Gateway LR Clonase Enzyme mix (Invitrdg@it procedures of cloning

were done according to the manufacturer's recommendations.

For sub-cellular localization,Agrobacterium tumemfaciens (GV3101) cells were
transformed with the previous constructs in pK7FWG2 vectGrdtures containing the
pK7FWG2 derivatives (pK7FWG2-@, pK7FWG2-RdRp, pK7FWG2-ERD4d an
pK7FWG2- IMT) were resuspended and diluted to ansd@bf 0.2 before leaf infiltration.
The cell suspensions were incubated at room temperatuée ttor4 h and then used to

infiltrate 5- to 6-week-oldN. benthamiana leaves with infiltration medium (10 mM MES,
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274

pH 5.6, 10 mM MgCI2, 200 mM acetosyringone). For co-localizaggperiments, the
construct SP-TagRFP-HDEL (ER marker fused with RFP) lamditencing suppressor P19
were co-agroinfiltrated in equal amounts (final &dadjusted to 0,2 for each culture) with

the constructs in pK7FWG2 vector.

For the BIFC assaA. tumemfaciens (GV3101) cultures, previously transformed with the
constructs in  pSITE-nEYFP-N1 and pSITE-cEYFP-N1(Masinal., 2009) (pSITE-
NEYFPN1-@, pSITE-nEYFPN1-RdRp, pSITE-nEYFIN1-ERD4, pSITE-nEYFAN1-
IMT, pSITE-CEYFPN1-&, pSITE-cEYFPN1-RdRp, pSITE-cCEYFIN1-ERD4 and
pSITE-cEYFPN1-IMT) were grown and adjusted to an g@pof 1.0, with infiltration
medium, prior toN. benthamiana leaf infiltration. The silencing suppressor P19 was co-
agroinfiltrated in equal amounts (final @9 adjusted to 1.0 for each culture) with pSITEs

constructs.

All confocal images were acquired 72 h after agroinfiltratiomgigi 40X oil immersion
objective under a laser confocal scanning microscope (LSMMHEUDA, Carl Zeiss, and
Oberkochen, Germany). GFP was excited using Argon laser at 48&hthem captured at
550 nm. RFP was excited at 561nm and captured between 585-610. YFRteasat)514
nm and the emitted light captured between-B8D nm. The images were processed with

ZEN2.1 software (Carl Zeiss).
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Protoplast obtention and transfection for gene overexpression

Protoplasts were obtained from leaves of soybean plafve alpi with CPMMV and from
healthy soybean plants (buffer inoculated, controltglarBriefly, leaves from infected or
control plants were cut in pieces and incubated witlymezsolution [1.0% cellulose (from
Aspergillus niger), 0.5% cellobiase (fromA. niger), 0.2% pectolyase (frorA. japonicas),
0.6M mannitol, 0.02M MES (pH 5.5)] during 6 hours under agitatiorrfa® in the dark.
The cell mix was filtered in sieve (65 pM) and centrifuged at 2G0xd@0min. The pellet
was carefully washed twice with wash buffer [0.6M mannited 8.02M MES (pH 5.5)]
and electroporation buffer [25 mM HEPES, 0.02M KCI, 0.03M MgGI6M mannitol (pH
7.2)]. The supernatant was discarded and the pellet waspeesiesi in 5mL of
electroporation buffer and kept it on ice by 30 minutesoteefelectroporation. The
protoplasts of infected or control plants were used fartrelporation (25uF and 2500V)
using 40 pg of salmon sperm and 10 pg of plasmidial DNA of pYGE-Q, pK7FWG2-
ERD4 or pK7FWG2-IMT. This was incubated in culture plates Wit medium [0.6 M
mannitol, 0.23% MS salt and 0.09M sucrose (pH 5.7) at 22° C inatatkecovered after
36 hours. The protoplasts collected were used for RNA exim@nd qRT-PCR, as

described below.

Real-Time PCR analyses

Real-time PCR analyses were conducted to evaluate thessigmm of GmERD4 and
GmIMT genes and viral accumulation (based on the CPMMV CP) gersvybean plants
and protoplasts. In soybean plants, this was done at Grig| Z4 dpi using three plants for
each time period and using as the control, soybeamsptamck-inoculated with potassium

phosphate buffer (0.2 M, pH 7.2) with 1% sodium bisulfite. dgbgan protoplasts, gene
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expression analysis was done exclusively at 7 dpi (electbpos of the pGBKT7
construct were done at 5 dpi), protoplasts from healthy soyleesn used as the control.
Total RNA of protoplasts or leaf tissue was extracted udiegRNeasy Plant Mini Kit
(Qiagen) according to the manufacturer’s instructiondARjuality was checked by
electrophoresis in agarose gel and quantified by spectropéoiomsing a NanoDrop
(Thermo Scientific). RNA extraction and the firstestd cDNA were synthesized described

above.

