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Abstract Most mastreviruses (family Geminiviridae)
infect monocotyledonous hosts and are transmitted by
leafthopper vectors. Only two mastrevirus species, Tobacco
yellow dwarf virus from Australia and Bean yellow dwarf
virus (BeYDV) from South Africa, have been identified
whose members infect dicotyledonous plants. We have
identified two distinct mastreviruses in chickpea stunt
disease (CSD)-affected chickpea originating from Pakistan.
The first is an isolate of BeYDV, previously only known to
occur in South Africa. The second is a member of a new
species with the BeYDYV isolates as its closest relatives. A
PCR-based diagnostic test was developed to differentiate
these two virus species. Our results show that BeYDV
plays no role in the etiology of CSD in Pakistan, while the
second virus occurs widely in chickpea across Pakistan. A
genomic clone of the new virus was infectious to chickpea
(Cicer arietinum L.) and induced symptoms typical of
CSD. We propose the use of the name Chickpea chlorotic
dwarf Pakistan virus for the new species. The significance
of these findings with respect to our understanding of the
evolution, origin and geographic spread of dicot-infecting
mastreviruses is discussed.
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Introduction

Geminiviruses (family Geminiviridae) are small single-
stranded (ss) DNA plant viruses that are subdivided
taxonomically into four genera on the basis of genome
organization, host range and insect vector [44]. Members
of the genus Mastrevirus are transmitted by leafthoppers,
and the majority infect monocotyledonous plants. There
are currently only two known members of the genus that
are adapted to dicotyledonous hosts, namely tobacco yel-
low dwarf virus (TbYDYV), originating from Australia
[38], and bean yellow dwarf virus (BeYDV), originating
from South Africa [14, 29]. Their widely separated geo-
graphical locations and genetic diversity suggest that
many more distinct dicot-infecting mastreviruses may
await discovery.

The genomes of mastreviruses contain four open reading
frames (ORFs) which are conserved in all the viruses
characterised (reviewed by [4]). Two ORFs (V1 and V2,
encoding the coat protein [CP] and movement protein
[MP], respectively) are encoded on the virion-sense strand,
and two ORFs (C1 and C2, also known as Rep A and Rep
B, respectively) are transcribed from the complementary-
sense strand [30, 31]. A characteristic feature of mastre-
virus genomes is that the virion- and complementary-sense
OREFs are separated by a large intergenic region (LIR) and
a small intergenic region (SIR) which contain regulatory
elements. The pattern of complementary-sense ORF
translation found in mastreviruses is unique among the
geminiviruses. The full-length replication-associated pro-
tein (Rep) is expressed from a spliced transcript of the C1
and C2 ORFs [49], while Rep A is expressed from a
transcript spanning the C1 ORF. Rep is the only virus-
encoded product required for viral DNA replication [42]
and is involved in nicking and joining of DNA strands at
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the origin of replication [18]. The Rep A protein activates
virion-sense gene expression [8].

The agent causing chickpea stunt disease (CSD) has
long been suspected to be a geminivirus [20, 21]. CSD
occurs across North Africa, the Middle East and the Indian
subcontinent [20, 22, 28, 33-36]. The disease affects sev-
eral pulse crops including chickpea (Cicer arietinum L.),
faba bean (Vicia faba L.) and lentil (Lens culinaris Medik.)
and more recently has been shown to affect bean (Phase-
olus vulgaris L.) and sugarbeet (Beta vulgaris L.).
Although numerous viruses have been shown to cause
diseases similar to chickpea stunt [22], the virus causing
the disease across North Africa, the Middle East and the
Indian subcontinent was shown to be a geminivirus. Horn
et al. [20] showed the presence of characteristic “gemi-
nate” virus particles in affected chickpea samples
originating from India and showed the virus to be trans-
mitted by a leathopper (Orosius orientalis (Matsumura)).
Serological analyses showed the virus, for which the name
chickpea chlorotic dwarf virus (CpCDV) was coined, to be
unrelated to the only other dicot-infecting, leafthopper-
transmitted geminiviruses known at that time; beet curly
top virus and TbYDV. Despite these advances in cha-
racterising the virus causing CSD, no sequence of CpCDV
has been obtained, and the precise nature and relationship
of the virus to other geminiviruses remains unclear.

We have surveyed the chickpea-growing areas of
Pakistan, screening for the presence of dicot-infecting
mastreviruses and have identified viruses of two distinct
species associated with plants showing CSD-like symp-
toms. Isolates of the viruses were cloned and their genomes
sequenced. The significance of these results for our
understanding of the evolution and present distribution of
these viruses are discussed.

