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Abstract

The emergence of begomoviruses (whitefly-transmitted viruses classified in the genus Begomovirus, family Geminiviridae) in

Brazil probably occurred by horizontal transfer from non-cultivated plants after the introduction of Bemisia tabaci MEAM1.

The centre of diversity of Euphorbia heterophylla (Euphorbiaceae) is located in Brazil and Paraguay, where it is an invasive

species in soybean and other crops. Reports of possible begomovirus infection of E. heterophylla in Brazil date back to the

1950s. In 2011, Euphorbia yellow mosaic virus (EuYMV) was described in symptomatic plants collected in the Brazilian state

of Goi�as. Here we assess the genetic variability and population structure of begomoviruses infecting E. heterophylla in

samples collected throughout nine Brazilian states from 2009 to 2014. A total of 158 and 57 haplotypes were compared in

DNA-A and DNA-B datasets, respectively. Analysis comparing population structure in a large sampled area enabled us to

differentiate two subpopulations. Further, the application of discriminant analysis of principal components allowed the

differentiation of six subpopulations according to sampling locations and in agreement with phylogenetic analysis. In general,

negative selection was predominant in all six subpopulations. Interestingly, we were able to reconstruct the phylogeny based

on the information from the 23 sites that contributed most to the geographical structure proposed, demonstrating that these

polymorphisms hold supporting information to discriminate between subpopulations. These sites were mapped in the

genome and compared at the level of amino acid changes, providing insights into how genetic drift and selection contribute

to maintain the patterns of begomovirus population variability from a geographical structuring point of view.

INTRODUCTION

The Geminiviridae family includes viruses whose genomes are
composed of one or two molecules of circular, single-stranded
DNA encapsidated by a single structural protein into twinned,
quasi-icosahedral particles. The family includes the genera
Begomovirus, Becurtovirus, Capulavirus, Curtovirus, Eragrovi-
rus, Grablovirus, Mastrevirus, Topocuvirus and Turncur-
tovirus, based on insect vector type, host range, genome
organization and phylogenetic relationships [1]. Begomovi-
ruses are transmitted by the whitefly Bemisia tabaci and infect
dicot plants. The genus Begomovirus can be divided into ‘Old
World’ (OW; Europe, Africa, Asia and Australasia) and ‘New
World’ (NW; the Americas) lineages, based on genome orga-
nization, phylogenetic relationships and geographical distribu-
tion [2, 3]. Most NW begomoviruses have two components,

named DNA-A and DNA-B. The DNA-A contains genes
involved in replication and encapsidation of the viral progeny.
The DNA-B contains genes required for intra- and intercellu-
lar movement in the plant. Both genomic components are
required for systemic infection of the host [3].

Geminivirus populations, including begomoviruses, possess
high genetic variability, mostly due to their high nucleotide
substitution rates, which are similar to those estimated for
RNA viruses (of the order of 10�4 substitutions per site per
year) [4, 5], and the frequent occurrence of recombination [6]
and pseudorecombination between bipartite viruses [7]. The
emergence of begomoviruses in Brazil probably occurred
through horizontal transfer of indigenous viruses infecting
non-cultivated plants after the introduction of Bemisia tabaci
Middle East–Asia Minor 1 (MEAM1; previously known as
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B. tabaci biotype B) in the mid-1990s [8–10]. Since the intro-
duction of B. tabaci MEAM1, a large number of begomovi-
ruses have been described in association with tomato and with
many non-cultivated plants [11–15]. The presence of several
viruses transmitted by the same vector to a wide range of hosts
facilitates mixed infections, where novel recombinant variants
with increased fitness can be formed [16–18]. Evidence for the
emergence of tomato-infecting begomoviruses in Brazil,
involving both recombination and pseudorecombination pro-
cesses, has been reported by Silva et al. [13].

Euphorbia heterophylla is an invasive species in soybean and
other crops in Brazil and Paraguay, its centre of origin [19]. Its
occurrence is common in the southern, southeastern and mid-
western regions of Brazil [20]. There are reports of E. hetero-
phylla herbicide-resistant genotypes in the state of Rio Grande
do Sul, where it is present in 74% of soybean-producing
areas [21, 22]. Reports of possible begomoviruses infecting
E. heterophylla in Brazil date back to the 1950s [23]. In 2011,
Euphorbia yellow mosaic virus (EuYMV) was reported in
E. heterophylla plants collected in the state of Goi�as [24]. Later,
the virus was found in Brazil in the non-cultivated plant spe-
cies Sida santaremnensis [25], Macroptilium atropurpureus
[12] and Crotalaria juncea [26]. Experimentally, Arabidopsis
thaliana is also a host of the virus, in which it was demon-
strated to enhance recombination rates [27]. Barreto et al.
[26] demonstrated that E. heterophylla is one of the hosts of
Tomato severe rugose virus (ToSRV), although with a low viral
titre. Tests of free choice, adult preference and oviposition
indicated that E. heterophylla was the most suitable host for
Bemisia tabaci MEAM1 among seven non-cultivated plants
tested [28].

Several non-cultivated plants have been reported as bego-
moviruses hosts. These plants may serve as virus reser-
voirs, from which they can be transmitted to cultivated
plants, and also as ‘mixing vessels’ that increase the prob-
ability of interspecific recombination and pseudorecombi-
nation [13, 26, 29]. Given the high preference of
whiteflies for E. heterophylla, the possibility of co-infec-
tion with ToSRV (and possibly other crop-infecting bego-
moviruses), and the effects of EuYMV on the host’s
recombination rate, the study of EuYMV populations in
this non-cultivated plant could provide valuable clues
regarding the probability of it infecting crop plants due
to its relatively high rate of evolution.