Relative quantification was performed in individual tubesGotERD4 andGmIMT genes
using primers described in Table S1. Cycling conditions wereid@m94°C, 40 cycles of
15s at 94°C and 1 min at 60°C. All samples were submitted toaéhetenaturation to
determine their dissociation curve (melting) and to vetify specificity of amplifications
The expression of each gene was tested in three tteglia each time and repetition.
Initial tests were performed on serial dilutions of 10, 10% and 10° of cDNA and the
dilution with the best efficiency, according to the E2/Hlope equation, was selected. The
slope angle is obtained from regression of the amalitia reaction. For quantification of
gene expressiolizmHelicase was used as a reference gene to normalize the reaPiGR
data. Relative quantification was done using the comparatjete threshold method
(AACt) (Livak & Schmittgen, 2001) and statistical comparisons were done using Student’s

t test.

For absolute quantification, RNA from the same plants used for cDNA synthesis and
amplification. This was done using individual tubes and prirspecific for ORF5 (CP

coding region; Table S1). Cycling conditions were 10 min foiIC94f0 cycles of 15s at
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94°C and 1 min at 60°C. All samples were submitted to thermalwtatiah to determine
their dissociation curve (melting) and to verify tipeasificity of amplifications. A standard
curve was obtained by regression of Ct values, usingasarg amounts of PCR amplified
CPMMV CP gene. Viral accumulation was determined by patlation of the Ct values of
each tested sample within the standard curve (Rutledge & 2@8) and the means were

compared using Student’s t test.

All procedures for real-time PCR, including tests, validatmmd experiments, were
conducted according to the recommendations of Applied Biasgstall quantifications
were performed on StepOnePlus instrument (Applied Biosystesnsy specific primers,

cDNAs and SYBR Green PCR Master Mix (Applied Biosystems).

RESULTS

Isolation of soybean factors interacting with CPMMV RdRp domain using yeastwo-
hybrid system and protein identification

To determine the host factors that interact with the iRd&mnain of CPMMV replicase, the
recombinant plasmid pGBKT7-RdRp was used as bait in yeashyirid screens using
the soybean cDNA library cloned in a pGADT?7 vector as pretiallyi the bait was tested
for autoactivity and toxicity in AH109 yeast and it was shdwibe able to grow in SD-
Trip medium when transformed with pGBKT7-RdRp and unablactivateHI S3 (absence
of growing in SD-Trip -His medium) (Figure 1A) andcZ (ausence of blue color in
membrane test) (Figure 1B) reporter genes. As a resusiedfential screening steps, 58

candidate colonies were obtained by screening the soybédA library (data not shown).
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347 Of the 58 clones, 20 were chosen based on their abildiegaw in SD-Leu-Trip-His
348 medium (activation oHIS3 reporter gene - histidine prototrophy) and to activatddabé
349 reporter gene (data not shown), and sequenced for determiobtiwir identity.

350

351 All the candidates were soybean proteins and two were cliosdéurther investigations.
352 These candidates showed similarity with CSC1-like protd®DZ£ (Early-responsive to
353 dehydration stress protein) (phytozome: Glyma.15G091600.1, NCBI: XM003546023.3 an
354 soyKB: Glymal5g09820.2) and an O-methyltransferase family proteiosit@h
355 methyltransferase-IMT) (phytozome: Glyma.06G295700.1, NCBI: XM_003539858.3 and
356 SoyKB: Glyma06g45050.1). They were here denominated as: GmERD4 andTGml
357 respectively.

358

359 RdRp domain is able to interact with GmERD4 and GmIMT by yeast two-hybrid

360 The full-length coding regions of GmERD4 and GmIMT wereneld into the GAL4
361 binding domain vector pGBKT7 (pGBKT7-GmERD4 or pGBKT7-GmIMT) andvation
362 domain vector pGADT7 (pGADT7-ERD4 or pGADT7-IMT) and then combareti of
363 plasmid expressing bait (in pGBKT7) and prey (in pGADT7) wevetransformed into
364  Saccharomyces cerevisae AH109 strain. The AH109 yeast, co-transformed with pGBKT7-
365 p53 (Murine p53 fused to Gald DNA binding domain) and pGADT7-T anti§&40 large
366 T-antigen fused to Gal4 activation domain) and with pGBK®&mLand pGADT7-T, was
367 used as a positive and a negative control, respectiVeiysformants were selected on
368 SD/-Leu -Trip -His containing increasing concentrations AT 35-60mM). The positive
369 control (pGBKT7-53+pGADT7-T) and the transformants with Rdkhd ERD4 or IMT

370 were able to grow in prototrophic medium (Figure 2A). The grasfttransformants was
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371 compared with the positive and negative controls, and itokasrved that GmERD4 and
372 GmIMT had greater growth than the negative control (pGBK&ih and pGADT7-T), but
373 less than the positive control (pGBKT7-53+pGADT7-T).