Materials and methods
Sample collection and DNA extraction

Samples of chickpea (Cicer arietinum) were collected in
Faisalabad in 2004, 2006 and 2007 and from Layyah in
2005 and 2007. Nucleic acids were extracted from frozen
leaf samples by the CTAB method [9]. Total nucleic acid
extracts were resuspended in sterile distilled water and
maintained at —20°C until use.

Amplification and cloning of viruses
A pair of oligonucletide primers (DMF—5'-GTCGACGA
TGATATTATAGGTGGCG-3’; DMR—5-GTCGACAT

CCCCTTCAAGTTCGTCC-3") was designed based on
the aligned sequences of all available dicot-infecting
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mastreviruses available in the databases. The primers were
designed to amplify the whole genome of the virus and
contain a Sall restriction endonuclease site for downstream
manipulation.

Rolling-circle amplification (RCA [13]) using ¢29
polymerase (Fermentas) was used to amplify circular DNA
molecules from nucleic acid extracts. Amplification reac-
tions (20 pl) contained 50 pM random hexamer primers, 5
units 29 polymerase, 1 mM dNTPs and 1 unit pyro-
phosphate in 1x reaction buffer (provided by the
manufacturer). Amplifications were initially heated to 94°C
in a PCR machine and slowly cooled to room temperature
and the polymerase added before being maintained at 30°C
overnight. Reaction products were digested with HindIIl
and cloned into suitably restricted pTZ57R (Fermentas).

A diagnostic procedure to distinguish the two mast-
reviruses was developed. This multiplex PCR-based
procedure used three primers designed to the sequences of
CCD6 and CCD14 (a common reverse primer [5'- GAAG
TACACTCGGAAATAACCATTTACATA -3'; spanning
nucleotides 1,139-1,110 of CCD6 and 1,136-1,107 of
CCD14], a forward primer specific for CCD6 [5'-TAAAA
GGCGCACTAATGGGTAGACCGTAGA-3’;  spanning
nucleotides 102—131] and a forward primer specific for
CCD14 [5-CTATATGAAAGTGTTTAGAGCTCCATT
TCA-3’; spanning nucleotides 713-742]). In reactions
containing sequences equivalent to CCD6, an approxi-
mately 1,000-bp product is produced. In the presence of
sequences equivalent to CCD14, reactions yield a product
of approximately 400 bp.

Sequencing and sequence analysis

The complete nucleotide sequences of clones were deter-
mined by dideoxynucleotide chain-termination sequencing
using the PCR-based BIG DYE kit (Perkin-Elmer Cetus)
and specific internal primers. Sequencing products were
resolved commercially (UCT Sequencing Services and
Macrogen, Korea). Sequence information was stored,
assembled and analysed using the Lasergene sequence
analysis package (DNAStar Inc., Madison, WI, USA)
running on an IBM-compatible PC.

Phylogenetic analyses were conducted on matrices of
aligned sequences using the neighbour-joining and bootstrap
options of Phylip (ver. 3.5¢) running on an IBM-compatible
personal computer. Sequence alignments were produced
using CLUSTAL X [46]. Phylogenetic dendrograms were
viewed, manipulated and printed using Treeview [39].

Inoculation and analysis of plants

Clone CHP3, resulting from @29 polymerase-mediated
RCA, was selected to produce a construct for
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Agrobacterium-mediated inoculation. The clone was
digested with HindIIl and EcoRI to yield an 850-bp frag-
ment, which was ligated into the binary vector pGreen [16]
to yield p0.3CHP3. The full-length HindIII insert of CHP3
was then ligated into the unique HindIlI restriction site to
yield p1.3CHP3. pl.3CHP3 was finally transferred into
Agrobacterium tumefaciens strain GV3101 by electropor-
ation. Agrobacterium cultures were prepared and inoculated
to plants as described previously by Hussain et al. [23] for
Nicotiana benthamiana Domin. and N. tabacum L., and by
Mandala et al. [37] for chickpea.

