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Abstract
Citrus tristeza virus (CTV) infected plant samples from the North Eastern states of India namely Arunachal Pradesh (AR1), 
Assam (AS1), Nagaland (NL1), Meghalaya (M1), Sikkim (SK1) and Tripura (TR1) were examined through double antibody 
sandwich enzyme linked immunosorbent assay and reverse transcriptase polymerase chain reaction using coat protein (CP) 
gene specific primers, yielding amplicon of 672 base pair for all the isolates. The sequence analysis revealed nucleotide (nt) 
and amino acid (aa) sequence similarity with other exotic CTV isolates. AR1 and AS1 shared similarity with T3 isolate 
(Florida) at 98–99% and 95–99% for nt-aa respectively, whereas, M1 showed 99% similarity with stem pitting isolate B165 
(Bangalore). SK1 and NL1 were 95–97% and 97–99% similar with Hawaiian isolate HA at nt-aa level. TR1 showed 97% 
homology with seedling yellowing Israeli isolate VT. The CP gene sequence based phylogenetic analysis grouped present 
isolates into four clades with reference severe isolates (i.e. VT, B165, HA and T3), indicating their probable evolution. TR1 
and NL1 are the putative recombinant isolates and ASI and SK1 were the major and minor parents respectively. This might 
be due to the conserved nature of CP gene. Moreover, the CP gene sequences of present isolates showing nucleotide identity 
to the VT, T3 and B165 isolates also suggest the prevalence of severe CTV isolates in Khasi mandarin growing areas comes 
under North East (NE) region of India.

Keywords  Citrus tristeza virus · Coat protein gene · DAS-ELISA · Evolution · North Eastern isolates · Phylogenetic 
analysis

Introduction

Citrus tristeza virus (CTV) is one of the most vicious patho-
gen of citrus. This phytopathogen has been reported to affect 
millions of citrus plants all over the world since the last 

70 years (Bar-Joseph and Dawson 2008). It belongs to the 
genus Closterovirus and Rutaceae family. The CTV virion 
particle appears to be long and filamentous in structure 
(2000 × 10–12 nm) (Dawson and Mooney 2000). It contains 
single stranded positive sense RNA (~ 19.3 kb), which is the 
largest genome of any known plant virus. Approximately, 
97% of the virion body is encapsidated by a major coat pro-
tein (CP), whereas a minor CP (CPm) coats the 5′ end of 
tail (Satyanarayana et al. 2004). The CTV genome consists 
of 12 open reading frames (ORFs) along with 5′ and 3′ ter-
minal untranslated regions (UTRs) of about 107 and 273 nt 
respectively (Karasev et al. 1995). During the past few years 
seven CTV reference genotypes such as T3, T30, T36, VT, 
HA16-5, B165 and trifoliate resistance breaking (RB) have 
also been reported (Vives et al. 1999; Harper et al. 2010; 
Melzer et al. 2010; Roy et al. 2013).

This phloem-limited Closterovirus, has only been docu-
mented in only two host plant genera i.e. Citrus and For-
tunella (Moreno et al. 2008). The virus has a complex 
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nature probably because of the long life span of the host 
plant or due to continuous vertical and horizontal viral 
transmission through grafting and aphids respectively 
(Vives et al. 2005; Hilf et al. 2005). Different methods 
have been used to differentiate and characterize the CTV 
isolates (Niblett et al. 2000; Roy et al. 2003). The pheno-
typic observation on the CTV induced symptoms revealed 
a greater variation in the intensity of CTV infestation in 
different citrus hosts which differ according to the type, 
biological characteristics and aphid transmissibility of dif-
ferent CTV isolates (Hilf et al. 2005). But, the phenotypic 
observations based on certain qualitative and quantitative 
parameters alone cannot conclusively determine CTV 
infection and differentiation between different isolates or 
strains is difficult (Ruiz-Ruiz et al. 2007). Therefore, the 
genomic sequence analysis is a more appropriate and glob-
ally accepted procedure for CTV isolates differentiation 
and genetic variation studies (Rubio et al. 2001). The nt 
sequences of the CP gene of diverse strains of CTV has 
been determined and sequence variability has been found 
to be related to the types of symptoms caused by CTV 
strains (Barzegar et al. 2006; Jiang et al. 2008; Harper 
et al. 2009). Although, these studies highlighted new strat-
egies for plant virology, only few of the researchers has 
done work in that direction and the molecular determinants 
of different symptoms still remain unknown.

