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Abstract Citrus yellow mosaic badnavirus (CMBV) is
a non-enveloped, bacilliform DNA virus and the etio-
logic agent of yellow mosaic disease of citrus in India.
The disease was initially reported from the southern
parts of India and has now spread to other parts of the
country. It is a serious disease of sweet orange (Citrus
sinensis) in southern India, where it causes significant
yield losses. During a recent survey of citrus groves in
the Nagpur region, central India, characteristic mosaic
symptoms were observed in mandarin orange (Citrus
reticulata) and sweet orange. Virus transmission studies,
electronmicroscopy, PCR amplification and sequencing
of cloned PCR products from samples showing mosaic
symptoms confirmed the presence of a badnavirus. The
CMBV–Nagpur isolate could be transmitted to the
Rangpur lime (C. limonia) and acid lime (Citrus

aurantifolia) by graft inoculation. Sequence analysis of
a segment of ORF-III region and intergenic region (IR)
of the viral genome revealed that CMBV–Nagpur iso-
late formed a distinct clade along with some previously
reported isolates that are known to infect acid lime and
Rangpur lime. CMBV isolates that infect citrus species
other than the acid lime and Rangpur lime formed a
second clade. Based on the transmission studies and
phylogenetic analyses, it was concluded that at least
two strains of CMBVexist in India currently.

Keywords Acid lime .Citrus aurantifolia .Citrus
limonia .Citrus sinensis . Rangpur lime . Sweet orange

Introduction

Citrus yellow mosaic badnavirus (CMBV) is the etio-
logic agent of an economically important and rel-
atively new viral disease found only in India that
causes significant yield losses in citrus-growing
regions in the country. The losses attributed to this
disease alone could be around 70% in some citrus
groves (Ahlawat et al. 1996a; Chung & Briansky
2012). The incidence of CMBV infection has not
been reported from any other citrus-growing re-
gions of the world, and currently appears to be
restricted to India. The European Food Safety Authority
(EFSA) has rated this disease as one of the 30 most
important pest threats to plant health (EFSA, 2008). The
disease was first reported in sweet orange (Citrus
sinensis) from southern India (Dakshinamurti & Reddy

Phytoparasitica
DOI 10.1007/s12600-014-0409-2

D. K. Ghosh (*) : S. Bhose :A. J. Warghane :M. Motghare
National Research Centre for Citrus, Shankarnagar,
Nagpur 440010, India
e-mail: ghoshdk@hotmail.com

K. Mukherjee
Department of Microbiology and Cell Science, University of
Florida, Gainesville, FL, USA

B. Aglave
Florida AgResearch, Pacific Ag Group, Dover, FL, USA

V. K. Baranwal
Virology Unit, Division of Plant Pathology, IARI,
New Delhi 110012, India

A. K. Dhar
BrioBiotech, Glenelg, MD 21737, USA

Author's personal copy



1975). However, the etiology of the disease was not
established until the early 1990’s, when an association
with a badnavirus was observed in a citrus cultivar,
pomelo (Citrus grandis [L.] Osbeck), grown in Karna-
taka state in southern India (Ahlawat et al. 1996a,b).
Subsequently, the disease was reported in other citrus
cultivars – Rangpur lime (Citrus limonia) and acid lime
(Citrus aurantifolia) – grown in another state of south-
ern India, Andhra Pradesh (AP) (Baranwal et al. 2005;
Sai Gopal et al. 2000). The characteristic symptoms of
CMBV infection include yellow mosaic of the leaves
and yellow flecking along the veins (Ahlawat et al.
1996a). CMBV can be transmitted to other citrus spe-
cies by grafting, dodders and to a limited extent by
mechanical inoculation (Ahlawat et al. 1985; 1996a,
b). Although there are reports of virus transmission by
mealybug (Planococcus citri) and aphids (Myzus
persicae and Aphis craccivora), the exact role of these
insect vectors in transmitting the disease in nature needs
further evaluation (B.V.B. Reddy 1997, Ph.D. thesis,
IARI, India).