374

375 In order to validate and determine the strength of tterantions,p-galactosidase assays
376 were carried out using X-gal and ONPG as substrates. bs#ay using X-gal as substrate,
377 thep-galactosidase activity was determined based on appearablce @bloration in yeast
378 colonies previously grown on nylon membrane for 48 hrs. The brama was left in
379 contact with the X-gal solution for 8 h and then withdraama kept in the dark for a total
380 period of 24 hrs. The appearance of the blue colorati@oliaerved in yeast colonies co-
381 transformed with RdRp domain and GmERD4 or GmIMT, reinfora@nge again the
382 occurrence of an interaction (Figure 2B). The intensitythe interaction was further
383 determined by measuring levels of B-galactosidase activity in yeast extracts using ONPG as
384 substrate (Figure 2C). THegalactosidase activity levels in interactions between@RdR
385 domain and ERD4 or IMT were compared with negative (pGBKT7-LamMdpI=Z-T) and
386 positive (pGBKT7-53+pGADT7-T) controls and showed that theraction between the
387 RdRp domain and ERD4 and IMT is weaker than the positiveadfigure 2C).

388

389 The RdRp domain interactsin vivo with GmERD4 and GmIMT

390 In order to examine whether the interaction between Rdi&pain and GmERD4 and
391 GmIMT, identified with the yeast two-hybrid system,saloccurs in the plant, a
392 bimolecular fluorescence complementation (BiFC) anslygas conducted (Figure 3).
393 Initially, the RdRp domain and GmERD4 and GmIMT were fused to-fhrescent

394 fragments (n"YFP and cYFP) from fluorescent yellow pro{&FP) in pSITE-cCEYFAN1
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and pSITE-nEYFP-N1 vectors and the constructs were usedrtsfdrmAgrobacterium

tumefactions GV3101. The transformed. tumefactions were used to agroinoculate.

benthamiana leaves. As a negative control, the pSITE-cEY¥Pand pSITE-nEYFP-N1
vectors were used (Figure 3A). Examination by confocal miompscevealed a strong
fluorescent signal along the cytomembran&lolbenthamiana cells for all combinations of
constructs (Figure 3), except in the combination pSITE-cEMERRARp+pSITE-NEYFP-
N1-IMT (Figure 3E). These results confirmed that the RdRp alonmteracts with the

soybean proteins GmMERD4 and GmIMT in living plants cells.

GmERD4 and GmIMT have a nucleic acid binding domain

Following the verification of the interactions betweba RdRp domain and GmERD4 and
GmIMT, the characterization of these proteins was pexdrfrom the full amplified ah
cloned sequences. GmERD4 showed 1,545 nucleotides (nt) encodingeim @fo514
amino acid (aa) residues, while GmIMT showed 903 nt encadipigptein of 300 aa. dr
understand the relations of GmERD4 and GmIMT with proteios fdifferent hosts,
phylogenetic analyses were performed using aa sequences frorprbtgins and NCBI
dataset proteins (Figure 4A and B). Both proteins clusterddheimologous proteins from

soybean Glycine max) (Figure 4A and B).

Secondary structures of ERD4 and IMT in plants were pratliogng PsiPred server
(Mcguffin et al., 2000) (Figure S1) while the servers ORF Finder, Pfam, Inteapcb
UniProtkKB were used to predict the principal domains preisebbth proteins. GmERD4
was found to exhibit three principal domains: RSN1 TM, PHM7 ot RSN1 7TM

(Figure 4C). The RSN1_TM domain (5-164 aa region) is usuallyeptem proteins
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associated with Golgi transport (late exocytosis). PHM7(224-294 aa region) is a
cytosolic domain from integral membrane proteins and a patdbmain from phosphate
transporter normally situated between RSN1 TM and RSN1_7TM donfakhs§l7_cit

belongs to RRM-like Clan, which contains protein familiefted to the RNA recognition
motif (RRM). However, not all proteins from these famil® RNA-binding proteins.
RSN1_7TM (313-514 aa region) is the seven transmembrane doeg#om 10f a putative

phosphate transporter.