We assessed the begomovirus diversity associated with E.
heterophylla plants, and estimated the genetic variability of
EuYMV populations infecting this host. The genetic struc-
ture of EuYMV populations was investigated in a large-scale
sampling, with isolates collected in locations throughout
Brazil from 2009 to 2014, using Bayesian clustering and
multivariate statistical analyses. We also highlighted the
genome sites that contributed most to the geographical
structure proposed and the processes that maintained
genetic structure, and described how the genetic variability
is distributed within EuYMV subpopulations.

RESULTS

Viral detection and recombination analysis

We investigated 165 symptomatic E. heterophylla samples,
collected over a period of 6 years in locations throughout
Brazil (states of Amazonas, Goi�as, Mato Grosso do Sul,
Minas Gerais, Paran�a, Pernambuco, Rio Grande do Sul and
Santa Catarina, and the Federal District). Based on the
detection of a 2600 bp band after digestion of the rolling-
circle amplification (RCA) products with restriction
enzymes, 142 samples were preliminarily positive for the
presence of a begomovirus (data not shown; also, over the
years we have tested symptomless samples and found them
to be consistently virus-free). Full-length DNA-A and
DNA-B components were cloned from 129 and 41 RCA-
positive samples, respectively, for a total of 133 samples
from which at least one viral DNA component was cloned.
EuYMV was the only virus detected in these samples, except
for one sample which was infected by a virus belonging to a
new species (to be reported elsewhere). Based on BLAST anal-
ysis and pairwise sequence comparisons we identified 150
full-length DNA-A (139 haplotypes) and 57 full-length
DNA-B (52 haplotypes) components with >96 and
>94% identity amongst themselves and with EuYMV
sequences retrieved from GenBank (data not shown). The
EuYMV sequences determined in this study were combined
with those retrieved from GenBank for a total of 158 and 57
haplotypes in the DNA-A and DNA-B datasets, respectively
(Tables S1 and S2, available in the online
Supplementary Material).

As expected, the DNA-B dataset was more variable [30], even
with a smaller number of isolates. Indeed, the average number
of nucleotide (nt) differences between isolates was 62.8 and
101.8 for the DNA-A and DNA-B, respectively, and the aver-
age pairwise number of nt differences was 0.02 and 0.04 for
the DNA-A and DNA-B, respectively (Table 1).

No recombination events were detected in the intraspecific
DNA-A dataset. In contrast, five recombinant isolates were
detected in the intraspecific DNA-B dataset (Table S3).
Events 1 and 3 involved breakpoints located within the NSP
and/or MP genes, while event 2 presented breakpoints in
non-coding regions. The topological differences between
trees based on nt sequences of the NSP and MP genes fur-
ther supported the recombinant origin of these isolates (Fig.
S1b). Although recombination events were not assigned to
long branches as expected [31], this was probably due to the
high degree of similarity between recombinants and
parental sequences.

Phylogenetic analysis

Bayesian-inferred trees based on nt sequences of the CP,
Rep, MP and NSP genes and on the full-length DNA-A and
DNA-B clearly clustered EuYMV isolates according to sam-
pling locations (Figs 1 and S1). Both DNA-A and DNA-B
trees showed two major clades supporting the existence of
different subpopulations.
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The DNA-A tree showed strong support for isolates from
AM, GO/DF, MG, PB and PE (cluster I) comprising a
separate subpopulation from those of PR, RS and SC
(cluster II). Isolates from MS were considered to be in
cluster I (see below). Cluster I is supported by high poste-
rior probability values, except for isolate BR:5:LEA:08 in
the DNA-A dataset. This isolate could be a recombinant,
since it is related (in a poorly supported clade) to RS iso-
lates in the Rep gene phylogeny (Fig. 1 and S1a). In addi-
tion, three well-supported subclusters, including isolates
from PE, MG and GO/DF, indicate further geographical
structuring. This was not observed in cluster II, where
isolates from PR, RS and SC were mixed in well-
supported subclades.

The majority of isolates from MS clustered together in a
well-supported clade with isolate BR:Amp1068:11, which
could be a migrant. However, BR:Mir1:07 and BR:
Pop709:10 are in a branch containing isolates from PB in
the DNA-A and Rep phylogenies (Figs 1 and S1a). Observ-
ing the incongruence between Rep and CP phylogenies,
these isolates could be recombinants that are not detected
by RDP4. The Rep phylogeny clustered isolates from MS in
a well-supported clade with the isolates from PB and with
17 isolates from RS (Fig. S1a). Interestingly, these same 17
isolates from RS clustered together in the DNA-A tree.

Even with only a few isolates representing each group, the
DNA-B dataset broadly supports the same clusters (Figs 1
and S1), except for isolates BR:Vic54:14 and BR:Sau937:11,
which could be migrants, and the recombinant BR:
Ats3.2:09. In the DNA-B tree, BR:Mir1:07 and BR:Mir2:07
clustered with PR and RS isolates.

Genetic structure and variability of the EuYMV
population

The clusters inferred from the Bayesian trees suggested the
existence of two different subpopulations according to sam-
pling locations. To evaluate spatial processes driving
population structure we compared genetic divergence with
geographical distances between isolates using Mantel’s test.
A significant correlation (r=0.5698; P<0.001) between the
number of sites that differ between each pair of sequences
with the geographic distance between isolates reinforces the
suggestion that subpopulations assigned to geographical
regions exist (Fig. 2a). Further, the DNA-A and DNA-B of
cluster I isolates both displayed slightly greater genetic vari-
ability than those of cluster II isolates (Table 1), with signifi-
cant differences between the p values of 0.022 and 0.019 for
the DNA-A of cluster I and cluster II isolates, respectively,
and 0.036 and 0.033 for the DNA-B of cluster I and cluster
II isolates, respectively (Table 1 and Fig. 2c). This is consis-
tent with nucleotide diversity calculated on a sliding win-
dow across the DNA-A and DNA-B (Fig. 1). DNA-B
clusters were more variable than DNA-A clusters (Fig. 2c).

