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a b s t r a c t

Viruses of the genus Mastrevirus (family Geminiviridae) are transmitted by leafhoppers and infect either
mono- or dicotyledonous plants. Here we have determined the full length sequences of 49 dicot-
infecting mastrevirus isolates sampled in Australia, Eritrea, India, Iran, Pakistan, Syria, Turkey and Yemen.
Comprehensive analysis of all available dicot-infecting mastrevirus sequences showed the diversity of
these viruses in Australia to be greater than in the rest of their known range, consistent with earlier
studies, and that, in contrast with the situation in monocot-infecting mastreviruses, detected inter-
species recombination events outnumbered intra-species recombination events. Consistent with
Australia having the greatest diversity of known dicot-infecting mastreviruses phylogeographic analyses
indicating the most plausible scheme for the spread of these viruses to their present locations, suggest
that most recent common ancestor of these viruses is likely nearer Australia than it is to the other regions
investigated.

& 2013 Elsevier Inc. All rights reserved.
Introduction

Throughout the agricultural regions of Australia, south and
north-east Africa, the Middle East and India, mastreviruses are
recognised as potentially important threats to chickpea (Cicer
arietinum), lentil (Lens culinaris), bean (Phaseolus vulgaris) and
tobacco (Nicotiana tabacum) production (Farzadfar et al., 2002;
Hadfield et al., 2012; Halley-Stott et al., 2007; Horn et al., 1994,
1993; Kumari et al., 2004, 2008; Makkouk et al., 2003; Mumtaz
et al., 2011; Nahid et al., 2008; Schwinghamer et al., 2010; Thomas
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et al., 2010). Besides being economically important export crops
for countries such as Australia, pulses such as lentils, chickpeas
and beans are key dietary staples in northern Africa, India,
Pakistan and the Middle East with India alone producing around
five million tonnes per annum over four decades upto 2005
(Knights et al., 2007). By influencing the yields of important food
crops in these populous and often agriculturally marginal regions,
pathogens including mastreviruses threaten the food security of a
substantial number of the world's most economically vulnerable
people.

Mastreviruses (Family Geminiviridae) are single stranded DNA
(ssDNA) viruses with �2.5–2.7 kb circular genomes that are encap-
sidated in twinned isometric viral particles (Harrison, 1985). Mem-
bers of the mastrevirus genus include species which infect either
dicotyledonous (dicot) or monocotyledonous (monocot) hosts that
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are transmitted by leafhoppers, and have genomes expressing four
proteins – two encoded on the virion strand and two on the
complementary strand. The movement protein and coat protein
which are encoded on the virion strand are required for systemic
spread and encapsidation, whereas two replication associated pro-
teins, Rep and RepA are translated from alternatively spliced com-
plementary sense transcripts and are required for replication (Dekker
et al., 1991; Mullineaux et al., 1990; Schalk et al., 1989; Wright et al.,
1997). These mastreviruses and related ssDNA viruses that replicate
by a rolling circle mechanism (Jeske et al., 2001; Martin et al., 2011a)
all have virion strand origins of replication containing a highly
conserved nonanucleotide sequence (TAAT[A/G]TTAC in gemini-
viruses) bounded by an inverted repeat sequence that is capable of
forming a hairpin (Heyraud et al., 1993).

According to the most recent report by the ICTV Geminiviridae
Study Group on mastrevirus classification there are six known
species of dicot-infecting mastrevirues (Muhire et al., 2013). One
species, Chickpea chlorotic dwarf virus (CpCDV), has been found
only in the Middle East (including Turkey), Africa and India (Ali
et al., 2004; Horn et al., 1993; Mumtaz et al., 2011; Nahid et al.,
2008). All five of the other recognised species have only ever been
found in Australia. These include Chickpea redleaf virus (CpRLV)
(Thomas et al., 2010), Chickpea yellows virus (CpYV) (Hadfield et al.,
2012), Chickpea chlorosis virus (CpCV) (Hadfield et al., 2012;
Thomas et al., 2010), Chickpea chlorosis Australia virus (CpAV)
(Hadfield et al., 2012) and Tobacco yellow dwarf virus (TYDV)
(Hadfield et al., 2012; Morris et al., 1992). This known distribution
of dicot-infecting mastrevirus species is less extensive than that of
the monocot-infecting mastreviruses which have been identified
in Africa, Europe, Asia, Indian Ocean islands, throughout the Pacific
rim and, more recently, in the Caribbean (Muhire et al., 2013;
Rosario et al., 2013).