Results
Two mastreviruses are present in chickpea in Pakistan

Samples of chickpea showing two distinct symptom phe-
notypes, a generalised chlorosis of the youngest parts of the
plant (Fig. 1a) and a reddening of the younger leaves
(Fig. 1b), were collected in Faisalabad and Layyah in 2004
and 2005, respectively. These two symptom types have
previously been described and are attributed to differing
varietal responses [22]. Initial screening of the chickpea
samples from Faisalabad by PCR gave positive amplifica-
tion with the universal dicot-mastrevirus primers, yielding
the expected approximately 2,500-bp product (results not
shown). These products were cloned, and two clones
(CCD6 and CCD14), originating from a single plant, were
sequenced and analysed. Analysis of the sequences (as
detailed in the following sections) indicated the presence of
two distinct viruses. To be able to distinguish these viruses

Fig. 1 Typical symptoms of
chickpea stunt disease (CSD) on
chickpea in the field. The
symptoms are usually a
chlorosis of the leaves
appearing after infection (b).

In some varieties there is a
pronounced reddening of the
leaf margins (a). Symptoms
exhibited by Sesbenia bispinosa
growing in the vicinity of
chickpea fields affected by
CSD, showing either leaf
curling (c), or yellowing (e),
compared to an asymptomatic
plant (d)

in plants, a diagnostic multiplex-PCR procedure was
developed. Use of this procedure showed the presence of
only sequences equivalent to CCD6 in all other chickpea
samples analysed from both Faisalabad in 2006 and Lay-
yah in 2005 (10 plants positive out of 18 analysed). RCA of
samples collected in 2007, followed by multiplex PCR,
showed four samples positive for sequences equivalent to
CCD6 (none positive for sequences equivalent to CCD14)
out of 12 analysed. These findings indicate that the virus
equivalent to CCDG6 is the prevalent pathogen of chickpeas
in the areas of Pakistan investigated. The virus equivalent
to CCD14 was only encountered in a single chickpea plant
originating from Faisalabad in 2004.

Sequence analysis

The complete sequences of two clones (CCD6 and CCD14)
obtained by PCR-mediated amplification from DNA
extracts of chickpea originating from Faisalabad in 2004,
and two clones (CHP3 and CHP8) amplified with ¢29
polymerase from DNA extracts of chickpea samples orig-
inating from Layyah in 2007, were determined in both
orientations with no ambiguities remaining. The features of
these sequences and database accession numbers are given
in Table 1.

With the exception of clone CHP8, the sequences have
an arrangement of predicted ORFs typical of geminiviruses
of the genus Mastrevirus [4, 44]. This is illustrated for
clone CHP3 in Fig. 2 and consists of two ORFs encoded in
the virion sense (V2 and V1) and two encoded in the
complementary sense (Cl and C2), diverging from an
intergenic region which contains a predicted hairpin

@ Springer



1444

N. Nahid et al.

Table 1 Open reading frames in the viruses cloned from Pakistan

Clone Database  Length Coding capacity (amino acids) [nucleotide coordinates of start/stop codons]

accession  (bp) . R

number V1 (CP) V2 (MP) Cl(Rep A) C2 (Rep B) C1:C2 (Rep) {size of intron; bp}©
CCD6 AMS849097 2,581 245 [423/1,160] 92 [132/410] 292 [2,406/1,528] 144 [1,750/1,316] 334 {86} [2,406/1,816-1,729/1,316]

CCD14 AMS849096 2,561
CHP3 AMS850136 2,584
CHP8 AMO900416 2,583

245 [420/1,157] 92 [129/407] 292 [2,470/1,520]* 144 [1,742/1,308]> 358 {86} [2,470/1,808-1,721/1,308]
245 [423/1,160] 92 [132/410] 292 [2,408/1,530]
245 [423/1,160] 92 [132/410] 292 [2,407/1,529]¢ 144 [1,751/1,317]

144 [1,752/1,318] 334 {86} [2,408/1,818-1,731/1,318]

334 {86) [2,407/1,817-1,730/1,317]"

? In common with BeYDV, the CCD14 C1 ORF has an upstream methionine, which could result in a 316-aa product. However, the work of Liu
et al. [30] suggests that it is the second methionine codon which is utilised for initiation of translation, resulting in a predicted 292-aa product. For
BeYDV-MLD, the upstream methionine would result in a 319-aa product [14]

® The C2 ORF lacks a methionine start codon
¢ Size of the predicted product of the spliced C1 and C2 ORFs