Differences in genetic variability between the phylogeneti-
cally inferred clusters supported the idea of population sub-

division, which was confirmed by Nst statistics (Table 2).

Analysis of molecular variance (AMOVA) attributed 39 and
27% of total variation in the DNA-A and DNA-B datasets,

respectively, to the variation between cluster I and cluster II
isolates (Table 3). AMOVA analysis attributing collection

year as a component of subdivision was also performed,

with the results indicating that this parameter explains 20%
of the variation among the isolates (Table S4).

Table 1. Genetic variability of Euphorbia yellow mosaic virus (EuYMV)

Population No. of sequences Genome size (nt) s Eta k p h Hd

DNA-A

Phylogeny/STRUCTURE

Cluster I 68 2595 434 491 56.2 0.022 66 0.99

Cluster II 90 2601 517 605 48.3 0.019 89 1.00

DAPC

pop1 73 2612 452 520 40.8 0.016 73 1.00

pop2 17 2606 159 167 40.5 0.016 16 0.99

pop3 7 2606 144 154 55.7 0.021 7 1.00

pop4 21 2603 161 170 27.4 0.011 19 0.99

pop5 31 2633 246 266 33.2 0.013 31 1.00

pop6 9 2608 48 48 11.0 0.004 9 1.00

Total 158 2589 699 865 62.8 0.024 154 1.00

DNA-B

Cluster I 21 2558 462 528 93.1 0.036 20 1.00

Cluster II 36 2554 560 661 84.9 0.033 36 1.00

Total 57 2635 739 925 101.8 0.040 56 0.99

s, total number of polymorphic segregating sites; Eta, total number of mutations; k, average number of nucleotide differences between sequences;

p, nucleotide diversity; h, haplotype number; Hd, haplotype diversity; DAPC, discriminant analysis of principal components.
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Fig. 1. Midpoint-rooted Bayesian inference trees based on full-length nucleotide sequences of EuYMV DNA-A (a) and DNA-B (b) compo-

nents. Nodes to the right of branches with posterior probabilities equal to or higher than 0.8 are indicated by filled circles and those

with values lower than 0.8 and higher than 0.5 are denoted by empty circles. The scale bars indicate nucleotide substitutions per site.

Isolate colours based on geographical region of origin: AM, Amazonas; GO/DF, Goi�as and the Federal District; MG, Minas Gerais; MS,

Mato Grosso do Sul; PB, Paraíba; PE, Pernambuco; PR, Paran�a; RS, Rio Grande do Sul; SC, Santa Catarina. Populations inferred by

STRUCTURE are indicated by black/grey vertical bars. Mean pairwise number of nucleotide differences per site (nucleotide diversity,

p) for the DNA-A (c) and DNA-B (d), calculated on a 10 nucleotide sliding window for isolates in cluster I (black lines) and cluster II

(grey lines). A linearized representation of each DNA component, with genes indicated by black bars, is presented at the bottom of

each graph.
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A Bayesian clustering method was also applied to infer
distinct subpopulations. Due to the low evidence of
recombination, we tested the degree of linkage equilib-
rium. Although we found evidence of significant linkage
disequilibrium (LD; P<0.001), the corresponding stan-
dardized indexes of association (IsA) were 0.0147 and
0.0158 when only considering segregating sites, and
0.0045 and 0.0051 when considering the whole genome
for the DNA-A and DNA-B datasets, respectively. These
values were lower than those estimated for begomovirus
datasets (0.0367) considered to be effectively in linkage
equilibrium [32].

The results of STRUCTURE were consistent with phyloge-
netic analysis, and the EuYMV population was estimated to
be composed of two subpopulations (clusters I and II; Fig.
S2). In general, the genetic composition of each DNA-A
component assigned into a cluster was not admixed, reflect-
ing the absence of intraspecific recombination according to
RDP analysis (Fig. S2). We detected only 27 out of 158 iso-
lates with more than 10% of admixing in their genetic com-
position. Seven of them, located in cluster I, were BR:5:
LEA:08, the isolate from AM, and six isolates from MS. The
MS isolates showed approximately 67% genetic composi-
tion from cluster I, except for BR:Mir1:07 and BR:
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Pop709:10, which showed 99 and 86% genetic composition
from cluster I, respectively. Therefore, we considered these
individuals to be members of cluster I instead of cluster II
(as suggested by phylogenetic analysis). A similar pattern of
admixed individuals from MS was identified in the DNA-B
dataset (plus one sequence from MG; Fig. S2). The other 19
DNA-A admixed isolates, located in cluster II, included BR:
Amp1068:11 and BR:Nom682:10, plus the same 17 isolates
from RS, which were located in a well-supported clade with
MS and PB isolates in the Rep phylogeny.

In the DNA-B dataset, nine admixed isolates were identified
in cluster II: BR:Ara1133:11, the recombinant BR:Ats3.2:09
and seven individuals from PR and RS, which were clustered
with MS isolates in the DNA-B phylogenetic tree. These
results suggest that gene flow (between MS/PB and South
isolates) and recombination contribute to increased genetic
variability in these subpopulations.