Consistent with the notion that Australia is both the present
centre of dicot-infecting mastrevirus diversity and is close to the
regionwhere these viruses first emerged, are that CpCDV is the only
dicot-infecting mastrevirus species to be discovered outside of
Australia, and phylogenetic evidence indicating that CpCDV forms
a distinct monophyletic clade with high statistical support that is
nested within a much larger clade that contains the five Australian
species (Hadfield et al., 2012) It is, however, also possible that this
view of dicot-infecting mastrevirus diversity has been biased by the
fact that Australia is the site where these viruses have been most
intensively sampled. It is entirely plausible that, as more dicot-
infecting mastreviruses are sampled from elsewhere in the world, a
completely different picture will emerge.

In order to get a better perspective of the extent of dicot-
infecting mastrevirus diversity in other parts of the world we
determined the full genome sequences of 30 isolates from symp-
tomatic leaf material collected in north-east Africa, the Middle
East (including Turkey) and India between 1993 and 2005. We also
determined the full genome sequences of 19 dicot-infecting
mastrevirus isolates recovered from symptomatic plant samples
collected in Australia between 2002 and 2011. This dataset was
analysed together with all previously described monocot- and
dicot-infecting mastreviruses and through this we identified six
divergent strains of CpCDV.

Despite 10 years of effort sampling dicotyledonous plant
species and using methods such as rolling circle amplification
and next generations sequencing to identify and recover circular
ssDNA viruses from infected plant material, the only regions of the
world where dicot infecting mastreviruses have been conclusively
identified are the Middle East, East Africa, Australia and South
Africa. However, fragments of a dicot-infecting mastrevirus-like
genome have been discovered through deep sequencing of small
RNAs extracted from Peruvian sweet-potatoes (Kreuze et al., 2009)
suggesting that the currently known distribution of these viruses
is almost definitely an under-estimation of their geographical
range. It is nevertheless possible for us to determine which of
the regions where these viruses have been sampled is nearest to
their geographical origin. Our results support the prevailing notion
that the degree of dicot-infecting mastrevirus diversity outside of
Australia is lower than that within Australia and that the dicot-
infecting viruses discovered in the former regions most likely
originated either in or near Australia.
Results and discussion

Classification of new dicot-infecting mastrevirus full genome
sequences

Forty-nine dicot-infecting mastrevirus genomes (Table 1) were
recovered from chickpea (n¼40), lentil (n¼4), faba bean (n¼2),
field pea (n¼2) and bean (n¼1). These 49 viral genomes and 48
others available in GenBank were assembled into a single dataset
and genome-wide pairwise identities between every possible pair
of sequences were calculated (1 minus p-distance calculated with
pairwise deletion of gaps; Fig. 1A) so as to assess the over-all
genetic diversity of these viruses. Based on the recommendations
of Muhire et al. (2013) 18 of the 19 Australian dicot-infecting
mastrevirus genomes could be assigned to previously named
species and strain groupings; TYDV (1/19), CpCAV (7/19), CpCV-A
(3/19), CpCV-B (1/19), and CpCV-E (6/19). The one exceptional
Australian dicot-infecting isolate was clearly a member of the
species CpCV but was o87% similar to any previously described
CpCV isolate and was therefore assigned to a new strain of this
species: CpCV-F. The 30 dicot-infecting mastreviruses from north-
east Africa, the Middle East and the Indian subcontinent were all
CpCDV isolates, either classifiable as members of the previously
described CpCDV strains -A (11/30), and -D (2/30), or, because they
shared o94% identity to isolates in previously described strains,
were assigned to new strains -F (8/30), -G (2/30), -H (1/30),
-I (1/30), -J (1/30) and -K (4/30).

It is evident both from the identity scores of all pairs of
available dicot-infecting mastrevirus sequences and the maximum
identity scores of all pairs of isolates within individual species that
even within individual species there is a greater diversity amongst
the known Australian dicot-infecting mastrevirus isolates than
there is amongst the CpCDV isolates found across north-east
Africa, South Africa, the Middle East, Turkey, Pakistan and India
combined (Fig. 1).