GmIMT sequences analysis showed that this protein has twwigai domains: a
dimerization domain in the N-terminal region (43-91 agio®), and a S-adenosyl-L-
methionine-dependent methyltransferase domain (140-300 aa regidh¢ C-terminal
region (Figure 4D), which utilizes the ubiquitous methyl donor Sa#/a cofactor to
methylate proteins, small molecules, lipids, and nucleidsacinterpro identified an

additional winged helix-turn-helix DNA-binding domain in théT protein

Individual localization of the RdRp domain, GmERD4 and GmIMT showed thatthey

are in different subcellular compartments in the absencef infection

The BIFC assay, in addition to detecting the interactietween candidate proteins
planta, allows identification of the cellular compartment wéehis interaction occurs.
Here, this assay showed that the interaction betweeRdRp domain and the soybean
proteins probably occurs in association with the cell mengrdhus, initially the
subcellular localizations of RdRp domain, GmERD4 and GmIMTewwedicted using
WoLF PSORT (Hortonet al., 2007), Yloc (Briesemeisteet al., 2010) and TargetP

(Emanuelssost al., 2007) web tools.
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443

444 The RdRp domain was predicted by WoLF PSORT to have a subcddlohlization in the
445 plasma membrane, while YLoc determined that this domaincalized in the nucleus
446 (77.5 % certainty). The TargetP tool detected that the RiRRmain is not associated with
447 mitochondria, chloroplast or membranes of the secrqtatiiway, showing an unkown
448 localization. GmMERDA4 localization was associated with BR by WolF PSORT (68.5%
449 certainty) and membranes from the secretory pathwayylbg (100% certainty) and
450 TargetP (>80% certainty). The analysis of GmIMT locaira showed suggested a
451 cytoplasmic localization (WoLF PSORT 65% and Yloc 99% aetiess). This was
452 reinforced by TargetP which showed with 100% certainty thatM3ms not associated
453  with membranes of mitochondria, chloroplasts or theesery pathway.

454

455  Subcellular localizations of RdRp domain, GmERD4 and GmiIMTNinbenthamiana
456 plants were then examined. For this, the encoding regions wlened in the vector
457 PK7FWG2, which allowed the fusion to GFP at the C-terminabregnd introduced into
458 plants by Agrobacterium infiltration. Confocal microscapgicated that the RdRp domain
459 induced the formation of punctate structures around the pedsibly in the cellular
460 membrane, and apparently is also localized in the nuclBigure 58. GmERD4 was
461 visualized as a network in the cell cytoplasm, very simib the pattern observed for
462 proteins associated with the endoplasmic reticulum (Fig@g The co-localization of
463 GmERD4 withSRTagRFP-HDEL, an ER marker fused to RFP, showed that GmERD4 i
464 onthe ER network (Figure 6C). This was predicdeguliori by the analytical tools. GmIMT
465 was predicted to be localized in the cell cytoplasm antbtiaization assay confirmed this
466 prediction (Figure 5D).
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467

468 Co-localization assays between the RdRp domain and GmIMh WIDEL were also
469 performed, and it was possible to verify that the punctatectures of the RdRp domain
470 are distributed across the ER network (Figure 6B), whileNbmivas not co-localized with
471 HDEL in the ER (Figure 6D).

472

473 GmERD4 and GmIMT expression is induced three and seven days after CPMMV

474  infection

475 To determine the effect of viral infection @®mERD4 and GmIMT expression, soybean
476 plants were inoculated with the CPMMV:BR:MG:09:2 isolate aindl accumulation and
477 GmMERD4 and GmIMT expression were determined after 0, 3, 7 and 14 dpi. As expected,
478 viral accumulation increased throughout the viral infectprocess (Figure 7A), exhibiting
479 greatest viral accumulation at 14 dpi. The expression sisady GmMERD4 and GmIMT in
480 infected soybean plants demonstrated that expressiositofroteins is induced at 3 and 7
481 dpi (Figure 7B and C), and ongmIMT is down-regulated at 14 dpi (Figure 7C). This
482 increase in viral accumulation was accompanied by an aseren the induction of
483 symptoms (Figure 7D).