Comparing the phylogenetic analysis and STRUCTURE
results, we were able to explain the population structure based
on two main groups. However, it is still remarkable that four
well-supported subclusters of isolates from PB, MG, GO/DF
and MS are present in the DNA-A tree (Fig. 1). Further, the
year of collection also seems to contribute to the variability
observed, although there is a significant overlap between local-
ity and year of collection (Tables S1 and S2). Thus, to better
understand the population structure and find the most suit-
able subdivision to explain the data, we performed a

discriminant analysis of principal components (DAPC) on the
same datasets. Since DAPC requires prior groups, we inferred
genetic clusters using K-mean runs with a sequentially increas-
ing number of K. The higher likelihood was obtained for six
subpopulations (K=6). The subpopulations were checked for
their association with geographical location. A correlation was
found between the subpopulations inferred by K-means and
the geographical distribution of the sampling locations
(Fig. 3a). Isolates from GO/DF, MG, MS and PB were placed
in different groups, and one group (group 4) comprised indi-
viduals from PR, SC and RS. Interestingly, the same 17
admixed isolates from RS were placed in a different group
(group 5) (Fig. 3a). Accordingly, we proposed six subpopula-
tions (pop1–6) based on geographical distribution (Fig. 3d)
and checked how this fits in comparison with K-means
(Fig. 3b). Most of the isolates placed in groups 1, 2, 3, 4, 5 and
6 based on geographical location (Fig. 3a, d) fall into pops 5, 3,
6, 1, 2 and 4, respectively (Fig. 3b, d). Interestingly, the detec-
tion of individuals from pop2 appears to have increased over
the years (one detection in 2009, two in 2010, nine in 2011
and five in 2014), suggesting that this population may
be expanding.

The ability of DAPC to discriminate between groups is
heavily dependent on the number of principal components
(PCs) retained. The trade-off between power of discrimina-
tion and over-fitting was measured by repeated DAPC analy-
sis using randomized groups, computing a-scores for each
group (Fig. S3c). For cross-validation analysis the dataset was
divided into two sets: a training set and a validation set.
DAPC was carried out in the training set with different num-
bers of PCs retained, and the ability to predict the member-
ship of the validation set was used to confirm the number of
PCs to be retained (Fig. S3d). We also checked the percentage
of successful reassignment after randomization. Retaining 12
PCs allowed the six proposed subpopulations to be discrimi-
nated (Fig. 3c). Given that the number of investigated clusters
was relatively low, all the discriminant functions were
retained. DAPC classification was consistent with the pro-
posed subpopulations, except for two discrepant isolates: BR:
Amp1068:11 and BR:Vic9:10 were initially placed into pop1
and pop4, while DAPC classification assigned them to pop3
and pop6, respectively (Fig. S3a). We also checked the proper
assignment of each isolate into a subpopulation by spatial
analysis of molecular variance (SAMOVA), which considered
populations that were geographically homogeneous and max-
imally differentiated from each other. SAMOVA attributed
BR:Man2 : 13 to a unique subpopulation and pop1 and pop2
to the same group (Table S5).

The DAPC results were consistent with Nst population dif-
ferentiation statistics (Table 2), and indicated genetic differ-
entiation amongst isolates sampled from the geographical
locations in Fig. 3(d). The correlation between Nst and geo-
graphic distance among subpopulations was also significant
(r=0.7619; P<0.008) according to Mantel’s test (Fig. 2b).
Differences in genetic variability also supported the DAPC
subdivision hypothesis (Table 1 and Fig. 2d). AMOVA

Table 2. Results of subdivision tests performed on Euphorbia yellow

mosaic virus (EuYMV) subpopulations

Population Nst*

DNA-A

Cluster I Cluster II 0.323

pop1 pop2 0.408

pop1 pop3 0.359

pop1 pop4 0.573

pop1 pop5 0.504

pop1 pop6 0.721

pop2 pop3 0.346

pop2 pop4 0.590

pop2 pop5 0.526

pop2 pop6 0.715

pop3 pop4 0.421

pop3 pop5 0.320

pop3 pop6 0.607

pop4 pop5 0.521

pop4 pop6 0.765

pop5 pop6 0.706

DNA-B

Cluster I Cluster II 0.274

*Nst is an analogue of Wright’s fixation index at the nucleotide sequence

level [68, 69]; Values from 0 to 0.05 indicate little genetic differentiation

between subpopulations; 0.05 to 0.15, moderate differentiation; 0.15 to

0.25, great differentiation; >0.25 high differentiation.
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analysis attributed 57% of total variation to the variation
among subpopulations (Table 3), which is significantly
higher than the values obtained for clusters I and II and for
year of collection (37 and 20%, respectively; Tables 3 and
S4). Hierarchical AMOVA, considering the STRUCTURE
and DAPC results, attributed 19% of the total variation to
the variation between cluster I and II isolates, and 41% to
the variation among the six subpopulations (Table S4). Tak-
ing the number of isolates into account, pop3 is the most
variable (seven isolates with p=0.021) (Table 1). Pop3
mostly comprises individuals from MS, where the agricul-
tural landscape has a greater diversity of hosts.

It was not possible to extrapolate the same groups for the
DNA-B dataset, except for pop5 (Fig. 3d), probably because
there were not enough isolates representing each subpopu-
lation. Four subpopulations explained the DNA-B dataset,
and they reflected exactly the four main clades in the phylo-
genetic tree presented in Fig. 1 (data not shown).

Amino acid sites under selection

The kind of selection acting on the coding regions of each
subpopulation was investigated by neutrality tests. All val-
ues were negative, and statistically significant deviations
from neutrality were observed for the different genes, except
for pop2 and pop3 (Table S6). These results indicate purify-
ing selection acting on each population, or a recent popula-
tion expansion. In agreement with previous studies [29, 31],
all datasets showed dN/dS ratios lower than 1, except for the
Trap gene in pop6, again indicating the predominance of
purifying (negative) selection in all subpopulations. In fact,
for all genes in all subpopulations, a higher number of sites
under negative selection was detected (Table S7).