Complex patterns of inter- and intra-species recombination amongst
dicot-infecting mastreviruses

As has been demonstrated previously with smaller datasets,
recombination has played a major role in the evolution of dicot-
infecting mastreviruses (Hadfield et al., 2012; Martin et al., 2011b).
A total of 16 intra-species and 10 inter-species recombination
events were detected. Although 12 of the recombination events
were detected here were previously identified by Martin et al.
(2011b) and Hadfield et al. (2012), the additional full genome
sequences generated during this study has increased the resolu-
tion with which many of these recombination events can be
characterised (Fig. 2).

Several groups of isolates apparently carry evidence of multiple
independent recombination events. For example, the CpCV-F
isolate has evidence of one intra-species recombination event
involving the acquisition by an ancestral CpCV-E-like virus of a
cp gene fragment from a CpCV-C-like virus (event 1 in Fig. 2).
The ancestral CpCV-E-like sequence from which the ancestor of
the CpCV-F sequences was likely derived was, as is the case with



Table 1
Host and country of origin details for all full dicot-infecting mastrevirus genomes deposited in GenBank, including those from this study. GenBank accessions in bold were
are genomes determined in this study.

Species Strain GenBank no. Country Host common name Host Sampling year

CpCDV CpCDV-A FR687959 Syria Chickpea Cicer arietinum 2008
KC172662 Turkey Chickpea C. arietinum 1996
KC172663 Iran Chickpea C. arietinum 1996
KC172655 Iran Chickpea C. arietinum 1999
KC172653 Iran Chickpea C. arietinum 1999
KC172654 Iran Chickpea C. arietinum 2002
KC172656 Iran Chickpea C. arietinum 1999
KC172657 Iran Chickpea C. arietinum 1999
KC172658 Iran Chickpea C. arietinum 1999
KC172659 Iran Chickpea C. arietinum 1999
KC172660 Iran Chickpea C. arietinum 1999
KC172661 Iran Field Pea Pisum sativum 1999

CpCDV-B Y11023 South Africa Bean Phaseolus vulgaris 1997
DQ458791 South Africa Bean P. vulgaris 1997
AM849096 Pakistan Chickpea C. arietinum 2005

CpCDV-C AM849097 Pakistan Chickpea C. arietinum 2005
AM850136 Pakistan Chickpea C. arietinum 2007
AM900416 Pakistan Chickpea C. arietinum 2007

CpCDV-D FR687960 Pakistan Chickpea C. arietinum 2008
KC172664 India Chickpea C. arietinum 1993
KC172665 India Field Pea P. sativum 1993

CpCDV-E AM933135 Sudan Chickpea C. arietinum 1997
AM933134 Sudan Chickpea C. arietinum 1997

CpCDV-F KC172666 Pakistan Lentil Lens culinaris 1997
KC172669 Yemen Lentil L. culinaris 1996
KC172672 Yemen Lentil L. culinaris 1996
KC172673 Yemen Lentil L. culinaris 1996
KC172670 Yemen Faba bean Vicia faba 1996
KC172671 Yemen Faba bean V. faba 1996
KC172667 Syria Chickpea C. arietinum 2003
KC172668 Syria Chickpea C. arietinum 1999

CpCDV-G KC172674 Eritrea Chickpea C. arietinum 2005
KC172675 Eritrea Chickpea C. arietinum 2005

CpCDV-H KC172676 Eritrea Chickpea C. arietinum 2005
CpCDV-I KC172677 Eritrea Chickpea C. arietinum 2005
CpCDV-J KC172678 Eritrea Chickpea C. arietinum 2005
CpCDV-K KC172679 Eritrea Chickpea C. arietinum 2005

KC172680 Eritrea Chickpea C. arietinum 2005
KC172681 Eritrea Chickpea C. arietinum 2005
KC172682 Eritrea Chickpea C. arietinum 2005

CpCV CpCV-A GU256530 Australia Chickpea C. arietinum 2002
JN989413 Australia Chickpea C. arietinum 2002
JN989414 Australia Chickpea C. arietinum 2002
JN989415 Australia Chickpea C. arietinum 2002
KC172685 Australia Chickpea C. arietinum 2010
KC172683 Australia Chickpea C. arietinum 2002
KC172684 Australia Chickpea C. arietinum 2002

CpCV-B GU256531 Australia Chickpea C. arietinum 2003
KC172690 Australia Chickpea C. arietinum 2011

CpCV-C JN989416 Australia Chickpea C. arietinum 2002
JN989417 Australia Chickpea C. arietinum 2002