In India, citrus is the third most important fruit crop after 
banana and mango (Anonymous 2014). It is cultivated in 
all of the four geographical zones: North East, North West, 
Central and South, with an acreage of 91,518 hectare and 
production of 1,171,500 tonnes (FAOSTAT 2017). In these 
zones, more than one million citrus trees are reported to 
be CTV infected with an estimated disease incidence of 
16–90% (Biswas 2008). NE regions of India including the 
countries bordering this area are supposed to be the probable 
origin of CTV and its vector Toxoptera citricidus (Ahlawat 
2007). Most of the citrus species are believed to be native 
of Southeast Asian tropical and subtropical regions which 
also include the NE part of India and the region between 
China and India (Bar-Joseph and Dawson 2008; Moreno 
et al. 2008). Khasi mandarin is a high value crop cultivated 
around 1600 ha area of NE Himalayan region including the 
Darjeeling district of West Bengal and contributes signifi-
cantly to the small farm economy (Ghosh and Singh 1993). 
But, it has got very less attention towards CTV infection 
and very limited information as well as experimental data is 
available for the incidence and spread of this virus. In spite 
of the probable origin place of CTV only three reports are 
available for CTV in NE states; out of which one is from 
Sikkim (Kishore et al. 2010) and two reports from Assam 
and Meghalaya (Biswas et al. 2014; Borah et al. 2014). 
Moreover, the molecular characterization and determina-
tion of genetic diversity of CTV in Khasi mandarin from 

Assam, Arunachal Pradesh, Meghalaya, Manipur, Mizoram, 
Nagaland, Tripura and Sikkim has not yet been reported.

The present study also describes molecular characteriza-
tion of CTV infecting Khasi mandarin of Tripura, Nagaland 
and Arunachal Pradesh States which is the first extensive 
study of CTV in NE Khasi mandarin to the best of our 
knowledge. Findings presented in this study will be helpful 
in formulating molecular based management strategy against 
CTV in India.

Materials and methods

Samples collection

Leaf samples and twigs of Khasi mandarin suspected to 
be infected with CTV were collected from six NE states of 
India viz., Arunachal Pradesh, Meghalaya (from Khasi Hills 
Division), Assam, Nagaland, Sikkim and Tripura. One twig 
from suspected CTV infected plant of Khasi mandarin (Cit-
rus reticulata Blanco) showing symptoms of leaf yellowing 
and vein clearing characteristics of CTV (Borah et al. 2012) 
were collected.