4 The mutated C1 ORF was reconstructed by replacement of the stop codon (TGA) at position 2,332 with an arginine (AGA) codon, which is

present in this position for the other three clones

2500

2000
CHP3

2584 bp

Fig. 2 Circular representation of the genomes of mastreviruses based
upon the sequence of CHP3. The positions and orientations of
conserved open reading frames are indicated by arrows. The intron that
is spliced out to produce the C1-C2 fusion is indicated as a grey box.
The position of the conserved hairpin, containing the invariant
nonanucleotide sequence (TAATATTAC), is indicated at position zero

structure with the loop sequence TAATATTAC (known as
the nonanucleotide sequence). For one of the clones
(CCD14), the C2 ORF does not include an initiation codon
(ATG). This is not unusual, since the C2 ORF of mastre-
viruses is characteristically translated from a spliced
transcript which joins the C1 and C2 ORFs. The spliced
mRNA encodes the replication-associated protein (Rep),
the only virus-encoded protein required for viral DNA
replication (reviewed in [4, 15]). The sequences of all four
clones contain consensus splice donor and acceptor
sequences which are predicted to excise an intron of 86
nucleotides, yielding a spliced C1:C2 product that encodes
a predicted product (Rep) of 334 amino acids (Table 1).
Comparisons of the sequences of the four clones indi-
cate that they fall into two distinct groups (Table 2).

@ Springer

Clones CCD6, CHP3 and CHP8 show a high degree of
nucleotide sequence identity (>98.7%). In contrast, CCD14
shows significantly lower levels of nucleotide sequence
identity to the other three clones (<87%). This finding
suggests that the four clones represent two distinct
mastreviruses.

Sequence comparisons with viruses of the genus
Mastrevirus

Sequence alignments show CCDI4 to be most closely
related to isolates of BeYDV (the sequence showed 99.8
and 96.8% nucleotide sequence identity to BeYDV [29]
and BeYDV-MId [14], respectively) and was less related to
CCD6/CHP3/CHP8 (<86.5% identity) and TbYDV (67.1%
identity). The levels of identity of CCD14 with the
monocot-infecting mastrevirus sequences were very low
(<50%). In contrast, CCD6/CHP3/CHP8 were less similar
to BeYDV (<86.5 and <86.4% nucleotide sequence
identity to BeYDV and BeYDV-MId, respectively) but
showed similar levels of identity to TYDV (<67.1%) and
the monocot-infecting mastreviruses (<51.5%) as CCD14.
These findings suggest that the virus represented by
CCD14 is an isolate of BeYDV but that CCD6, CHP3 and
CHPS8 represent a distinct species within the genus Mas-
trevirus. This is supported by phylogenetic analysis based
upon an alignment of the complete nucleotide sequences of
the four clones obtained from chickpea with selected other
mastreviruses (Fig. 3a). This shows that CCD14 groups
closely with the two BeYDV isolates, while the other
clones from chickpea form a distinct branch that is
approximately equidistant between the BeYDV isolates
and TbYDV. Branches separating these groupings have
good bootstrap support. The tree additionally shows a
distinction between the dicot- and monocot-infecting
mastreviruses that has been noted previously [14, 29].
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Table 2 Nucleotide and amino acid sequence identities between the complete genomes and predicted gene products of the clones from Pakistan

and selected other mastreviruses

Virus CCD6 CCD14 CHP3 CHP8 BeYDV BeYDV-MId TbYDV  MSV-[ZA] WDV-[SE] CSMV
CCD6 86.1 984  98.2 86.0 86.1 65.7 44.8 49.8 51.5
CCD14 V1l 88.6 86.4  86.4 99.8 97.0 67.1 45.1 49.2 43.8
V2 90.2
Cl 908
C2  84.0
CHP3 V1  99.6 89.0 98.7 86.4 86.3 66.1 44.9 49.8 44.5
V2 989 91.3
Cl 973 88.7
c2 979 83.3
CHPS V1  99.6 89.0 100 86.5 86.4 67.0 453 50.2 43.2
V2 989 91.3 100
Cl  96.99 89.0 98.3
C2  98.6 82.6 99.3
BeYDV V1l 837 95.1 84.1 84.1 972 66.2 45.3 49.3 43.9
V2 913 98.7 924 924
Cl1 9038 99.4 89.4  89.7
C2 833 99.3 84.0 833
BeYDV-MId V1  83.7 95.1 84.1 84.1 100 66.8 449 49.1 43.7
V2 913 95.7 924 924 96.7
Cl  90.1 94.9 88.7 88.7 95.5
C2 833 95.1 83.3 83.3 95.8
TbYDV vVl 502 494 51.0 51.0 44.7 44.7 45.3 49.0 43.2
V2 522 54.3 533 533 554 54.3
Cl 1705 67.5 709  71.6 68.1 67.5
c2 792 77.8 80.6 80.6 78.5 778
MSV-[ZA] V1l 320 31.1 324 324 28.7 28.7 28.7 41.8 51.5
V2 250 22.8 250 250 239 23.9 23.8
Cl 342 342 34.2 342 327 33.1 33.8
C2 521 52.1 52.1 52.1 52.8 52.8 52.7
WDV-[SE] V1l 318 27.8 314 314 29.2 29.2 25.8 28.3 40.4
V2 40.0 40.0 38.9 38.9 40.0 38.9 41.1 25.6
Cl 326 32.6 32.6 32.6 33.0 33.0 34.5 31.1
C2 569 60.4 56.9 56.9 61.1 60.4 57.5 46.6
CSMV V1 349 34.0 353 353 31.5 31.5 30.3 39.8 26.6
V2 163 16.3 16.3 16.3 16.3 16.3 15.7 16.8 14.4
Cl 305 30.8 30.1 30.1 30.8 30.5 325 34.6 333
c2 529 55.9 522 529 56.6 55.9 52.2 47.1 333