CpCV-E JN989438 Australia Bean Phaseolus sp. 1984
JN989426 Australia Chickpea C. arietinum 2002
JN989437 Australia Chickpea C. arietinum 2002
JN989429 Australia Chickpea C. arietinum 2002
JN989434 Australia Chickpea C. arietinum 2002
JN989428 Australia Chickpea C. arietinum 2002
JN989430 Australia Chickpea C. arietinum 2002
JN989431 Australia Chickpea C. arietinum 2002
JN989432 Australia Chickpea C. arietinum 2002
JN989433 Australia Chickpea C. arietinum 2002
KC172699 Australia Chickpea C. arietinum 2002
KC172698 Australia Chickpea C. arietinum 2002
KC172694 Australia Chickpea C. arietinum 2002
KC172695 Australia Chickpea C. arietinum 2002
KC172696 Australia Chickpea C. arietinum 2002
KC172697 Australia Chickpea C. arietinum 2002

CpCV-F KC172700 Australia Chickpea C. arietinum 2002

CpCAV JN989418 Australia Bean P. vulgaris 2007
JN989419 Australia Chickpea C. arietinum 2010
JN989420 Australia Chickpea C. arietinum 2010
JN989421 Australia Chickpea C. arietinum 2010
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Table 1 (continued )

Species Strain GenBank no. Country Host common name Host Sampling year

JN989422 Australia Chickpea C. arietinum 2002
JN989423 Australia Chickpea C. arietinum 2003
KC172691 Australia Chickpea C. arietinum 2011
KC172693 Australia Chickpea C. arietinum 2011
KC172692 Australia Chickpea C. arietinum 2011
KC172689 Australia Chickpea C. arietinum 2002
KC172686 Australia Chickpea C. arietinum 2003.
KC172687 Australia Chickpea C. arietinum 2003
KC172688 Australia Chickpea C. arietinum 2003

CpRLV GU256532 Australia Chickpea C. arietinum 2003

CpYV JN989439 Australia Chickpea C. arietinum 2002

TYDV M81103 Australia Tobacco Nicotinana sp. 1992
JN989440 Australia Tobacco Nicotinana sp. 1986
JN989445 Australia Tobacco Nicotinana sp. 1985
JN989446 Australia Tobacco Nicotinana sp. 2002
JN989441 Australia Bean P. vulgaris 2010
JN989442 Australia Bean P. vulgaris 2010
JN989443 Australia Bean P. vulgaris 2010
KC172702 Australia Bean P. vulgaris 2010
JN989444 Australia Chickpea C. arietinum 2002
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all contemporary CpCV-E and CpCV-A sequences, in turn carrying
evidence of a likely much older inter-species recombination event
involving the transfer of a rep gene fragment from a CpCAV-like
sequence into the genome of a CpCV-B-like sequence (Event F in
Fig. 2). More recently than the two previously discussed events
detectable within the CpCV-F sequences, a small region of the SIR
of a common ancestor of these sequences appears to have been
derived by recombination from a currently unknown monocot-
infecting mastrevirus species (Event G in Fig. 2). Similarly complex
recombination patterns are detectable within the sampled CpCV-A
and CpCDV-K genomes suggesting that such convoluted evolu-
tionary histories might be fairly common amongst dicot-infecting
mastreviruses.

Consistent with previous analyses of the monocot-infecting
mastreviruses, we detected (1) that intra-species recombination
events, in most cases, have tended to involve transfers of larger
genome fragments (average of 22% ranging between 10% and 49%
of the genome) than inter-species recombination events (average
of 17% ranging between 10% and 30% of the genome; Martin et al.,
2001; Varsani et al., 2009a, 2008b) and (2) that there are clear
recombination breakpoint hotspots within the LIR and SIR genome
regions (Martin et al., 2011b), and (3) a greater number of
recombination breakpoints in the complementary sense genes
than in the virion sense genes (Hadfield et al., 2012; Kraberger
et al., 2012; Martin et al., 2011b; Owor et al., 2007; Varsani et al.,
2009a, 2008b). The concentration of recombination breakpoints
within the intergenic regions of these viruses enabled us to
construct two relatively recombination-free datasets correspond-
ing to the cp and rep gene regions of the full genome dataset –

hereafter respectively referred to as the CP and Rep datasets.
Contrary to recombination detected amongst the monocot-