ELISA and RT–PCR based detection

The double antibody sandwich enzyme linked immunosorb-
ent assay (DAS-ELISA) was performed (Clark and Adams 
1977) using polyclonal antisera (Agdia, USA) of CTV fol-
lowing the manufacturer’s protocol. The absorbance of the 
reaction was measured at 405 nm. Leaves and tender bark 
tissues of all ELISA positive samples were grounded to fine 
powder in liquid nitrogen and total RNA was isolated using 
RNeasy® Plant Mini Kit (Qiagen Inc., Valencia, CA, USA) 
following the manufacturer’s protocol. Subsequently, RT-
PCR was done to amplify the CP gene (ORF7) of CTV with 
the help of a specific primer pair (Biswas 2010) KLM543 
5′-CTC​TAG​ATC​TTT​TGA​ATT​ATG​GAC​GAC-3′ (forward 
primer) and KLM544 5′- CGC​GAA​TTC​AAC​AGA​TCA​
ACG​TGT​GT -3′ (reverse primer) synthesized from Xcel-
ris genomics, Ahmedabad, India. For the first strand cDNA 
synthesis, 10 µM reverse primer was added to 1 µg RNA 
in a PCR tube and mixed well by pipetting. The mixture 
was incubated at 70 °C in water bath for 5 min and imme-
diately chilled on ice for 5 min. After that, 5× 1st strand 
buffer in final concentration of 1×, 10 mM each of dATP, 
dCTP, dGTP and dTTP, 200U M-MLV RT enzyme each 
from (Xcelris genomics, Ahmedabad, India), 20U RNase 
inhibitor from (Promega, Madison), WI and 3 μl nucle-
ase free water were added in the same PCR tube to make 
up the total reaction volume of 20 µl. The above reaction 
mixture was incubated at 42 °C for 1 h and then 72 °C for 
10 min in a Thermal Cycler (Applied Biosystems, USA) to 
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synthesize the cDNA. The reaction mixture was transferred 
to ice immediately. The PCR amplification was performed 
with reaction mixture containing 5 μl of cDNA, 5 Unit Taq 
DNA polymerase (Xcelris genomics, Ahmedabad, India), 
12.5 mM MgCl2, 2.5 mM each of dNTPs and 10 μM each 
of the above mentioned gene specific forward and reverse 
primers and nuclease free water was added to make 50 μl 
final reaction volume. The reaction components were care-
fully added and mixed well. PCR was performed follow-
ing the method used by Biswas 2010 using Veriti® 96-well 
Thermal Cycler (Applied Biosystems, USA). The obtained 
PCR product was analysed on 1% agarose gel.

CP gene cloning, sequencing and analysis

Amplified DNA was eluted from the gel with the help of 
DNA Gel/PCR Purification Mini Kit (Xcelris genomics, 
Ahmedabad, India) as per manufacturer’s instructions, 
ligated into pGEM-T Easy Vector (Promega, Madison, WI) 
and transformed into Escherichia coli JM109 according to 
the protocol of Sambrook et al. (1989). The plasmid DNA 
from recombinant E. coli cell was isolated by the boiling 

method (Holmes and Quigley 1981) and digested with 
restriction enzyme EcoRI restriction enzyme (Supplemen-
tary Fig. 1) for further confirmation of the insert before 
sequencing. The sequencing of the positive clones was per-
formed commercially at Xcelris Genomics, Ahmedabad, 
India using the SP6 and T7 Universal primers. Database 
searches for the homology of sequences of cDNA clones 
were done with the help of BLASTn tool version 2.8.0 
(Zhang et al. 2000) Multiple sequence alignments were 
done using the program Multalin programme (http://multa​
lin.toulo​use.inra.fr/multa​lin/) (Corpet 1988). Pairwise align-
ments of nt and aa sequences were done using clustalW 
program (version 1.83) available at http://www.genom​
e.jp/. Evolutionary Divergence between nt sequences and 
aa sequences of CTV isolates obtained in this study and 
reference isolates were calculated on the basis of distance 
matrix plot using the Poisson correction model (Zuckerkandl 
and Pauling 1965). Unrooted bootstrapped parsimonious 
phylogenetic tree (Nei and Kumar 2000) was constructed 
with 1000 bootstrap replicates using Mega6 software. The 
sequence sources and Gen Bank accession numbers of 
the CTV CP gene (Table 1) used for the construction of 

Table 1   Origin, pathogenicity, and GenBank accession numbers for reference CTV isolates along with the isolates of present study used for 
sequence alignments and phylogenetic analysis