484

485 Overexpression ofGmERDA4, but not GmIMT, increased the viral accumulation of

486 CPMMV

487 To evaluate the direct effect of the soybean protem€PMMYV infection, GmERD4 and
488 GmMIMT were overexpressed in soybean protoplasts. For this, tierocas PK7FWG2-
489 ERD4 and PK7FWG2-IMT were electroporated in protoplasts phhessn plants at 5 dpi

490 and the effect with viral infection was evaluated 36 &terl(7 dpi). This time was chosen
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as both proteins were induced at 3 and 7 dpi (Figure 7B and @thiiesoybean
protoplasts and infected protoplasts electroporated with PK7F@ G2npty) were used as

controls.

The overexpression ddmERD4 and GmIMT in soybean protoplasts electroporated with
the constructs in PK7FWG2 was confirmed (Figure 7E and F)tengiral accumulation
analysis showed that the overexpressionGoiERD4 increased CPMMV accumulation
(Figure 7G). In contrast, the overexpressionGuilMT did not directly affect the viral

accumulation (Figure 7G).

DISCUSSION

Cowpea mild mottle virus is an important pathogen that infects soybean achessvorld
(Brown & Rodrigues, 2014; Zanardd al., 2014a). It belongs to thearlavirus genus and
Betaflexiviridae family (Adams & Kreuze, 2016), a group of viruses that is ltiedied.
Viral replication, movement and the hosts’ defense response to infection are mechanisms
still little explored for this group of viruses. So here, aexided to investigate the viral
replication of CPMMV, by identifying host proteins capablanteracting with the RdRp
domain of viral replicase, and to evaluate their effemsviral replication. Two host
proteins (GmERD4 and GmIMT) were identified as capable efaating with the RdRp
domain of the CPMMV viral replicase. Their subcellltaralizations were also determined
and ER seems to be the important organelle in CPMMVicegjpn. BothGmERD4 and
GmIMT genes were induced during viral infection, but only the overesiomesof

GMERD4 increased viral accumulation in soybean protoplasts.
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Early-responsive to dehydration (ERD) genes have been igddntbllectively as genes
that are rapidly induced by dehydrationAmabidopsis thaliana. Genes that encode these
proteins have functional roles in plant stress tolexraama in development (Kiyosweeal.,
1994). The expression pattern of ERD4 Brassica juncea (BJERD4), analyzed under
different stress conditions, showed that transcripgléemcreased with dehydration, sodium
chloride, low temperature, heat and abscisic acid alny/ka acid treatments (Ragt al.,
2016), all abiotic stresses. Here, we demonstrated @GnaERD4 is also induced by
CPMMV infection (a biotic stress) and that GmERR4s able to interact with the RARp
domain of CPMMV. The predictions for the GmERD4 protein setgge that it is
associated with membranes in the secretory pathwah€aER). In agreement with these
predictions GmERD4 was associated with the ER in lod&izassays. However, BJERD4
(A9LIW2.2), an ERD4 biologically characterized frorBrassica juncea, showed
chloroplastic localization (Ragt al., 2011; Raiet al., 2016). Both GmERD4 and BJERD4
have the same protein domains (RSN1_TM, PHM7 cit and RSN1 7TM), stingge
similarity in functions. However, an analysis shows tahERD4 and BJERD4 are
phylogenetically distant (Figure 4), so they may have difftefanctions and therefore
different localizations. Different functions have besssociated to ERDs iA. thaliana.
AtERD15, for example, has been reported to be induced rapidly ponse to abiotic
(drought) and biotic (infection with the nectrotroph baeteErwinia carotovora) stress
stimuli. ERD15-overexpressing plants led to improved resistancE. carotovora by
enhancing the salicylic acid-dependent defense pathwayethuted the ABA sensitivity
of Arabidopsis, manifested in decreased drought tolerance anatathpdility of the plants
to increase their freezing tolerance in response to thisidne (Kariolaet al., 2006). In

soybean it is known thabmERD15 (Glycine max ERD15) is induced by osmotic and
194



539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

endoplasmic reticulum stresses and activates the @swnod ER stress-induced N-rich
protein (NRP)-mediated cell death response (Abted., 2011b). GmERD15 leads to the

activation of NRP-B which activates GmNAC6 and inducesdssth (Alvest al., 2011a).

The function of GmMERD4 in CPMMYV infection needs to be deteeoh This protein has a
RSN1_TM domain involved in late Golgi exocytosis, which medrad this protein is
clearly associated with vesicle transport. Besides thés,identified a cytosolic domain
PHM7_cit, which contains an RNA recognition motif (RRM) conmiyopresent in RNA-
binding proteins (RBP’s). RBP proteins influence the structure and interactions of RNA’s
and play critical roles in their biogenesis, stabilityndion, transport and cellular
localization (Glisovicet al., 2008). Thus, we believe that GmERD4 may associate with the
RdRp domain to confer stability to nascent viral RNA, ensutisgriotection and correct
targeting through cellular vesicular transport. This possibis reinforced when we
associate this probable function with the inductiorGafERD4 after 3 and 7 dpi, initial
stages of viral infection, and with the improvement oavaccumulation duringsSmeRD4

OVGI’GXpI’GSSiOﬂ.