infecting mastreviruses (Monjane et al., 2011; Varsani et al.,
2009a, 2008a, 2008b), and far more reminiscent of recombination
patterns detectable in the dicot-infecting begomoviruses (Lefeuvre
et al., 2007; Padidam et al., 1999), is the fact more inter-species
recombination events are detectable in the dicot-infecting mas-
treviruses than intra-species recombination events (16 vs 10
events respectively). It is unclear why inter-species recombination
might be more common in the dicot-infecting geminiviruses than
it is in the monocot-infecting geminiviruses. It might suggest that
the plant and/or geographical host ranges of dicot-infecting
mastreviruses overlap, or at least have overlapped, more than
those of the monocot mastreviruses, leading to more frequent co-
infection of plants, a prerequisite for recombination to occur.
Alternatively there may be a greater selection pressure against
sequence changes in monocot-infecting which tend to have a
narrow host range. As more sequence data accumulates for these
groups and for the newly discovered monocot-infecting gemini-
viruses, potentially representing a new genus (Varsani et al.,
2009b) it will be interesting to see whether this pattern holds.

The geographical origin of the dicot-infecting mastreviruses

The WDV-rooted ML phylogenetic tree constructed from
sequences with the tracts of recombinationally derived sequence
removed, indicated that the MRCA of these viruses (the node at
the root of the tree in Fig. 1) is probably Australian. Also, as has
been suggested in previous analyses the diversity of dicot-
infecting mastreviruses in Australia is clearly far greater than that
seen amongst the currently sampled African, Middle-Eastern,
Turkish and Indo-Pakistani sequences.

Given that the sequences examined here were sampled over
a period of only 27 years (1984–2011) it was unsurprising that
our three datasets yielded only weak support for the presence of
a molecular clock signal (Path-O-Gen derived correlation coeffi-
cients ranging between 0.20 and 0.25). Since this indicated that
the analysed datasets could not be productively used to esti-
mate accurate nucleotide substitution rates, it was not possible
for us to accurately date any of the historical dispersal events
indicated by our phylogeographic analyses. Nevertheless, of the
various molecular clock (strict and relaxed) and demographic (con-
stant population size, Bayesian skyline plot) models tested the
constant population size+relaxed-clock model fitted the data best.

The maximum clade credibility (MCC) trees constructed using
these models applied to the full genome, Rep, and CP datasets with
sequences sampled from the Western Mediterranean (WM), Asian
(AS) the Middle Eastern (ME), East African (EA), Southern African
(SA) and Australian (AU) regions are presented in Fig. 3 (Supple-
mentary Figs. S1,S2). For all of the analysed datasets Australia was
indicated the most likely origin of the MRCA of all the analysed viruses
(note the colour of the lines at the basal nodes of the trees in Fig. 3,
Supplementary Figs. S1–S5). Specifically, Australia had 0.8735 posterior
probability support as the root location state for the CP dataset, 0.8333
for the Rep dataset, and 0.6932 for the full genome dataset.

When the same data were analysed but with the sampling
locations randomized amongst the analysed sequences the most
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probable root locations were inferred to be either East Africa for
the CP dataset (P¼0.1789) or the Middle east for the Rep
(P¼0.1697) and full genome dataset (P¼0.1701) suggesting that
Fig. 1. (A) Maximum likelihood phylogenetic tree (constructed with the nucleotide su
sequences (with recombinant regions removed). The trees were rooted with WDV. Boots
branches with less than 60% bootstrap support have been collapsed. Countries of origin
study have accession numbers KC172653–KC172702. (B) Two dimensional percentage pa
strain and species.
our results were not inherently biased in favour of identifying
Australia as the location of the MRCA (Fig. 3, Supplementary Figs.
S1 and S2).
bstitution model GTR+G4) of all available dicot-infecting mastrevirus full genome
trap support for branches is indicated by open (60–89%) and closed circles (490%),
are represented by colours shown in key. Viral isolate sequences determined in this
irwise identity plot matrix of a representative dicot-infecting mastrevirus from each



Fig. 2. (A) Illustration of recombination events amongst all dicot-infecting mastrevirus isolates. Inter-species recombination events are represented in grey and have an
associated letter code. Intra-species events are represented in black and have an associated number code. Arrows above the genome maps indicate the positions on these
maps of the mp (movement protein), cp (coat protein), repA (replication associated A protein) and rep (replication associated protein) genes. (B) Details of all recombination
events detected using RDP4. Major and minor parents are inferred based on genetic fragments they donated to the recombinant, with the major parent donating the larger
fragment and the minor parent the smaller fragment. Methods used to detect recombination are as follows RDP (R) GENCONV (G), BOOTSCAN (B), MAXCHI (M), CHIMERA
(C), SISCAN (S) and 3SEQ (T). The method with the most significant associated p-value is indicated in bold for each event.
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Plausible routes of dicot infecting mastrevirus movement out of
Australia

Collectively four statistically supported (BFlog1045.0) virus
movements between the six analysed locations were inferred
from the three analysed datasets (Fig. 3).