Isolates Pathogenicity Accession number Sources References

ARP1 Not determined LN997804 Arunachal Pradeah, India Present study
M1 Not determined LN997805 Meghalaya, India Present study
SK1 Not determined LT626941 Sikkim, India Present study
TR1 Not determined LT671630 Tripura, India Present study
AS1 Not determined LT576374 Assam, India Present study
NL1 Not determined LT576375 Nagaland, India Present study
T318A Severe stem pitting isolate DQ151548 Spain Ruiz–Ruiz et al. (2007)
SY568 Seedling yellowing KC841814 California, USA Wang et al. (2013)
NuagA Seedling yellowing AB046398 Japan Suastika et al. (2001)
VT p346 Seedling yellowing U56902 Israel Mawassi et al. (1996)
19-21 Severe reference strain AF184114 Portugal –
B301 Resistance breaking JF957196 Puerto Rico Roy et al. (2013)
NZRB-G90 Resistance breaking FJ525432 New Zealand Harper et al. (2010)
NZ-B18 Stem pitting FJ525436 New Zealand Harper et al. (2009)
NZRB-M17 Resistance breaking FJ525435 New Zealand Harper et al. (2010)
NZRB-TH30 Resistance breaking FJ525434 New Zealand Harper et al. (2010)
B165 Stem pitting and Seedling yellowing EU076703 Bangalore, India Roy and Brlansky (2010)
Mexican isolate Stem pitting and quick decline DQ272579 Mexico –
T30 Mild EU937520 Florida, USA Weng et al. (2007)
T385 Mild Y18420.1 Spain Vives et al. (1999)
T36 Quick decline AY170468 Florida, USA Karasev et al. (1995)
Qaha Not determined AY340974 Egypt –
HA16-5 Not determined GQ454870 Hawaii Melzer et al. (2010)
T3 Quick decline KC525952 Florida, USA Hilf et al. (2005)
A18 Stem pitting JQ798289 Chiang Mai, Thailand –

http://multalin.toulouse.inra.fr/multalin/
http://multalin.toulouse.inra.fr/multalin/
http://www.genome.jp/
http://www.genome.jp/
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phylogenetic trees. Recombination analysis was done using 
the latest recombination detection program RDP4 Beta 4.88 
and programs therein (Martin et al. 2015) using default 
parameter values.

Results and discussion

DAS-ELISA has confirmed the presence of CTV in all the 
suspected survey samples of Khasi mandarin grown in NE 
States of India. The ELISA reading was considered as pos-
itive when the OD value obtained for samples was three 
times more than the healthy samples value as reported by 
Lbida et al. (2005). RT-PCR using CP gene specific primers 
KLM543 and KLM544 gave an amplification of expected 
size approximately 672 bp (Fig. 1) from leaves and bark 
tissues of Khasi mandarin (Biswas 2010), which further con-
firmed that plant samples were infected with CTV. Ampli-
fied products were eluted from all the isolates, cloned (Sup-
plementary Fig. 1) and sequenced. These sequences were 
submitted to the EMBL database under accession numbers 
LN997804, LT576374, LT576375, LN997805, LT626941 
and LT671630 for the isolate AR1, AS1, NL1, M-1, SK1 
and TR1 (Table 1). The obtained sequences of the CP gene 
from CTV isolates were compared with each other and also 
with other reference isolates of the virus reported from other 
countries. The details of the various isolates used for analy-
sis are shown in Table 1.

In amino acid sequence alignment (Fig. 2) it was interest-
ing to observe that the valine (V) and phenylalanine (F) resi-
dues at aa position 122 and 124 were also present in all the 
six isolates of this study which was reported to be conserved 
among severe CTV isolates that cause either decline, stem-
pitting, or seedling yellows in citrus (Pappu et al. 1993a, b; 

Suastika et al. 2001; Barzegar et al. 2006; Jiang et al. 2008). 
However, these aa residues were replaced by isoleucine (I) 
and tyrosine (Y) in mild strains (Rocha-Pena et al. 1995). It 
was further evident from the phylogenetic analysis that all of 
the presently studied isolates were clustered into groups with 
well-characterized severe strains B165, NZ-B18, T318A, 
SY568, NuagA, VT p346, T3 and HA16-5 that had aa V and 
aa F at the positions 122 and 124, respectively, in their CP 
and confirm that these two aa are conserved in severe strains.