Percentage nucleotide identities between full-length sequences are shown above the diagonal and percentage amino acid sequence identities for

the four ORFs are shown below the diagonal

Phylogenetic analysis of alignments of the inferred amino
acid sequences of the predicted proteins of the four clones
from Pakistan with the homologous products from other
mastreviruses show the same topology as that with the full-
length nucleotide sequences (results not shown).

A phylogenetic analysis based upon an alignment of the
predicted amino acid sequences of the coat proteins of the
viruses isolated from Pakistan with other selected viruses

in shown in Fig. 3b. The viruses include representatives
from all four genera with distinct arthropod vectors
(whitefly, treehopper, and leafhopper). This shows the coat
proteins of CCD6/CHP3/CHPS to be closely related to
those of BeYDV/CCD14. This possibly indicates that the
two distinct groups are transmitted by the same vector
species. The coat proteins of these viruses are much more
closely related than those of Panicum streak virus,
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Fig. 3 Neighbour-joining phylogenetic dendrograms based upon
alignments of the complete nucleotide sequences (a), or predicted
coat protein amino acid sequences (b), of the four sequences from
Pakistan (highlighted with black boxes) and selected other geminiv-
iruses. The full-length nucleotide tree was arbitrarily rooted on the
sequence of tomato golden mosaic virus (TGMV; a distantly related
geminivirus). The viruses used are bean yellow dwarf virus (BeYDV,
Chloris striate mosaic virus (CSMV), Digitaria streak virus (DSV),
maize streak virus (MSV), tobacco yellow dwarf virus (TbYDV), and
wheat dwarf virus (WDV). The tree based on the coat protein amino
acid sequence includes representative viruses from all the Gemini-
viridae genera. The vector species, where known, is indicated along
the right, and vectors that are not leafthoppers are indicated. The
viruses used (in addition to those mentioned for panel a) are barley
dwarf virus (BDV), beet curly top virus (BCTV), beet severe curly top
virus (BSCTV), horseradish curly top virus (HrCTV), oat dwarf virus
(ODV), Miscanthus streak virus (MiSV), Panicum streak virus

sugarcane streak Egypt virus, sugarcane streak Reunion
virus and maize streak virus, which are nevertheless
transmitted by the same Cicadulina vectors [1, 6, 40]. The
only peculiarity in this group is Digitaria streak virus, a
virus related to the African streak viruses but transmitted
by Nesoclutha declivata (Linnavuori) [25]. The evolu-
tionary origins of this virus and its relationship with
N. declivata remain a mystery. The coat proteins of viruses
transmitted by Neoalithurus tenellus (Baker) and Pas-
mmotettix alienus (Dhalb.) also show levels of variation
comparable to those between CCD6/CHP3/CHPS and
BeYDV/CCD14. However, based on this analysis one
might conclude that TbYDV is transmitted by a vector
species distinct from CCD6/CHP3/CHP8 and BeYDV/
CCD14.