These involved initial movements out of Australia to both South
Africa (BFlog10¼179.8, 69.0, 26.9) and to the horn of Africa
(BFlog10¼21.8, 25.7, 5.2) with subsequent dispersal from the
Middle East to Asia (BFlog10¼550.1, 56.7, 363.1), and from horn of
Africa to the Middle East (BFlog10¼203.7, 435.4, 41.9) for the full
genome, rep and CP datasets respectively.
Conclusion

Dicot-infecting mastreviruses have been identified in Australia,
Africa, the Middle East and the Indian subcontinent as important
crop pathogens. This study extends our current knowledge of the
diversity of these viruses in these regions with the addition of 49
full genomes. Amongst these genomes are isolates of seven new
divergent strains from two different species. Of particular interest
is our recombination analysis which revealed a surprisingly high
level of inter-species recombination events between dicot-
infecting mastrevirus from two geographically distant regions, a
pattern which while consistent with that found in dicot-infecting
begomoviruses, is in contrast with that found in the monocot-
infecting mastreviruses (Kraberger et al., 2012; Shepherd et al.,
2010; Varsani et al., 2008a, 2008b). Such a high frequency of
recombination events coupled with evidence that recombination
has likely contributed to the emergence of various geminiviruses
as agricultural pests during modern times (Rocha et al., 2013;
Varsani et al., 2008b), highlights the importance of continual
surveillance to monitor for the presence and identities of these
viruses in the environment so as to identify potentially new
pathogens that may evolve to threaten agriculture.

Pulses were among the first cultivated plants, with some of the
oldest archaeobotanical evidence indicating that the Middle East is
one of the ancient centres of this practice (Mikić, 2012; Tanno and
Willcox, 2006). Given that the Middle East and surrounding countries
have such a long history of the cultivation of pulses in comparison
with Australia it is surprising that Australia harbours a greater diversity
of dicot-infecting mastreviruses than Africa, the Middle East and India
combined. The corrective measures that we have taken to account for
recombination and sampling biases strengthen our conclusion that the
MRCA of the currently known dicot-infecting mastreviruses is most



Fig. 3. (A) Maximum clade credibility tree constructed from the dicot-infecting mastrevirus full genome dataset under the GTR+G4 nucleotide substitution model, constant
population size demographic model, a relaxed-clock evolutionary model and a discretised spatial diffusion phylogeographic model. This later model considered spatial
diffusion between six geographic locations and included only a randomly selected subset of 10 of the Australian mastreviruses included in Fig. 1. Branches and taxon names
are coloured according to the region where they were collected. Posterior support greater than 90% is indicated by a filled circle and greater than 70% by an open circle at the
nodes. Probabilities obtained with randomisation of the tip locations are provided as grey bars for each location. (B) Plausible historical movement pathways of dicot-
infecting mastreviruses inferred using the full genome dataset. The spatial dynamics of dicot-infecting mastreviruses movements were inferred using the discrete
phylogeographic model considering only the six geographical regions from which the analysed viruses were sampled.
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likely nearer Australia than the other sampling locations that were
considered. It is nevertheless important to stress that Australia is
merely the region amongst those that have been sampled where the
MRCA of the analysed sequences originated. The MRCA of these
sequences could have actually existed in any of the many regions of
the world where samples have not been collected, with descendants
of these sequences having simply passed through Australia en route to
the other geographical regions that have been considered here.
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Similarly, the MRCA of the sequences considered here is not necessa-
rily the MRCA of all the dicot-infecting mastreviruses currently
circulating on Earth, and is almost certainly also not the “first”
mastrevirus that infected dicotyledonous hosts. Given that fragments
of a highly divergent virus genome resembling those of dicot-infecting
mastreviruses has been detected in the Peruvian sweet potato
germplasm collection (Kreuze et al., 2009), it is entirely plausible that
the viruses considered here are part of a much more diverse, but
currently undiscovered, global dicot-infecting mastrevirus population.