Pair‑wise sequence identities of the CP gene 
among CTV isolates

The nt and translated protein sequences were compared, 
which showed 91–99% at nt level and 96–100% at aa level 
identities within the NE isolates of present study, whereas 
94–100% nt level and 94–100% aa sequence identities were 
found among all CTV reference isolates On state-wise analy-
sis, it was found that isolate AR1 from Arunachal Pradesh 
showed closest relationship as 99% and 100% at nt and aa 
level was with AS1 from Assam. Isolate AR1 showed maxi-
mum sequence homology with T3 isolate from Florida. At 
aa level, AR1 showed maximum aa sequence similarity with 
A18 isolate from Thailand. The isolate M1 from Megha-
laya showed closest relationship as 95% at nt level with TR1 
and 100% at aa level with AS1. The nt sequence of isolate 
M1 was 99% similar at nt and aa level with exotic isolates 
NZ-B18 and A18 respectively. The isolate SK1 from Sik-
kim showed closest relationship 95% at nt level with iso-
late NL1 and 96% at aa level with isolates TR1 and AS1. 
The nt sequence of SK1 isolate was 95% similar with exotic 
isolate HA16-5. At aa level it showed closest relationship 
97% with HA16-5 and A18. The isolate TR1 from Tripura 
showed closest relationship 95% at nt level with isolate M1 
and 97% at aa level with isolates M1 and AS1. The isolate 
TR1 showed its closest relationship 98% with NuagA, T3 
and A18. The isolate AS1 from Assam showed maximum 
similarity 99% and 100% at nt and aa level was showed with 
isolate AR1. On comparison with other reference isolates 
maximum similarity 99% was shown with isolate NZRB-
TH30 at nt level. Whereas, at aa level its closest relation-
ship 99% was found with isolate A18. For isolate NL1 from 
Nagaland showed maximum similarity 95% with isolate SK1 
at nt level. At aa level maximum similarity was showed with 
isolates ARP 1, M-1 and AS1. On comparison with other 
reference isolates it showed maximum similarity with iso-
lates HA16-5 at nt level, while at aa level maximum homol-
ogy 99% was found with the isolate HA16-5 (Supplementary 
Table 1).

Various regions such as 3′ and 5′ end, ORF, CP and CPm 
of the genome has been utilized to differentiate different 
isolates of CTV (Xiao-yun et al. 2012). However, diagnosis 
with the coat protein alone is a historical legacy, as it is 

Fig. 1   Approximately 672 base pair Coat Protein gene (CP gene) 
amplification of Citrus tristeza virus). Lane M represents 100  bp 
DNA ladder (Xcelris genomics, Ahmedabad, India)
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conserved and least variable with 91% nt identity and 95% 
aa identity between isolates examined in this study. In sum-
mary, CP is the most highly conserved and any mutation in 
this region makes it significant (Nolasco et al. 2009). Moreo-
ver, Niblett et al. (2000), suggested that single nt change 
in the highly conserved viral capsid protein gene were 
sufficient to predict symptoms and to differentiate strains 
simultaneously.

Phylogenetic relationship between various CTV 
isolates

For the selection of appropriate CTV representative acces-
sions for an expressive analysis with the NE representative 
CTV isolates, database CTV accessions were analysed phy-
logenetically on their own. The analysis identified seven dis-
tinct clades associated with the T30, T36, VT, B165, RB, 
HA 16-5 and T3 CTV genotypes (data not shown). The CP 
gene sequences of 19 Gen Bank CTV accessions represent-
ing the seven identified phylogenetic clades were selected 
for phylogenetic analysis.

Phylogenetic relationships between the six isolates 
of NE region, reported for this study and 19 previously 