Comparisons of the predicted amino acid sequences of
the Rep proteins of the four chickpea clones with those of
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(PanSV), spinach curly top virus (SpCTV), sugarcane streak Egypt
virus (SSEV), sugarcane streak Reunion virus (SSREV) and tomato
pseudo-curly top virus (TPCTV). The tree was rooted on the whitefly-
transmitted Malvastrum yellow vein virus (MaYVV). The standar-
dised isolate descriptors and database accession numbers are shown in
each case. The vector of TbYDV, Orosius argentatus, is shown with a
question mark, since this may be a synonym of Orosius orientalis. For
CHP3, CHPS and CCD6, the presumed vector Orosius orientalis is
shown with a question mark, since the progeny virus of the clones has
yet to be shown to be transmissible by this leafthopper species. DSV
and its vector Nesoclutha declivata are highlighted since, although the
virus groups with the African streak viruses, it is not transmitted by
the vector of the African streak viruses (various Cicadulina species).
Numbers at nodes equal percentage bootstrap scores (1,000 repli-
cates). Vertical distances are arbitrary; horizontal distance are equal
to calculated mutation distances

BeYDV shows the majority of sequence changes to occur
in two clusters between coordinates 211-221 and 310-346
of the alignment (Fig. 4). The region between amino acids
211-221 is immediately downstream of the predicted
retinoblastoma binding motif [32] and surrounds the
sequences of the splice junction. Possibly, Rep is more
tolerant of sequence changes in this region, with only the
need, at the nucleotide level, to maintain motifs required
for splicing. No function has been identified for the amino
acid sequences at the C-terminus of Rep, and it is possible
that the sequences between 310 and 346 are structural and
thus more tolerant of amino acid changes.

The Rep alignment additionally shows the iteron-related
domain (IRD) of CCD14 to be the same as that of BeYDV
and TYDV (FRLQ), whereas the IRDs of CCD6, CHP3
and CHPS are unique (FRFQ), not shared with any other
geminivirus. The IRD sequences of Rep are predicted to be
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BeYDV
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ccD14
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TYDV +..Q....EPR.A.T.I 226
BeYDV 334
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TYDV VDo deeiiereanscrsocsssssasssosscnsnans V.C..... D....LKN.SPA.IE...A..I..F.YAA..... P.o.... 337
Walker B

Fig. 4 Alignment of the predicted amino acid sequences of the Rep
proteins of the viruses isolated from chickpea to those of BeYD and
TbYDV. Gaps (-) are introduced to optimise the alignment. Only
amino acids at each position differing from CCD14 are shown,
otherwise they are indicated with a dot (.). Highlighted are the iteron-
related domain (IRD), the retinoblastoma-like protein binding

the sequences that interact with the viral DNA to initiate
rolling-circle replication of the genome [2]. Geminivirus
Rep proteins are sequence-specific DNA-binding proteins
that recognise repeated motifs (known as “iterons”) adja-
cent to the nonanucleotide-containing hairpin structure that
together form the origin of virion-strand DNA replication.
The predicted iteron of CCDI4 and BeYDV is
‘TGGAGGCA’ with the core sequence ‘GGAG’ [2].
CCD6, CHP3 and CHPS8 share the same ‘GGAG’ core
sequence but have a distinct iteron sequence, ‘TGGAG
ACA’ (CCD6 having a T at position three in the 3’ repeat
of the motif). Whether these sequence changes will pre-
clude the trans-replication of the genome of one by the Rep
from the other is unclear, but it does show the distinct
nature of the two groups of viruses.

Infectivity analysis

The infectivity of clone CHP3 was assessed by Agro-
bacterium-mediated inoculation of a partial repeat
construct to plants. The cloned virus was infectious to N.
benthamiana, with symptoms typically appearing within
20 days of inoculation. Nineteen out of 20 plants inocu-
lated were PCR positive with diagnostic primers and
showed intense yellowing and downward leaf curling
symptoms similar to those described for BeYDV [29].
Inoculation to N. tabacum (two plants infected out of ten

sequence (RBR), three sequence motifs conserved between initiator
proteins of rolling-circle DNA replication (Motif I-1I; [24, 27]) and
the NTP-binding site (Walker A and B; [47]). The position of the
splice is indicated by an arrow. Sequences before this position are
encoded by the C1 ORF, whereas those after it are encoded by C2

inoculated) resulted in plants with greatly reduced apical
leaves, which were dark green and with some downward
leaf curling (Fig. 5). These symptoms typically appeared
within 30-40 days of inoculation, at which point plants
ceased growing and failed to flower. Chickpea plants
inoculated with p1.3CHP3 showed foliar yellowing and
reduced leaf size within approximately 25-30 days of
inoculation (three plants infected out of 30 inoculated).
Plants were also stunted in comparison to non-inoculated
controls.