Without much more intensive sampling of dicot-infecting mas-
treviruses, both in the regions considered here and across the vast
areas of Asia, Africa, the Pacific Rim and the Americas where these
viruses have remained unsampled, we cannot yet hope to pinpoint
the actual geographical origins of either the MRCA of all dicot-
infecting mastreviruses or the location of the first dicot-infecting
mastrevirus. With the application of modern molecular tools and
new metagenomic approaches to mastrevirus discovery (Rosario
et al., 2013), we anticipate that there will be a rapid increase in the
diversity of known dicot-infecting mastreviruses that should greatly
increase the resolution with which the movement pathways and
geographically origins of these viruses can be determined.

GenBank accession♯: KC172653–KC172702
Materials and methods

Sample collection, virus isolation and genome cloning

Samples from 49 pulses [chickpea (C. arietinum), lentil
(L. culinaris), faba bean (Vicia faba), field pea (Pisum sativum) and
bean (P. vulgaris), collected in Syria (n¼2), Pakistan (n¼1), India
(n¼2), Turkey (n¼2), Eritrea (n¼9), Iran (n¼9), Yemen (n¼5) and
Australia (n¼19)] which had previously been identified to be
positive for mastreviruses either by PCR or ELISA were used in
this study (Supplementary Table S1 details host species for each
sample). Total DNA was extracted from plant sap or dried plant
material using Epoch nucleic acid purification kits (Epoch Life
Science, USA). Enrichment of circular viral DNA from total DNA
was carried out using the Illustra TempliPhi Amplification Kit (GE
Healthcare, USA) as previously described by Owor et al. (2007) and
Shepherd et al. (2008). Viral DNA amplicons were then digested
using the restriction enzymes HindIII or XmnI which yielded
�2.6 kb linearised unit length genomes. These were gel purified
and ligated at either the HindIII or XmnI sites of the cloning vector,
pGEM3Zf+ (Promega Biotech, USA).

We used a polymerase chain reaction (PCR) amplification
approach to recover viral genomes from 44 of the 49 TempliPhi
enriched DNA samples for which we were unable to find a unique
restriction enzyme. Degenerate back-to-back primers (dicot for-
ward 5′-GAN TTG GTC CGC AGT GTA GA-3′, dicot reverse 5′-GTA
CCG GWA AGA CMW CYT GG-3′), previously described by Hadfield
et al. (2012) were used to amplify full length dicot-infecting
mastrevirus genomes using Kapa HiFi HotStart DNA polymerase
(Kapa Biosystems, USA) with the following thermocycling condi-
tions: 94 1C for 3 min, 25 cycles of 98 1C (3 min), 52 1C (30 sec),
72 1C (2.45 min) and a final extension of 72 1C for 3 min. PCR
amplicons were ligated into linearised pJET1.2 vector (CloneJET™
PCR cloning kit, Fermentas, USA). All plasmids with cloned viral
genomes were sequenced at Macrogen (Korea) by primer walking.

Sequence assembly and pairwise sequence analyses

Viral genome sequences were assembled using DNAMAN
(version 7; Lynnon Biosoft, Canada). Forty-eight dicot-infecting
mastrevirus full genome sequences available in public databases on
24 October 2012 and the wheat dwarf virus sequence (AM040732;
included as an outlier) were obtained and aligned with the
sequences determined in this study using MUSCLE (Edgar, 2004).
The nucleotide sequence alignment thus obtained was manually
edited using MEGA5 (Tamura et al., 2011). Similarly, putative Rep, MP
and CP encoding sequences of the 97 virus genomes were compu-
tationally translated and aligned using MEGA5 with manual editing.
Pairwise identities (1 � p-distance, with pairwise deletion of gaps) of
the full dicot-infecting mastrevirus genomes were determined using
SDT v1.0 (Muhire et al., 2013).

Recombination analysis and construction of mostly recombination-
free datasets

Recombination analysis within the dicot-infecting mastre-
viruses was performed using RDP4 (Martin et al., 2010), with the
following methods: RDP, GENECONV (Padidam et al., 1999), Boot-
scan (Martin et al., 2005), Maxchi (Smith, 1992), Chimera (Posada
and Crandall, 1998), Siscan (Gibbs et al., 2000), and 3Seq (Boni
et al., 2007). Potential recombination signals were accepted as
being genuine evidence of actual recombination events when they
were detected with three or more of the seven methods (with
associated p-values of o10�3) coupled with phylogenetic support
for recombination having occurred.