characterized CTV reference isolates (Table 1) were inferred 
from the nt sequence alignment by maximum parsimony tree 
using the Subtree-Pruning-Regrafting (SPR) algorithm with 
a search level of 1 in which the initial trees were obtained 
by the random addition of 10 sequences (Nei and Kumar 
2000) at 1000 bootstrap replications (Fig. 3). Based on the 
resulting tree the isolates were tentatively classified into 
seven groups. Based on their placements related to refer-
ence sequences of CTV isolates (Harper 2013) these groups 
were designated as group 1 B165, group 2 VT, Group 3 
T3, Group 4 T30, group 5 T36 group 6 RB and group 7 
HA 16-5 (Fig. 3). The sequences of CTV isolates from NE 
region segregated into four groups, suggesting no correlation 
between the genetic relationship and geographic origin of 
CTV isolates as reported earlier (Rubio et al. 2001; Martin 
et al. 2009). According to the generated tree, the isolate M1 
from Meghalaya was found very similar to the isolate B165 
and clustered together to form group 1 with isolates NZ-B18, 
T318A, SY568 and NuagA in the phylogenetic tree, which 
are severe isolates of CTV and responsible to cause stem 
pitting and seedlings yellowing (Roy and Brlansky 2010). 
The isolate TR1 from Tripura was found similar to VT p346 
isolates and clustered to form group 2 VT p346 responsible 

Fig. 2   Multiple alignment of the deduced aa sequences of the coat 
protein gene (ORF7) of CTV isolates from North Eastern Hill states 
of India and representative severe and mild strains. Dots indicate 

identical aa residues. Consensus sequence was shown in bottom row. 
Boxes highlight the positions where specific aa were conserved for 
either North Eastern or severe representative isolates
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to cause seedlings yellowing (Mawassi et al. 1996). The 
isolates ARP1 and AS1 from Arunachal Pradesh and Sik-
kim were found very similar to T3 isolate and clustered to 
form group 3 T3 along with isolates A18 from Thailand 
which further confirm that T3-like isolates have been found 
in citrus samples from around the world but are particularly 
prevalent in the Asia–Pacific region and responsible to cause 
Quick decline (Hilf et al. 2005). The isolates SK1 and NL1 
from Sikkim and Nagaland was found very similar to a non-
standard Hawaii isolate HA16-5 and clustered to form group 
4 HA16-5 (Fig. 3) and also closely similar with VT isolates 
(Melzer et al. 2010; Wang et al. 2013). The unusual place-
ment of HA16-5 in the phylogenetic tree as a new genotype 
might be because of its partial recombinant nature (Melzer 
et al. 2010).

Moreover, the segregation of NE isolates of India into 
different phylogenetic clusters indicated that they are exten-
sively diverse with each other suggesting no correlation 
between the genetic relationship and geographic origin of 
CTV isolates. This could be due to the perennial nature of 
citrus, chronic infection for many years with “continuous 
crop-host availability” coupled with multiple infestations by 

aphid vectors which facilitate the high gene flow between 
distant geographical regions, the possible selection pres-
sure and multiple infections by successive aphid inocula-
tions could have contributed to the recombination events 
between variant sequences (Weng et  al. 2007; Roy and 
Brlansky 2009).

Another possible explanation for segregation of NE iso-
lates in different clusters is according to the general hypoth-
esis of virus transmission. CTV and its vector T. citricidus 
originated in the NE regions of India including the coun-
tries bordering this region (Ahlawat 2007) and citrus is also 
believed to be native of the same area (Bar-Joseph and Daw-
son 2008; Moreno et al. 2008). Therefore, the grouping of 
these reference isolates (B165, VT p346, T3 and HA16-5) 
with NE isolates of India and making different clusters in 
phylogenetic tree is an effort to trace the strains from which 
they originated. Previously, in most citrus growing coun-
tries, CTV and its vector both moved along with the planting 
material from this region (Ahlawat 2005). Though the CP 
gene is not a reflective of the complete genome, but it has 
been utilized to differentiate among the separate isolates of 
CTV (Xiao-yun et al. 2012) in modern phytopathology.