A wide variation of the dN/dS ratios for each gene/popula-
tion indicated different selective constraints (Table S6). The
dN/dS values for the Trap gene in all subpopulations and for

the CP gene in pop6 were quite high, but even with a
reduced number of negatively selected sites, the proportion
of individual sites detected to be under negative selection
was higher than under positive selection (Table S7). Inter-
estingly, we found evidence of positive selection for the Trap
gene in pop1 by PARRIS, and one positively selected site
(codon 73) was detected by SLAC, FEL and IFEL. Also, evi-
dence of positive selection was detected in Rep sites (codons
39 and 54 in pop5 and pop1, respectively) by four methods
(SLAC, FEL, IFEL and REL; data not shown). Even with evi-
dence of positive selection in these three sites, negative selec-
tion was shown to be predominant in all subpopulations.

Sites contributing to genetic divergence among
subpopulations

We aimed to assess the 57% variability among subpopula-
tions (Table 3), identifying the genome sites that contrib-
uted most to the geographical structure defined by DAPC
analysis (Fig. 3). Sites that presented substantial differences
across subpopulations contribute substantially to the dis-
crimination between subpopulations [33]. A plot with each
site’s contribution was used to assess the sites that best dis-
criminate the proposed subpopulations, allowing us to point
out the coding regions that drive genetic divergence among
isolates from different sampling locations. A total of 23 sites
reflected the geographical subdivision to the greatest degree,
considering all discriminant functions (Fig. 4a). Different
sites were identified by each discriminant function (DF),
except sites #1254, #1259 (identified by DFs 3 and 5) and
#1969 (identified by DFs 1 and 2). Since each DF corre-
sponds to distinct levels of differentiation between each sub-
population, we considered all contributing sites in the
analysis. Interestingly, we were able to discriminate between
subpopulations based solely on the information from the
sites that contributed most (Fig. 5). The information from
these polymorphisms could be important for explaining the

Table 3. Analysis of molecular variance (AMOVA) performed on Euphorbia yellow mosaic virus (EuYMV) subpopulations

Analysis Source of variation d.f. Square sum Variance components % of variation

DNA-A

Cluster I–II Between populations 1 1444.006 18.26883 Va 38.85

Within populations 156 4484.988 28.74992 Vb 61.15

Total 157 5928.994 47.01875

Fst: 0.388

DNA-B

Cluster I–II Between populations 1 556.697 19.08365 Va 27.43

Within populations 55 2776.286 50.47792 Vb 72.57

Total 56 3332.982 69.56157

Fst: 0.274

DNA-A

pop1–6 Among populations 5 2999.992 25.75366 Va 57.20

Within populations 152 2929.002 19.26975 Vb 42.80

Total 157 5928.994 45.02340

Fst: 0.572

Fst, Wright’s fixation index [68]; d.f., degrees of freedom.
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genetic differentiation between subpopulations, and may
contain valuable clues to understand the main evolutionary
mechanisms (selection and genetic drift) underlying
the differentiation.

There were 12 sites covering the CP (sites 381, 507, 624,
792, 834 and 879), Ren (site 1254), Trap (site 1309) and Rep
(site 1670, 1697, 1940 and 1997) coding regions displaying
synonymous substitutions (Table S8) with different allele
frequencies in each sampling location (Fig. 4b). For these
sites the negative selection maintained the same amino acid
being translated in all subpopulations (Table S7). However,
we found different alleles either fixed in the third position
of the codon or changing in frequency, yielding random

fluctuations in the number of variants present in each sub-
population (Fig. 4b). For example, codon 208 encoded glu-
tamic acid, but in the third position (site 834) the allele G
was fixed in all subpopulations, except in pop3, which pre-
sented allele A (Fig. 4b). The mechanism underlying these
changes could be genetic drift.

Sites 1254 and 1309, located in the overlapping Trap and
Ren genes, were particularly informative. For example, site
1254 displayed a non-synonymous substitution under posi-
tive selection, corresponding to codon 80 in Trap, and a
synonymous substitution encoding valine, corresponding to
codon 34 of Ren (Table S8). Two possible residues can be
translated in the Trap gene, hydrophobic glycine (allele C)
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or positively charged arginine (alleles G or T), with arginine
being predominant in pop3 and pop4, an overlap of both

amino acids in pop5, and glycine in pop1, pop2 and pop6
(Figs 4b and 5).
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Fig. 5. Bayesian inference tree based on the sites of EuYMV DNA-A that contribute most to geographical structure. Nodes to the right

of branches with posterior probabilities equal to or higher than 0.8 are indicated by filled circles and those with values lower than 0.8

and higher 0.5 are denoted by empty circles. Isolate colours based on DAPC-inferred subpopulations. Scale bars indicate substitutions

per site. (a) Tree based on codon sequences of the sites that contribute most. (b) Tree based on variable sites of amino acid sequences

of the sites that contribute most, with branches coloured according to amino acid sequences. Amino acids correspond to (amino acid

site/protein): 1, 223/CP; 2, 80/Rep; 3, 149/Rep; 4, 160/Rep; 5, 172/Rep; 6, 180/Rep; 7, 255/Rep; 8, 16/Ren; 9, 78/Trap; 10, 33/Ren; 11,

80/Trap; 12, 100/Ren. Small letters correspond to amino acids that occur in less than three sequences, and forward slashes corre-

spond to amino acids which occur with similar frequencies.
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The polymorphisms lead to non-synonymous substitutions in
the remaining 11 informative sites (Table S8). Polymorphic
sites 1056, 2007, 2037 and 2244 displayed non-synonymous
substitutions, but involved exchanges between amino acids
with the same biochemical properties. For example, codon
149 (site 2037 in Rep) encoded positively charged amino
acids, with a predominance of arginine (allele T) in all subpo-
pulations except pop1, where lysine (allele C) was predomi-
nant (Figs 4b, 5, and Table S8). Further, strong evidence for
negative selection in codon 149 was found in pop1 and pop5,
and weak evidence for positive selection was found in pop4
(where the frequency of allele C was >1).