The other protein studied here was the inositol methykeease, GmIMT. It has been
associated with methylation afiyo-inositol forming O-methyl inositol (D-ononitol) in
plants under abiotic stress (Al al., 2011). ThelMT gene has been cloned from the
halophytic ice planMesembryanthemum crystallinum and also from the halophytic wild
rice variantPorteresia coarctata and in both cases their transcription was found to be
induced by osmotic stress (Sengupaal., 2008; Vernon & Bohnert, 1992). The

constitutive expression of thd. crystallinum IMT gene in tobacco plants was shown to
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increase salt and drought tolerance (Sheveteah, 1997). Transgenidrabidopsis plants
over-expressin@smIMT from soybean also displayed improved tolerance to dehydration
stress and to a lesser extent to high salinity stress ¢?din 2011). We demonstrated here
that GmIMT was up-regulated in soybean plants infected with CPMMV, suigget$tat is

also induced by biotic stress.

The protein GmIMT has an S-adenosylmethionine-dependent matisférase domain
and a winged helix-turn-helix DNA-binding domain in its structurevesal winged-helix
proteins display an exposed patch of hydrophobic residuegjihdo mediate protein-
protein interactions (Gajiwala & Burley, 2000). It is knowmatt HEN1, S-
adenosylmethionine-dependent RNA methyltransferase, is involvedtimylation of tk 3’
terminal nucleotides of siRNAs (Yamjal., 2006), protecting them from degradation and
oligouridylation (Li et al., 2005). The subsequent incorporation of the siRNAs into an
RNA-induced silencing complex leads to the sequence-gpdeiffradation of target RNAs
in post-transcriptional RNA silencing. The same domain fwasd in GmIMT, suggesting
that this protein may be involved in methylation of nasegmal RNA or templates by the
viral replicase. Recently, it was reported that tlmatcprotein (CP) of the crinivirus
Tomato chlorosis virus, a known suppressor of silencing, interacts withd&iasyl-
homocysteine hydrolase (SAHH), a plant protein regde for sustaining the methyl
cycle and S-adenosylmethionine-dependent methyltransferase tivityac The
overexpression of SAHH enhanced local RNA silencing by inocrgasiRNAs
accumulation (Canizarest al., 2013). Thus, in addition to using GmIMT for methylation

of viral RNA, the interaction between the RdRp domaid &mIMT would also occur to
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avoid its methyltransferase action, preventing the nmesiraof post-transitional genetic

silencing.

GmIMT was found in the cytoplasm, while the RdRp domain wes®@ated with cell
membrane and ER and GmERD4 also showed ER localizatiandiwidual subcellular
localization assays. However, the interaction betweelRtip domain and GmERD4 and
between RdRp and GmIMT, in the BIFC assays, apparentyraa around the cell
membrane. We believe that in the presence of the RdRpinloara so during the viral
infection, the subcellular localization of both soybganteins maybe altered, with the
replication complex possibly displaced to the cell memhrditee location of the RdRp
domain and GmERD4 at the ER network suggests that ER mé loeganelle with which
CPMMV associates during viral replication. If so, CPMMV wibaksociate itself with the
ER membrane for formation of the replication compdexi this complex, containing viral
and host proteins, would be displaced to the cell membfémehas been demonstrated for
the potexvirugPotato virus X (PVX). PVX TGBp1l protein was responsible for the inducion
at the ER of structures denominated as X-bodies, whichdasl TGBp2 and TGBp3, in
granular vesicles, and nonencapsidated viral RNA (Tilgbea., 2012). The X-bodies
acted as viral replication complexes. TGB2p and TGB3p frosetiebodies were able to
establish ER-derived membranous caps at plasmodemata (PbBg¢rifihus, these caps
harboring the PVX replicase and nonencapsidated VRNA seprePD-anchored viral
replication sites. TGB1 additionally mediated the inearbf the viral coat protein into the
PD, which interacts with the 5’ terminal region of virions, previously recruited by the

TGB2/3 complex. This model was denominated aseptieational, in which the TGB’s
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(movement proteins) are able to compartmentalize thécagpn complex and direct

movement (Tilsneet al., 2013).