Identification of alternate hosts

A number of plants species that are common in the vicinity
of chickpea fields and frequently show virus-like symptoms
were assessed for infection by mastreviruses. Lentils (Lens
culinaris), sesame (Sesamum indicum L.; nine plants ana-
lysed) and the weed Fumaria parviflora Lam. (eight plants
analysed) were uniformly negative when screened with the
diagnostic primers by PCR. The leguminous weed Sesba-
nia bispinosa (Jacq.) W. Wight, sometimes grown as a
fodder crop, was positive by diagnostic PCR. Of seven
plants analysed, one showed the presence of the virus
equivalent to CCD6/CHP3/CHP8 and 2 showed the pres-
ence of both viruses. Sesbania plants that were shown to be
infected exhibited either a generalised chlorosis or leaf
curling of the youngest leaves (Fig. 1).
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Fig. 5 Symptoms induced in
Nicotiana tabacum (a), and

N. benthamiana (c), by infection
with CHP3 by agroinoculation.
In each case, a healthy, non-
inoculated plant is shown for
comparison (panels (b) and (d)
respectively)

Discussion

Only two dicot-infecting mastreviruses, originating from
geographically diverse regions, have thus far been identi-
fied and characterised. The virus historically called
chickpea chlorotic dwarf virus (CpCDV) is one of a
number of viruses that cause CSD. The causative agent has
been presumed to be a mastrevirus from the presence of
geminate particles in affected plants and its transmission by
a leathopper vector, as well as its serological cross-reac-
tivity to TbYDV. However, the virus was not previously
characterised, and is listed as a tentative member of the
genus Mastrevirus [11, 44].

The species demarcation criteria for mastreviruses
presently include the following: a 75% nucleotide sequence
identity level cut-off, above which two viruses should be
considered strains of a single species; no trans-replication
of genomic components of a second virus; and differences
in host range or pathogenicity [10]. Lack of trans-repli-
cation, however, is not a reliable character, since, for
example, the genome of the African mastrevirus Panicum
streak virus is trams-replicated by viruses in the distinct
species Maize streak virus [48]. The sequences of CCD6/
CHP3/CHP8 show approximately 86% identity to BeYDV,
thus being significantly different but still above the
threshold value, possibly indicating that CCD6/CHP3/
CHPS are simply divergent strains of BeYDV. However,
we demonstrate that BeYDV is not commonly found in
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chickpea, indicating a distinct host range of these two
viruses. In addition, the presence of distinct iteron-related
domains as well as distinct interon sequences would sug-
gest that Reps and iterons of the two viruses are
incompatible. Based on these findings, we propose that
CCD6, CHP3 and CHPS be considered isolates of a distinct
species for which we propose a derivation of the name
which has been in common use for some time, Chickpea
chlorotic dwarf Pakistan virus (CpCDPV). This is neces-
sary, since a related, but distinct, virus causing CSD has
been identified in Sudan (B. Gronenborn, unpublished
results). Similar arguments have been made for the pro-
posed mastrevirus species now known as Oat dwarf virus
and Barley dwarf virus. These viruses show greater than
75% nucleotide sequence identity to Wheat dwarf virus but
are nevertheless considered members of distinct species
based on biological properties [26, 43]. This highlights the
need to revisit the species demarcation criteria for the
genus Mastrevirus, given that they were formulated solely
on the properties of the very different African grass-
infecting viruses.

The virus now designated CpCDPV has been known to
occur in Pakistan since the 1990s, and chickpea is an
important pulse crop grown across large areas of Pakistan
[34]. To determine the precise aetiology of CSD across
Pakistan, we set out to clone and sequence the virus. In the
course of doing so, however, we encountered two distinct
viruses. The first is an isolate of BeYDV, a virus not
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previously identified outside of southern Africa. By far the
most abundant virus in chickpea is the second virus, which
is closely related to but distinct from BeYDV. It is this
virus that, at least in Pakistan, is the causative agent of
CSD and for which we propose the use of the name
CpCDPV. It remains to be seen whether, in the large area
where CpCDV has been reported previously based on
serological and biological identification, the disease is
caused by isolates of the virus we report here, or whether
further distinct mastreviruses will be shown to be involved.