However, the substitutions in sites 1259, 1718, 1943, 1945,
1967, 1968 and 1969 lead to exchanges between different
amino acid types (Fig. 4b and Table S8). For example, poly-
morphisms in sites 1967, 1968 and 1969 corresponding to
codon 172 in Rep yielded translation of either hydrophilic
non-charged (methionine or histidine) or hydrophobic (leu-
cine or isoleucine) amino acids. Histidine, methionine and
isoleucine were prevalent in pop1, pop2 and pop5, respec-
tively. A balance between the frequencies of methionine and
histidine (five isolates encoding leucine and two encoding
methionine) was found in pop3, while leucine was predomi-
nant in pop4 and pop6 (Figs 4b, 5). Translation of amino
acids from different classes in different subpopulations sug-
gests that different protein features are being selected at
each sampling location, contributing to the genetic diver-
gence among isolates from different subpopulations.

DISCUSSION

The introduction of B. tabaciMEAM1 in Brazil has facilitated
the transfer of indigenous begomoviruses from non-cultivated
plants to economically important crops, something that has
been surveyed extensively [11–13, 25, 26, 29, 34, 35]. While
most studies have focused on viral species diversity, others
have investigated the genetic structure of begomovirus popu-
lations infecting both cultivated and non-cultivated hosts in
different geographical regions of the country [12, 13, 29, 31,
36]. Nevertheless, very few studies have investigated the
genetic variability of viruses that remain restricted to non-
cultivated hosts. Knowledge of the population dynamics of
these viruses is important, since they may act as reservoirs of
virus diversity, where intraspecific recombination and pseu-
dorecombination may occur [13, 26, 29].

Since the first report of EuYMV infecting E. heterophylla in
Brazil [24], the virus has been described in other non-
cultivated plants [12, 25, 26]. So far, only Barreto et al. [26]
found a begomovirus other than EuYMV infecting E. heter-
ophylla plants (ToSRV), and even then in a mixed infection
with EuYMV and accumulating at a low titer. Likewise, in
our study, which comprised an extensive survey in sampling
sites covering states from the south to the north of Brazil,
EuYMV was the only begomovirus found.

Previous studies found a high level of genetic variability in
begomovirus populations infecting non-cultivated hosts.
Compared with Macroptilium yellow spot virus (MaYSV;

p=0.06580 for the full-length of DNA-A), EuYMV has a
lower degree of variability [31, 36]. We found that the
EuYMV DNA-B showed higher genetic variability com-
pared with the DNA-A, in agreement with previous studies,
which suggested that bipartite begomovirus components
have distinct evolutionary histories [30].

A number of previous studies have indicated that EuYMV
belongs to a phylogenetic lineage distinct from other begomo-
viruses isolated in Brazil. Silva et al. [12] isolated EuYMV
from Macroptilium atropurpureum, and found EuYMV clus-
tering with viruses from Central America. Tavares et al. [25]
isolated EuYMV from Sida santaremnensis, and indicated that
EuYMV is related to a group comprised mostly by begomovi-
rus found in Central and North America. Similarly, Fernandes
et al. [24] isolated EuYMV from E. heterophylla, and described
EuYMV isolates as more closely related to Peruvian and North
American begomoviruses than to Brazilian begomoviruses,
hypothesizing that EuYMV was introduced into Brazil. These
authors placed EuYMV in the so-called Squash leaf curl virus
(SqLCV) clade [24]. Some species of this clade have distinct
but overlapping host ranges, and Idris et al. [37] demonstrated
that members of the SqLCV clade can form viable pseudore-
combinants able to extend their host ranges. Rocha et al. [29]
indicated the clustering of EuYMV with Central and North
American begomovirus, and also pointed to a recombinant
origin of EuYMV, detecting an interspecific recombination
event with a major parent from Central America. In our
DNA-A dataset, which only comprises EuYMV sequences, no
recombination events were detected. Thus, although recombi-
nation seems to be involved in the origin of EuYMV, it
appears that no intraspecies recombination occurred in the
DNA-A once the viral population established itself in Brazil.
However, it must be pointed out that the low degree of genetic
variability amongst EuYMV isolates makes it difficult to dis-
tinguish between recombinants and parental sequences.

In contrast to the DNA-A dataset, five recombinant isolates
were detected in the DNA-B dataset, with two events involv-
ing breakpoints located within coding regions, which are con-
sidered to be ‘cold spots’ for recombination among
begomoviruses [38]. These recombination events could
explain the higher variability of the DNA-B compared with
the DNA-A.

Information on the intraspecific genetic variability of begomo-
viruses is relevant to provide clues about virulence and disper-
sion [12, 29, 32, 36, 39–43]. We assessed the genetic variability
of EuYMV, investigated the factors that determine the genetic
structure and described how the genetic variability is distrib-
uted within the subpopulations. The distribution of variability,
generated by mutation or recombination, in the viral popula-
tions depends on genetic drift and selection, but it is often dif-
ficult to differentiate between the effects of genetic drift and
those of selection [40]. Because EuYMV is essentially the only
virus found in E. heterophylla and is only rarely found in other
hosts, it is a good viral system to study the effects of genetic
drift and selection in the population structure, since it experi-
ences less influence from adaptive selection to different hosts.
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We tried to highlight how these evolutionary processes could
shape the genetic variability of EuYMV populations, using the
information on variability between subpopulations to identify
the genome sites that contribute most to the geographical
structure proposed, and studying the effects of selection while
considering the contribution of polymorphic sites within
coding regions.