The possible involvement of GmERD4 and GmIMT in viral regdion was demonstrated
here by the differenin vitro andin vivo interaction assays. Confocal microscopy assays
showed that the prediction of subcellular localizatiors warrect and that, although the
proteins are located in different subcellular compartsyethe interaction with the RdRp
domain is possible. Viral infection induced increased egpasof the genes of both
proteins in the early stages of infection (3 and 7 dpi),r@gen which host machinery is
rapidly manipulated to favor viral infection arf®@mERD4 when overexpressed favored
viral accumulation and thus viral replication. This is fist study showing the interaction

of host proteins with the RdRp domain of a betaflexivirus
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799 FIGURE LEGENDS:

800 Figure 1: Autoactivation and toxicity assay of pGBKT7-RdRp in AH109 yeast. A.
801 Toxicity analysis and autoactivation activity by monitoraigTrip and His prototrophy in
802 SD-Trip and SD-Trip-His mediums, respectively. The abildygrow in SD-Trip but not in
803 SD-Trip-His demonstrates non-toxicity to growth of AH108agt and no autoactivation
804 activity, respectively.B. Autoactivation assay in membrane test of pGBKT7-RdRp
805 construct in AH109 yeast based @rgalactisidade activityl§cZ reporter gene). The
806 absence of blue coloration in colonies demonstrates the Gbsémutoactivation. For all
807 assays, pGBKT7-@ was used as a negative control. pGBKT7GKL4 binding domain
808 vector.
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Figure 2: RdRp domain interaction with GmERD4 and GmIMT by yeast two-hybrid.

A. RdRp domain, GmERD4 and GMIMT were expressed in yeast asLad @etivation
domain (AD) fusion (pGADT#RdRp, pGADT7-ERD4 and pGADT7-IMT) and as a
GAL4 binding domain (BD) fusion (pGBKT7-RdRp, pGBKERD4 and pGBKT7-IMT).
The interactions between the tested proteins were exarnnagbnitoring His prototrophy
in medium containing increasing concentrations of 3AT (5MpPm(B-C) Interactions
between the proteins were also confirmed by monitoring of -galactosidase activity.acZ
reporter gene)B. Analysis of f-galactosidase activity on a nylon membrane using the same
constructsC. B-galactosidase activity measured in yeast extracts usirRGOhé substrate.
Means were compared using Student’s t test. Letters represent statistically significant
differences in means (P< 0.05) and error bars are stad@aidtions.The interactions
between pGBKT7-p53 (Murine p53) and pGADT7-T antigen (SV40 largetifjear) and

pGBKT7-Lam and pGADT7-T were used as positive and negativieadgrespectively.

Figure 3: In vivo interaction with RdRp domain of CPMMV replicase using
Bimolecular fluorescence complementation (BiFC) assayA. Confocal fluorescent
image of pSITE-nEYFIN1-@ and pSITE-cEYFIN1- @ used as negative contr@-C.
Confocal fluorescent image of RARp domain and GmERDA4aictien in pSITE-nEYFP-
N1 and pSITE-cEYFP-N1 in combinations described below the figides. Confocal
fluorescent image of RdRp domain and GmIMT interactiorp$iTE-nEYFPN1 and
pSITE-cEYFP-N1 in combinations described below the figures. Tweelkcence yellow
fluorescent protein (YFP) images were acquired usliaptiana benthamiana leaves co-
expressing the construct in the presence of p19 suppressor & baoainfiltration. Scale
bars, 10 um.
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Figure 4: Characterization of GmERD4 and GmIMT. A-B. Phylogenetic analysis using
GmERD4 and GmIMT amino acid sequences from soybean cv. C(28¢k circle) and
sequences of different proteins hosts from NCBI databBse. analysis were done in
MEGA v.6.06 using Neighbor Joining method with 10,000 bootstrap réphsaC-D.
Schematic domain representation of GmMERD4 and GmIMT fogidy the Pfam web tool.
C. Domains found in GmMERD4: RSN1_TM domain (5-164 aa region, in gessaociated
with Golgi transport - late exocytosis); PHM7_cit (224-294egH0n, in red) is a cytosolic
domain from whole membrane proteins, which contain an Rébgnition motif (RRM)
and RSN1_7TM (313-514 aa region, in blu&). Domains found in GmIMT: a
dimerization domain in N-terminus region (43-91 aa regiomgreen) and a S-adenosyl-L-

methionine-dependent methyltransferase domain (140-300 aa regied).i

Figure 5: Subcellular localization of RdRp domain, GmERD4 and GmIM proteins in
Nicotiana benthamiana plants. A-D. Confocal \sualization of construction in vector
pK7FWG2 (Green Fluorescent Protein, GFP C-terminal) describedeathe images in
Nicotiana benthamiana leaves after 72 h of agroinfiltration. Scale bar, 10 p m. A. Empty vector
pK7FWG2-g. B. RdRp domain of CPMMV replicase (pK7FWGERp). C. GmERD4

(PK7FWG2- GmERD4) an®. GmIMT (pK7FWG2- GmIMT).