The causal agent of Citrus yellow mosaic badnavirus
is bacilliform in morphology, measuring 130 x 30 nm in
size (Ahlawat et al. 1996a,b). The viral genome consists
of a single circular double-stranded DNA of approxi-
mately 7.5 kb in size that contains six open reading
frames (ORFs). All ORFs are present in the plus strand
and the proteins encoded by these ORFs range in size
from approximately 10 kDa to 224 kDa (Bouhida et al.
1993; Futterer et al. 1997; Huang & Hartung 2001).
Like other badnaviruses, CMBV ORF III encodes a
large polyprotein of approximately 224 kDa that con-
tains conserved domains such as the cysteine-rich, zinc
finger-like RNA binding region (CXCX2CX4HX4C),
aspertic protease, reverse transcriptase and RNase H
domains (Bouhida et al. 1993; Futterer et al. 1997;
Huang & Hartung 2001). In addition to the first
cysteine-rich domain, there is a second cysteine-rich
conserved domain (CX2CX11CX2CX4CX2C) in ORF
III encoded protein in CMBV that is uniquely shared
among badnaviruses (Borah et al. 2009). The intergenic
region, which is approximately 700 nucleotides long,
contains a putative promoter and a transcription initia-
tion signal (Borah et al. 2009). The virus has been
tentatively classified as a member of the Badnavirus
genus under the family Caulimoviridae (Bouhida et al.
1993; Futterer et al. 1997; Huang & Hartung 2001)

During a survey of citrus groves near the Nagpur
region of Maharashtra state in central India, yellow

mosaic symptoms characteristic of CMBV infection
were observed in mandarin and mosambi oranges. This
symptom varied from general chlorosis to uniform dis-
tribution of mosaics in the leaves. Infected plants often
exhibited symptoms on a part of the canopy and
remained moderately stunted. The older leaves in puta-
tively infected plants had a leathery texture. Some plants
displayed more variable symptoms and appeared to be
co-infected with other viral pathogens such as Citrus
greening, i.e., Huanglongbing (HLB), and Citrus triste-
za virus (CTV). During a recent survey CMBV was
detected in mandarin and mosambi sweet orange by
polymerase chain reaction (PCR). However, molecular
characterizations of these isolates were not performed
and the relationship of these isolates to other CMBV
isolates from southern India remains unknown (Ghosh
et al. 2007).

Considering the economic impact of CMBV in India,
it is now imperative to determine accurately its preva-
lence and assess genetic variations that exist in CMBV.
This will help to develop a rapid and reliable
detection method that can identify all the prevail-
ing isolates of the virus and enable strategies for
monitoring and restricting the movement of infect-
ed citrus stocks to non-infected areas across the
country. In the present study, we identified and
characterized a CMBV isolate that causes yellow
mosaic disease in mandarin orange and mosambi
sweet orange from the Nagpur region of central
India.

CMBV–Nagpur isolate could be transmitted to acid
lime and Rangpur lime by graft transmission. Phyloge-
netic analyses using CMBV intergenic and ORF III
regions revealed that the CMBV–Nagpur isolate
grouped together with previously reported CMBV iso-
lates that infect acid lime and Rangpur lime. However,
CMBV isolates that have been reported to infect other
citrus species form a separate group. Based on these
findings, it was concluded that at least two distinct
strains of CMBV currently exist in citrus-growing
regions in India.

Materials and methods

Virus isolates and electron microscopy Two putative
CMBV isolates (CMBV-MD and CMBV-Mos) were
collected from field-infected mandarin and mosambi
sweet orange plants from Nagpur, India. These isolates
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were multiplied in mandarin and mosambi seedlings by
graft transmission and maintained in an insect-proof
greenhouse. Electron microscopy was performed using
leaf samples from graft-inoculated plants displaying yel-
low mosaic symptoms as well as greenhouse-maintained
healthy plants as a control. In addition, electron micros-
copy was performed using leaf samples from plants not
displaying yellow mosaic symptoms and collected from
the same orchard from which the putative CMBV-
infected samples were originally collected. Trans-
mission electron microscopy (TEM) was carried
out utilizing either a leaf-dip method or partially
purified preparations by staining the samples in 2%
sodium phosphotungstate at pH 7.0 (PTA) or 2%
aqueous uranyl acetate (UA) and examining them with
a transmission electron microscope (model JEOL-100
CX-11).