Based on the recombination analysis two mostly recombination-
free sequence alignments corresponding to a coat protein (CP) gene
dataset and a Rep gene dataset were extracted from the full genome
sequence alignments.

Phylogenetic analyses and identification of the likely origin of
dicot-infecting mastreviruses

A maximum likelihood (ML) phylogenetic tree of the aligned
full genome sequences, with recombinant region removed, was
constructed using PHYML version 3 (Guindon et al., 2010) with
1000 non-parametric bootstrap replicates with GTR+G4 selected
as the best fit nucleotide substitution model using RDP 4 (Martin
et al., 2010) and rooted with Wheat dwarf virus (WDV). Branches
with less that 60% bootstrap support were manually collapsed
using MESQUITE (Version 2.75).

We opted to use Bayesian maximum clade credibility (MCC) trees
produced using the computer program BEAST (Drummond et al.,
2012) to evaluate the likely geographical origin of the dicot-infecting
mastreviruses. These trees were time-calibrated based on sequence
sampling times with the root location based on the most plausible
dating of the most recent common ancestor (MRCA) of the analysed
sequences. Each of the MCC trees produced by BEAST represented an
entire distribution of similarly plausible trees and explicitly accounted
for phylogenetic uncertainty during their inference. Furthermore,
besides offering fully probabilistic models of sequence evolution,
BEAST also implements phylogeographic models of sequence move-
ment between discrete sampling locations (such as between cities,
provinces, countries or other discrete geographical regions). These
models have been employed previously to investigate the movement
dynamics the monocot-infecting mastrevirus species, Maize streak
virus (Monjane et al., 2011) and the begomovirus species, Tomato
yellow leaf curl virus (Lefeuvre et al., 2010) and East African cassava
mosaic virus (De Bruyn et al., 2012). The discrete phylogeography
model used here to infer when and where the MRCA of the dicot-
infecting mastreviruses existed considered geographic diffusion
among six discrete sample locations: the Western Mediterranean
(WM), Asia (AS) the Middle East (ME), East Africa (EA), Southern
Africa (SA) and Australia (AU).

Since previous analyses have indicated that sampling biases
can strongly influence the phylogeographic inference of ancestral
sequence locations in BEAST (De Bruyn et al., 2012; Lefeuvre et al.,
2010; Monjane et al., 2011) we took steps to both directly reduce
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the influences of these biases prior to analyses and to test for the
effects of any biases after the analyses were concluded. Specifi-
cally, we randomly removed all but 10 of the Australian sequences
from the full genome, CP and Rep datasets pre-analysis. Post-
analysis we directly evaluated the effects of residual sampling
biases on the inferred geographical location of the MRCA by
randomly swapping sampling locations among the sequences
followed by revaluation of the MRCA location state. This test
would indicate that a sampling bias had influenced inference of
the MRCA location if the same locations(s) were indicated for the
MRCA in both the randomised and un-randomised analyses.

For each of the analysed datasets independent replicate runs of
the Markov chain of 2�107 steps were performed using BEAST so
as to achieve effective sample size (ESS) estimates for all relevant
model parameters that were always 4200.

The degree of clock-like evolution evident within the analysed
sequence datasets (full genome, CP and Rep) was evaluated using
root-to-tip genetic distance vs sampling date regression analyses
based on inferred neighbor-joining trees using the computer
program, Path-O-Gen (available from http://tree.bio.ed.ac.uk/soft
ware/pathogen/) (Drummond et al., 2003).

We used the computer program SPREADv1.0.4 (Bielejec et al.,
2011) (available from http://www.kuleuven.ac.be/aidslab/phylo
geography/SPREAD.html) to perform Bayes factor (BF) tests of
potential epidemiological links between the analysed geographical
regions revealed by the phylogeographic analyses performed by
BEAST. In these tests we accepted BFlog10 values greater than or
equal to 5.0 as being indicative of significant statistical support
for movement between pairs of geographical regions (where
a BFlog104100 was taken to represent decisive support, a
BFlog10410.0 was taken to represent strong support and a
BFlog10o5.0 was taken to represent poor support.). SPREAD was
then used to produce .kml formatted files containing information
on BF test supported routes of virus movement. These files can be
viewed using the computer program, Google Earth (available from
http://earth.google.com).
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