Figure 6: Co-localization assay of RdRp domain, GmERD4 and GmIMT proteins
with HDEL in Nicotiana benthamiana plants. Confocal visualization of construct in
vector pK7FWG2 (GFP C-terminal) described above the imagsEcotiana benthamiana

leaves after 72 h of agroinfiltration in combination wiP-TagRFP-HDEL construct
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expressing HDEL (ER marker) with Red Fluorescent Protein (RFP). Scale bar, 10 p m. A.
SR TagRFP-HDEL.B. RdRp domain of CPMMYV replicase (pK7FWG2-RdRp) and SP-
TagRFP-HDEL C. GmERD4 (pK7FWG2- GmERD4) and SP-TagRFP-HOELGmMIMT

(PK7FWG2- GmIMT) andSRTagRFP-HDEL.

Figure 7: Expression analysis of GmERD4 and GmIMT in plants and potoplasts
infected by Cowpea mild mottle virus (CPMMV). A. CPMMV accumulation in soybean
plants cv. CD 206 after 0, 3, 7 and 14 days post inoculation BHL. Relative expression
of GmERD4 and GmIMT in soybean plants cv. CD206 after 0, and 14 dpi.D.
Symptoms induced by CPMMV after 0, 3, 7 and 14 dpi in soybga@D206. Only at 14
dpi were typical symptoms of infection observed (mosait\aein clearing)E-F. Relative
expression irhealthy (H) and infected (I) soybean protoplasts transfecitédpl{7FWG2-
@, pPKTFWG2-ERD4 or pK7FWG2-IMT construc CPMMV accumulation in healthy
(H) and infected (I) soybean protoplasts at 7 dpi overexpige€nERD4 andGmIMT. All
analyses were done using three repetitions and compared using Student’s t test at p<0.05.

(ns) not significant. *significant.

Figure S1: Prediction of secondary structure of the proteins GmED4 and GmIMT.
A-B. Secondary structure predicted in PsiPred server using ansidosaquences of
GmERD4 and GmIMT from soybean cv. CD206. GmERD4 predictionB. GmIMT

prediction.
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Figure 6:
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Figure 7:
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Figure S1:
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CONCLUSOES GERAIS

e O Cowpea mild mottle virus (CPMMV) é um patégeno emergente no Brasil e no
mundo, tendo aumentado consideravelmente sua incidéneradaltsua viruléncia
e expandido sua gama de hospedeiros;

e O CPMMV é capaz de induzir necrose sistémica em soja, a aprakenta
caracteristicas de resposta hipersensitiva (HR);

e Inoculagdes sucessivas de um mesmo isolado viral de CPMVh a alteragoes
na sua viruléncia (um isolado antes causador de necroseppsdar a causar
sintomas de mosaico), essa mudanca leva ao aumento dabdiiote do virus
(acumulo viral) e do vetor;

e A ORF1 (replicase viral) é a regido determinante desias do CPMMV;

e A ORFI1 ¢ um “hot spot” de recombinagdo. A recombinacdo € 0 mecanismo
evolutivo envolvido na alteracdo do padréo de sintomas, gistcsitios presentes
nos blocos recombinantes foram associados a mudancandiipde da infeccéo
viral;

e O dominio RNA polimerase dependente de RNA (RdRp) da replicas¢ vi
codificada pela ORF1 é capaz de interagiitro ein vivo com as proteinas: ERD4
tipo CSC1 (GmERD4) e inositol metiltransferase (GmIMT);

e GMERD4 localizou-se no reticulo endoplasméatico (RE),INBIm apresentou
localizacéo citoplasméatica enquanto o dominio RdRp indestiwturas pontuais na

membrana plasméatica e sobre a rede do RE;
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GmMERD4 e GmIMT séo induzidas apés 3 e 7 dias da inoculagdo com o CPMMV em
plantas de soja cv. CD206;

A superexpressdao démERD4 em protoplastos de sog@ capaz de induzir o
aumento do acumulo viral de CPMMV;

A replicase viral € uma proteina multifuncional.
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