DNA isolation and PCR amplification One gram of leaf
tissue from healthy and greenhouse-maintained putative
CMBV-infected mandarin and mosambi sweet orange
were ground in liquid nitrogen. Total genomic DNAwas
isolated using a DNeasy™ plant minikit (Qiagen, Va-
lencia, CA, USA) following either the manufacturer’s
protocol or a previously published protocol (Baranwal
et al. 2003, 2005). CMBV-specific primers were custom
synthesized (IDT, San Diego, CA, USA) based on a
previously published paper (Baranwal et al. 2005).
The forward and reverse primers for amplifying the
ORF III region were 5! GTGGCTTTCATCAGGT
AGC 3´ and 5´ CATGCATCCATCCGTTTCG 3´, re-
spectively. The primers to amplify the intergenic region
were: forward 5´ GAGCTATTAGAAGGAATCTC 3´
and reverse 5´ ATAACCAAGCTCTGATACCA 3´.
The PCR amplification was performed in a 50 !l reac-
tion volume containing 1 !m of each primer, 200 !M
each dNTPs, 2.5 units Taq DNA polymerase,1X reac-
tion buffer,1.5 mM MgCl2 and 5 !l DNA template
either from symptomatic or non-symptomatic plants
using a thermocycler (MyCycler, Thermal Cycler,
Biorad, Hercules, CA, USA). The thermal profile for
the amplification included an initial denaturation of the
template at 94°C for 2 min followed by 30 cycles of
94°C for 1 min, 52°C for 1 min, and 72°C for
1 min with a final extension at 72°C for 10 min.
The amplicons were analyzed in a 1% agarose gel
containing 500 ng ml-1 ethidium bromide and
photographed using a UV trans-illuminator.

Molecular cloning and sequencing

The PCR-amplified DNA from the ORF III and
intergenic region was eluted from the gel using a
Qiaquick gel extraction kit (Qiagen GmbH, Hilden,
Germany) ligated into pGEM-T easy vector (Promega,
Madison, WI, USA) before transforming Escherichia
coli DH5" competent cells. Recombinant clones were
identified by EcoRI restriction endonuclease mapping,
and two clones each of ORF III and the intergenic region
were sequenced using an ABI Prism BigDye terminator
cycle sequencing protocol (Applied Biosystems, Perkin-
Elmer Corp., Foster City, CA, USA).

Sequence retrieval and phylogenetic analysis

Sequence similarity searches were made using the
NCBI GenBank database using both BlastN and
TblastN tools with a liberal e-value cut off of 1.0
to identify all potential badnavirus homologs (Altschul
et al. 1997). Sequences were aligned using Muscle
v3.8.31 (Edgar 2004) and were manually refined to trim
extra nucleotide sequences present under the full-length
badnavirus genome. Maximum likelihood (ML) trees
were inferred using PhyML v3.0 (Guindon & Gascuel
2003; Guindon et al. 2010). Clade support was calcu-
lated using Shimodaira-Hasegawa (SH)-like approxi-
mate likelihood ratio tests (Anisimova et al. 2011). To
build a phylogenetic tree using the nucleotide tree, the
default model HKY85 (Hasegawa et al. 1985) plus
invariable sites (I) and gamma (G) distribution
parameter were used. The topology of the trees
remained unchanged when the trees were built
using other models such as JC69, K80 and GTR.
Phylogenetic trees based on amino acid sequence
were inferred assuming the JTT (Jones et al. 1992)
substitution model incorporating estimation of invariable
sites and a discrete gamma distribution of site-dependent
substitution rates.