The arthropod vector of TbYDV is reported to be the
leathopper Orosius argentatus (Evans), which was previ-
ously known as Thamnotettix argentata (Evans), and is a
synonym of the species Orosius orientalis (Matsumura)
[17, 19, 45]. The vector of BeYDV has yet to be identified.
However, for CpCDV (and thus probably for CpCDPV),
the vector is reported to be Orosius orientalis [20, 21]
suggesting that BeYDV might also be transmissible by this
leathopper species. Geminiviruses encode only a single
structural protein, the CP, which mediates interactions with
the vector and thus controls vector specificity [5]. Previous
studies have shown a weak serological reaction between all
three viruses; TbYDV, BeYDV and CpCDV [29]. Com-
parisons of the predicted CP amino acid sequences of
CpCDPV and BeYDV shows them to have above 88%
identity, further indicating that they may be vectored by the
same species of leathopper. In contrast, the TbYDV CP
shows only 57.5% amino acid sequence identity or less to
the BeYDV isolates and CpCDPV. Despite this, TbYDV
and CpCDPV are most probably transmitted by the same
leafthopper species or possibly closely related races of the
same species. It is thus possible that all three virus species
are transmitted by distinct biotypes/races of Orosius ori-
entalis, with the viruses and possibly the insect diverging
due to geographic separation.

Available evidence suggests that CpCDV occurs across
a wide geographical area, from India to northern Africa.
However, BeYDV has previously only been reported from
South Africa [14, 29]. This raises the question as to whe-
ther the presence of BeYDV in South Africa and the
subcontinent represent the natural geographical range of
the virus or whether some other factor has played a part in
its present geographic distribution. The relatively close
sequence relatedness between BeYDV and CpCDPV
would suggest that these two viruses have a fairly recent
common origin, and it is possible that the geographical
range of their most recent common ancestor included North
Africa, the Middle East or southern Asia. If this is the case,
the presence of BeYDV in southern Africa can possibly be
explained by the migration of people from the sub-conti-
nent to southern Africa, as many southern and East African
countries have sizeable expatriate south Asian communi-
ties. However, since geminiviruses are not known to be

seed transmitted, it is difficult to see how the virus might
have been transported. TbYDV is also related to both
BeYDV and CpCDPV, albeit distantly (approximately
65% nucleotide identity), meaning that they too have a
common origin, but one that is probably as distant as the
origin of all begomoviruses. With the Middle East/Indian
subcontinent probably being the centre of dicot-infecting
mastrevirus diversity, it is not unreasonable to suggest that
this region is also their centre of origin. This would suggest
that TbYDV was introduced to Australia, possibly upon
colonisation of the continent in the 18th Century or even
prior to this, by trade with Asia and/or human migration.
The relatedness of the viruses, the likely origin of
O. argentatus in southern Asia, the fact that BeYDV (in
South Africa) and TbYDV affect mainly introduced plant
species and the lack of dicot-infecting mastrevirus diversity
in southern Africa and Australia would seem to support this
hypothesis.

Recently, Ha et al. [12] have shown the presence of a
New World-like begomovirus, Corchorus yellow vein
virus (CYVYV), in Vietnam. Begomoviruses occurring in
the New World are a monophyletic group within a larger
grouping of Old World viruses, and it was generally
accepted that the divergence of these two populations
occurred due to an isolated introduction of an Old World
virus into the Americas [41]. The identification of CYVV
significantly strengthens this assumption. Ha et al. [12]
suggested that this introduction could have been made by
early Chinese traders. The evidence is far stronger showing
that beet curly top virus (species now known as Beet severe
curly top virus [BSCTV]) and its close relatives occurring
in North America and likely also the rest of the New
World, originate in the Mediterranean/Middle East [3, 7].
Neither BSCTV nor its leafthopper vector Neoalithurus
tennelus are native to the New World and were probably
introduced by early settlers. It is thus clear that mankind
has had a major impact on the geographic spread of
geminiviruses, and it is not beyond possibility that this has
also been the case for the dicot-infecting mastreviruses.
However, far more effort will need to be put into the
identification and characterisation of viruses in this distinct
group of mastreviruses before the validity of our “out of
Asia” hypothesis can be examined in detail.

Our screening of various leguminous weed and crop
species was able to identify BeYDV in only a single
chickpea plant. This leads us to believe that we have yet to
identify the (major) natural host of this virus. In South
Africa the virus causes problems in beans (Phaseolus
vulgaris), but so far no alternate weed hosts have been
identified. Beans are not a widely grown crop in central
Pakistan, and it is thus possible that, in this region, BeYDV
is confined to weeds such as Sesbania, the only other plant
species in which we could identify the virus.
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The identification of these two mastrevirus species in
Pakistan suggests that further species in this genus could
possibly occur in this region. Our present efforts are aimed
at investigating the diversity of dicot-infecting mastrevi-
ruses, examining the availability and mechanism of natural
resistance to these viruses in chickpea as well as estab-
lishing pathogen-derived resistance by RNA interference.
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