A great effort has been made to define begomovirus popula-
tion differentiation according to geographical origin. Some
studies, using Bayesian clustering approaches implemented
in the program STRUCTURE, aimed to identify the popula-
tion structure at a global [32] or local [29] scale. We pro-
vided the first analysis comparing the population structure
in a large sampled area using two different methods: Bayes-
ian clustering and multivariate statistical analysis. For simu-
lated data, multivariate analysis using DAPC proved to be
as accurate as STRUCTURE [44]. Using STRUCTURE, we
were able to differentiate two subpopulations based on sam-
pling locations, which corresponded to the two major clades
inferred by phylogenetic analysis. However, the application
of DAPC seemed to be more suitable for our dataset, since
it also allowed the differentiation of six subpopulations
according to sampling locations and in agreement with
phylogenetic analysis.

Similar to begomoviruses, the cryptic species complex of
B. tabaci exhibits a strong geographical pattern in a global
context [45]. However, studies analysing the population
structure within each species of B. tabaci at a local scale
failed to find evidence of isolation by distance. Such non-
geographical structuring could indicate long-distance
migrations [46, 47]. De Barro [48] detected six genetic pop-
ulations in the Asia–Pacific region with little or no gene
flow between them. It is possible that the migration is lim-
ited by the year-round availability of hosts in tropical
regions [47]. Low genetic diversity was observed in NW
populations in comparison with OW populations [45]. In
Brazil, B. tabaci MEAM1 is prevalent, but the New World 1
(NW1) and New World 2 (NW2) species have also been
reported in different regions [49], and the Mediterranean
(MED) species was recently reported in the southern region
[50]. A lack of information about the genetic structure of
B. tabaci populations in Brazil prevented us from compar-
ing the viral population structure in relation to (or as a
function of) that of B. tabaci.

Genetic variability was higher in subpopulations from
regions where the agricultural landscape has a greater diver-
sity of hosts, for example pop3 from MS. Environmental
heterogeneity could also modulate the genetic structure of
both host and virus. Landscape heterogeneity affecting the
genetic structure of viral populations was demonstrated for
two bipartite begomoviruses, Pepper golden mosaic
(PepGMV) and Pepper huasteco yellow vein virus (PHYVV),
by comparing neighbouring populations of wild and
human-managed chiltepin (Capsicum annuum glabriuscu-
lum), a host with a large degree of genetic variability and
strong spatial structure [51]. The prevalence of each virus

was significantly higher in cultivated than in wild popula-
tions. Nevertheless, the effect of ecosystem biodiversity on
the genetic diversity depended on the virus species. The loss
of biodiversity at higher levels of habitat anthropization was
associated with increased genetic diversity of PepGMV but
not of PHYVV [52]. A possible influence of E. heterophylla
diversity and agro-climate environment in the EuYMV pop-
ulation structure will be addressed in our future studies.

DAPC analysis allowed the visual assessment of between-
population differentiation and the contribution of individ-
ual alleles to population structuring. The genome sites that
were most markedly different across the proposed subpopu-
lations were highlighted as contributing the most to genetic
divergence. These sites were mapped in the genome and
compared at the level of amino acid changes. We found
each gene/subpopulation to be under different selective
pressures, albeit with a tendency for purifying selection to
act upon each subpopulation. Many more sites were evolv-
ing under negative selection compared to positive selection,
in agreement with previous studies that demonstrated nega-
tive selection predominating in coding regions during the
evolution of plant viruses [29, 31, 39, 40]. In general, nega-
tive selection was predominant in all six subpopulations.

We were able to reconstruct the phylogenetic analysis solely
using the sites that contributed most, demonstrating that these
polymorphisms hold supporting information to discriminate
between subpopulations and may contain valuable clues to
understand the main evolutionary mechanisms underlying
genetic differentiation. Considering the predominance of neg-
ative selection acting on the EuYMV populations, the poly-
morphisms were ranked according to three descriptions:
synonymous substitutions, non-synonymous substitutions
with the same type of amino acid and non-synonymous sub-
stitutions with a different type of amino acid. The mechanism
underlying substitutions was most likely genetic drift, with dif-
ferent alleles being fixed or changing in frequency, yielding
random fluctuations in the number of variants present in each
subpopulation. On the other hand, different types of amino
acids being translated in each subpopulation could be evi-
dence of distinct features being selected at each sampling loca-
tion, contributing to the genetic divergence among isolates
from different subpopulations. The importance of these poly-
morphisms in the adaptability of each isolate to different envi-
ronmental conditions could be assessed by directional
mutation in infectious clones.

In conclusion, EuYMV has a lower degree of genetic vari-
ability compared with other begomovirus populations
infecting non-cultivated plants, and only a few intraspecific
recombination events (restricted to the DNA-B dataset)
were detected. EuYMV displays a different pattern from
that commonly observed in begomovirus populations (high
variability and frequent recombination events), but never-
theless, similar to other begomoviruses, segregates accord-
ing to sampling location. It could be a good system to study
the standing genetic variability of begomovirus populations
and how genetic drift and selection contribute to maintain
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the patterns of begomovirus population diversity from a
geographical structuring perspective.