Results and discussion

Virus transmission, symptomatology, and electron
microscopy Citrus yellow mosaic disease was success-
fully graft transmitted from field-infected plants to
healthy seedlings of Nagpur mandarin, mosambi sweet
orange, Rangpur lime, and acid lime in the greenhouse.
Graft-inoculated plants displayed yellow mosaic
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symptoms – characteristic of CMBV infection – within
4 months of inoculation (Fig. 1). Seedlings of Rangpur
lime developed typical yellow dots throughout the leaf
lamina, whereas acid lime seedlings developed yellow
patches on the leaves (Fig. 1). Leaves displaying symp-
toms from the graft-inoculated plants as well as leaves
from field-infected plants were taken for TEM.
Bacilliform particles measuring 130 nm in length and
30 nm in width were observed for both the graft-
transmitted and field-infected samples, indicating the
association of a badnavirus as the causal agent of the
disease (Fig. 1). No virus particles were observed in
preparations from symptomless field plants or healthy
plants.

Cloning and sequence analysis of ORF III and intergenic
region An approximately 650 bp DNA representing the
ORF III region and an approximately 500 bp DNA
representing the intergenic region were amplified from
the virus-infected plants but not from healthy plants.

Both amplicons were cloned and sequenced. The se-
quences were deposited in the GenBank database under
accession numbers EU130909, EU130910, EU130912
and EU130911.

The nucleotides and predicted amino acid sequences
of ORF III were used for NCBI database search and
phylogenetic analysis. The ORF III region (638 nt) of
the CMBV–Nagpur isolate showed 88% to 93% identity
at nucleotide level and to other CMBV isolates, while
the sequence identities with all other badnaviruses
ranged from 67% to 70%. Similarly, the predicted amino
acid sequence of the ORF III region showed 91% to
97% identity to other CMBV isolates and 62% to 67%
identity to other badnaviruses. In contrast to the ORF III
region, the 496 nucleotide intergenic region showed
only 73% to 83% similarity with other CMBV
isolates and no similarity to other badnaviruses
available in the database. The low similarity of the
intergenic region among different CMBV isolates
suggests that the intergenic sequence could be used

Fig. 1 Citrus leaves from graft-inoculated (a) Nagpur mandarin,
(b) Mosambi orange, (c) acid lime and (d) Rangpur lime plants
showing mosaic symptoms of CMBV infection. (e) Transmission

electron micrograph showing bacilliform particles obtained from
leaf samples displaying mosaic symptoms as shown in panel a.
magnification 1 ! 100,000
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to develop an isolate-specific PCR detection method
for CMBV.

Sequence analysis of CMBV intergenic region Multiple
sequence alignment of the intergenic region of CMBV
isolates available in the database followed by manual
examination revealed a putative TATA box that matches
the eukaryote TATA box consensus sequence (tATAA/
TA

A/T). The TATA box motif, “TATATAA”, was found
to be highly conserved among all the CMBV isolates
examined (Fig. 2). Besides the canonical TATA box, there
are at least three “CAAT” or “CAT”motifs that are located
upstream of the TATA box. The second CAAT box is not
conserved among the majority of the isolates belonging to
strain 1 (see Phylogenetic Analyses below), where the first
C has been replaced by T, and thus CAATconverted into a

TAAT box (Fig. 2). It is noteworthy that an isolate (acces-
sion number JN006806) reported from Pichatur, Andhra
Pradesh, which infects rough lemon, could not be classi-
fied under strains 1 or 2, and remains as an outlier in the
phylogenetic tree. Interestingly, this isolate does not con-
tain the third CAAT box motif. One intriguing observation
in this analysis is that the CAAT box motif, which is
known to behave as a cis-acting transcription-enhancing
regulatory element, was found to be missing from most of
the strain1 group members.

In addition to the TATA-box and the CAT box, several
highly conserved blocks were found among all the CMBV
isolates: for example, a region comprising about 19 nucle-
otides immediately upstream of the TATA box, which
might act as a putative basal promoter. Another putative
regulatory element includes a CT-rich region that follows

Fig. 2 Multiple alignment of nucleotide sequences of the CMBV
intergenic region. The putative promoter elements ‘TATA” box,
the “CAT” box and the other conserved blocks are boxed. The

transcription start site is shown with an arrow. The nucleotides are
colored based on the universal nucleotide coloration in Jalview
(Waterhouse et al. 2009)
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the consensus of CT-rich elements (Velten et al. 2005)
(Fig. 2). Some of these conserved elements reside within
the regulatory region shown to possess transcription-
enhancing activity (Velten et al. 2005). The biological
significance and the potential role played by some of the
highly conserved regulatory elements identified in this
study in modulating gene expression and consequently
determining host adaptability, require experimental
verification.

Phylogenetic analyses In order to determine the rela-
tionship of CMBV–Nagpur isolate to other CMBV
isolates as well as to other badnaviruses, phylogenetic
analyses were performed using both the ORFIII and the
intergenic regions. A Maximum Likelihood (ML) tree
based on the deduced amino acid sequence of ORF III
region showed that the CMBV–Nagpur isolate formed a
single clade with Cacao swollen shoot virus (CSSV)
and other CMBV isolates (Fig. 3a). Interestingly, CSSV
has not been reported from India yet, but is widely present
in neighboring Sri Lanka (Peter & Chandramohan 2011).
It is therefore tempting to speculate that CMBV isolates
in India might have evolved from a closely related
badnavirus infecting other crops. To attain further insight
into this hypothesis, the nucleotide sequence of ORF III
region was used to build aML tree (Fig. 3b). TheML tree
based on the nucleotide sequence revealed that CMBV
isolates clustered together with CSSV, Beetle vine yellow
mottle virus, Fig badnavirus and Banana streak virus,
with robust statistical support (Fig. 3b). The Beetle vine
yellow mottle virus, Fig badnavirus and Banana streak
virus are widely present in India. It remains to be deter-
mined if CMBV evolved from any of these viruses to
infect a new host –citrus. In the ML tree, besides the
CMBV clade, several other clades were observed, sup-
ported by a strong SH support that included badnavirus
isolates infecting hosts other than citrus. This is consistent
when both the amino acids and the nucleotide sequences
were used to build the ML tree (Fig 3a & b). Unlike the
ORF III region, relaxed BLAST searches (by increasing
e-value threshold level) using the nucleotide sequence
of intergenic region of the CMBV–Nagpur isolate, did
not show any sequence similarities with other
badnaviruses in the GenBank. This suggests that the
intergenic region is highly variable among the
badnaviruses and, therefore, could be used to develop
a PCR-based detection method to distinguish CMBV
isolates that exist in India.

Homologous sequences representing the intergenic
region of all CMBV isolates available in the database
were retrieved and a ML tree was built using these
sequences (Fig. 3c). CMBV isolates were grouped into
two major sub-groups, which are here referred to as
strains 1 and 2 (Fig. 3d). The CMBV strain 1 comprised
isolates that infect pomelo, rough lemon and sweet
orange, whereas strain 2 included CMBV–Nagpur
strains as well as isolates that infect Rangpur lime, acid
lime and some isolates infecting sweet orange (Fig. 3c).
The phylogenetic analysis was extended to build a ML
tree using the amino acids sequences from the ORF III
region and compared with theML tree that was obtained
from the intergenic region (Fig. 3d). Overall, the topol-
ogies of the trees were largely consistent irrespective of
whether a tree was based on the sequence data of the
ORF III region or the intergenic region. There was,
however, an exception with two isolates – accession
numbers EU708316 (sweet orange from Pulvendla)
and AF347695 (sweet orange from Andhra Pradesh)
(Gupta et al. 2009; Huang & Hartung 2001; Johnson
et al. 2012). These two isolates were found to be
switching places in both the ML trees (Fig. 3c & d).
The inconsistency observed for these two isolates re-
quires further examination and testing in the future by
whole genome sequencing and comparing their genome
sequence to other isolates.