METHODS

Sampling

Samples of E. heterophylla plants showing typical symptoms
of begomovirus infection (yellow mosaic, leaf curling and
stunting) were collected in locations throughout the states
of Amazonas (AM), Goi�as (GO), Mato Grosso do Sul (MS),
Minas Gerais (MG), Paraíba (PB), Pernambuco (PE), Par-
an�a (PR), Rio Grande do Sul (RS) and Santa Catarina (SC)
and in the Federal District (DF) from 2009 to 2014 (Tables
S1 and S2). Samples from southern Brazil (RS, PR, SC and
MS) were mainly collected within and near maize, soybean
and wheat fields. The MS agricultural landscape has a
greater diversity of hosts. Samples from GO/DF and from
the northeastern states (PB and PE) were collected within
and near common bean fields. Samples from AM and MG
were collected in natural wild habitats. For each sample the
following information was recorded: date of collection, GPS
coordinates of the sampling location and symptoms
(description and digital image of the sample at the time of
collection). The samples were stored in plastic bags and
transported to the laboratory where they were press-
mounted until DNA extraction [53].

Cloning and sequencing of full-length begomovirus
genomes

Viral genomes were amplified using rolling-circle amplifica-
tion (RCA) according to Inoue-Nagata et al. [54]. Aliquots of
the amplification products were subjected to cleavage with
restriction enzymes to obtain fragments of approximately
2600 nucleotides (nt), corresponding to one genomic copy of
each DNA component. These fragments were cloned into the
pBLUESCRIPT-KS+ (Stratagene) plasmid vector and
completely sequenced at Macrogen, Inc. (Seoul, Republic of
Korea). Species assignment was based on the ICTV-estab-
lished cut-off of 91% nt sequence identity for the full-length
DNA-A [55] using pairwise comparisons performed with
SDT v. 1.2 [56].

Recombination and phylogenetic analysis

Multiple sequence alignments were performed using the
MUSCLE algorithm [57]. Partitions in viral genomes with con-
flicting evolutionary histories were detected using RDP, Gene-
conv, Bootscan, Maximum Chi Square, Chimaera, SisterScan
and 3Seq methods, as implemented in the RDP4 program
[58], using default settings for each analysis method and a
Bonferroni-corrected P-value of 0.05. Only recombination
events detected by at least four methods were considered reli-
able. Recombinant blocks were eliminated from the data sets.
Bayesian analysis was performed with MrBayes 3.0 [59] using
the models selected by MrModeltest2.2 [60] in the Akaike
information criterion (AIC). Two independent analyses were
conducted, each running at least 10 000 000 generations. Phy-
logenetic trees were visualized and edited using FigTree 1.3
(http://tree.bio.ed.ac.uk/software/figtree/).

Genetic structure of the viral population

The main descriptors of molecular variability were esti-
mated using DnaSP v. 5 [61]. The average pairwise num-
ber of nucleotide differences per site (nucleotide diversity,
p) was estimated using a sliding window of 100 nt, with a
step size of 10 nt. The statistical significance of the differ-
ences amongst the mean nucleotide diversity obtained
from different datasets was calculated according to Lima
et al. [62]. The correlation between distance matrices was
tested by Mantel’s test using the vegan package in R soft-
ware [63]. Two methods were used to infer population
subdivision and assign individuals to each subpopulation.
To support the assumption of linkage equilibrium for
STRUCTURE analysis, a null hypothesis of linkage equi-
librium was tested by Monte Carlo simulations using the
program LIAN v. 3.7 [64] as proposed by Prasanna et al.
[32]. Bayesian clustering using STRUCTURE [65] was
performed in ten independent runs of 1 000 000 Markov
chain Monte Carlo (MCMC) replications with a burn-in
of 10 000 runs for each K-value varying from 1 to 10. The
suitable K-values were determined by the higher likeli-
hood of [Ln P (D)] [66]. For a better visualization of the
genetic structure, the ancestry coefficients were plotted in
a map generated in Philcarto software [67]. Multivariate
statistical analysis using discriminant analysis of principal
components (DAPC) was performed with the package
adegenet implemented in R software [44]. Preliminary
subpopulations were inferred by K-means run sequen-
tially with increasing values of K, retaining all principal
components (PCs), and different clustering solutions were
compared using the Bayesian information criterion (BIC).
After assigning individuals to each inferred subpopula-
tion, the optimum PC values were investigated to assess
the percentage of successful reassignment, a-scores and
cross-validation. Wright’s F fixation index [68] was esti-
mated for the distinct inferred subpopulations with 10 000
replications in DnaSP v. 5 [61] to support each inferred
subpopulation. In addition, different population subdivi-
sion hypotheses were tested by analysis of molecular vari-
ance (AMOVA) implement in Arlequin v. 3.5 [69] and
the proper assignment of each isolate into a subpopula-
tion was checked by spatial analysis of molecular variance
(SAMOVA), defining populations that are geographically
homogeneous and maximally differentiated from each
other [70]. To provide insights into the underlying causes
of maintenance of begomovirus geographical structuring
we inspected the associated site loadings. As proposed by
Jombart [44], the contributions of sites were plotted for a
single DAPC discriminant function at a time. We scat-
tered the density of individuals in each subpopulation,
and computed the contribution of sites given a threshold
of 0.01. Assuming only sites covering coding regions, the
frequencies of the 23 most contributing sites were plotted
according to geographical structuring, mapped in the
genome and compared at the level of amino acid changes.
We also reconstructed a Bayesian-inferred tree based on
variable amino acids of the sites that contributed most.
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Detection of negative and positive selection

Three types of neutrality tests were used to test for the
occurrence of selection in populations: Tajima’s D and Fu
and Li’s D* and F*. The analyses were performed with
DnaSP v. 5 [61]. Amino acid sites under selection were
investigated with the maximum likelihood based-methods
available in the DataMonkey webserver [71], after determin-
ing nt substitution models in MODELTEST and screening
for recombination using GARD [72]. The SLAC method
was used to estimate the mean ratios of non-synonymous to
synonymous substitutions (dN/dS) for each open reading
frame in the DNA-A components of each
EuYMV subpopulation.
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