It is interesting to note that the phylogenetic relation-
ships among CMBV isolates in India using the nucleo-
tide sequence of the intergenic region classified various
isolates in a manner that is very similar to previously
published reports on the classification of CMBVisolates
based on host range as determined via graft transmis-
sion. It has been reported that CMBV isolates collected
from southern parts of India can be transmitted by
grafting and dodder inoculation to 14 different citrus
species or cultivars that included sweet orange, pomelo,
Rangpur lime, Volkamer lemon and sour orange, but not
acid lime (Ahlawat et al. 1996a, b). Consistent with this
result, the phylogenetic data presented in this paper
showed that, except for the Rangpur and acid lime trees,
all other citrus species used in previous analyses
grouped together under the CMBV strain 1, indicating
that this group belongs to a distinct CMBV strain. On
the other hand, in the present study, CMBV–Nagpur
was successfully transmitted to Rangpur lime and the
acid lime via graft inoculation. Following graft inocula-
tion, both Rangpur lime and acid lime seedlings devel-
oped typical yellow dots throughout the leaf lamina,
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Fig. 3 (a) A maximum likelihood tree (ML) built using the
deduced amino acid sequence from the ORFIII region of
CMBV–Nagpur. Different badnavirus sequences taken for the
phylogenetic analysis along with their corresponding GenBank
accession numbers are indicated in the tree. CMBV–Nagpur iso-
lates are highlighted in bold (b) A maximum likelihood tree built
using the nucleotide sequence of the ORFIII region of CMBV–
Nagpur isolates and other badnaviruses. The badnavirus sequences
used in panel 3a were taken for this analysis. In both panels a and
b, the SH type statistical supports are shown on each clade. The

clade support with a value less than 0.80 is not shown. Grouping
has been done considering the clade support and its clustering
pattern (c) A maximum likelihood tree built using the nucleotide
sequences of the intergenic region of CMBV–Nagpur isolates and
compared with other CMBV isolates present in the data-
base. Two distinct clades supported by strong SH values
are marked with black circles (d) A maximum likelihood
tree built using the nucleotide sequences of the ORFIII
region of CMBV–Nagpur isolates and other CMBV isolates
available in the database
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indicating a CMBV infection. This suggests that the
CMBV–Nagpur isolates, which grouped together with
the isolates infecting acid lime and Rangpur lime by
phylogenetic analysis, represent a distinctly different
strain (named Strain 2) in terms of host range and
nucleotide sequence similarity.

Based on virus transmission studies and phylogenetic
analyses, it was concluded that there are at least two
distinct CMBV strains among the current CMBV iso-
lates in India. Each strain has unique host preferences,
while certain hosts could be infected by both strains.
Efforts are underway to develop PCR-based screening
tools to differentiate CMBV strains and identify the
prevalence of these strains in different citrus-growing
regions of India. In addition, any potential synergistic
effect of infection due to multiple strains of CMBV
remains to be evaluated. It is worth noting that different
species of citrus are cultivated in different regions of
India. For example, mandarin oranges and mosambi
sweet oranges are cultivated predominantly in the cen-
tral parts of India, including the Nagpur region, whereas
Sathgudi sweet orange, acid lime, and pomelo are cul-
tivated primarily in the southern part of India, including
Andhra Pradesh and Karnataka states. The central and
southern parts of India are separated by 700 miles. It is
not known how CMBV, which was originally reported
from southern India, has spread to the central regions of
the country. It is possible that the virus has spread
through the movement of contaminated planting mate-
rials across these regions. Therefore, development and
implementation of a comprehensive screening strategy
against yellow mosaic disease of citrus will be useful in
preventing further spread of this disease in citrus-
growing regions in India.
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