Fig. 3   Unrooted maximum Parsimony tree using the Subtree-Prun-
ing-Regrafting (SPR) algorithm with a search level of 1 in which the 
initial trees were obtained by the random addition of 10 sequences at 
1000 bootstrap replications. The CTV isolate mentioned in both the 
phylogram indicating their GenBank accession numbers followed 
by the isolate name and geographic location. North Eastern isolates 
obtained in this study were indicated by their accession numbers fol-

lowed by the country Name (India) and isolate name based on prov-
ince of origin in parenthesis (AR1, Arunachal Pradesh; AS1, Assam; 
NL1, Nagaland; M-1, Meghalaya; SK1, Sikkim; TR1, Tripura) and 
indicated by black circle. Scale bar represent the expected nt substitu-
tions per site for a unit branch length. Branch lengths are proportional 
to the genetic distances. Both the trees were constructed using the 
MEGA6 program
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Evolutionary divergence between nt sequences and aa 
sequences of CTV isolates obtained in this study and other 
well characterized isolates form other part of world were 
calculated on the basis of distance matrix plot. The overall 
average distances along with corresponding standard error 
were calculated on the basis of number of base differences 
and aa substitutions per site between sequences using analyt-
ical formulas (Supplementary Table 2). Analyses for aa were 
conducted using the Poisson correction model (Zuckerkandl 
and Pauling 1965). Evolutionary analyses were conducted in 
MEGA6 (Tamura et al. 2013).

However, on careful observation of the data obtained 
from the evolutionary divergence (Supplementary Table 2), 
minimum distance was found among isolates from Assam 
and Arunachal with isolate T3 from Florida, isolates from 
Meghalaya and Bangalore with NZ-B18, isolates from Sik-
kim, Nagaland with HA 16-5 and between isolates from 
Tripura and Israel.. These informations were quite similar 
to phylogenetic analysis and can be easily correlated to the 
findings of sequence analysis. However, the data strengthen 
our findings regarding the presence of severe isolates of 
CTV similar to B165, VT, T3 and HA16-5 which can cause 
either decline, stem-pitting, or seedling yellows in citrus 
in NE region of India. The association between CP gene 
sequence variability and symptom severity has already been 
described by Yang et al. (1999).

All the sequences used for phylogenetic analysis were 
analysed for putative recombination through recombina-
tion detection program RDP4 Beta 4.88 and programs 

therein (Martin et al. 2015). No recombination event has 
been detected on comparison of our isolates with other well 
characterized isolates (Data not shown) further supporting 
an ancient recombination event that occurred before the 
recombinants spread worldwide, as previously suggested 
for the CP gene (Rubio et al. 2013). However, two recom-
bination events have been detected for the isolate when we 
compare only our isolate with each other (Fig. 4a). In event 1 
isolate NL1 showed presence of recombination with isolate 
AS1 and SK1 as major and minor parents with break point 
position 83- 636 of isolate NL1 CP gene (Fig. 4b) whereas 
in event 2 the TR1 isolate showed presence of recombina-
tion with isolate M-1 and SK1 as major and minor parents 
with break point position 45-212 of isolate TR1 CP gene 
(Fig. 4c). Both the putative recombinants were detected with 
two programme SISTER SCAN (Gibbs et al. 2000), and the 
3Seq method (Boni et al. 2007). The presence of very rare 
recombination in CP region might be due to the highly con-
served nature of CP gene and also corroborate the findings 
of Guan-Wei et al. (2015).

Summary and conclusion

The sequence analysis reveals the presence of severe 
strains of CTV in NE region of India on the basis of 
sequence and phylogenetic analysis. The presence of 
severe strains of CTV in this region where sour orange are 
being used as a rootstocks by local people along with some 

Fig. 4   a Recombination analysis by RDP4 identified positions of 
unique recombination events in relation to the CP gene of CTV 
from 6 North Eastern isolates sequence alignment. The correspond-
ing isolate and the minor parents name are given to the top and side 
of the each colour box, respectively. Total of 2 unique recombina-
tion events were identified, that are demarcated by the boxes below 
the sequences of each CTV isolate. Event 1 shows the recombina-
tion in isolate NL1 (LT576375) where isolate AS1 (LT576374) and 
isolate SK1 (LT626941) contribute as a major and minor parent 
between nt positions 83 to 636 of Nagaland isolate CP gene. Event 

2 shows the recombination in isolate TR1 (LT671630) where isolate 
M-1 (LN 997805) and isolate SK1 (LT626941) contribute as a major 
and minor parent between nt positions 45–212 of Tripura isolate CP 
gene. b UPGMA Tree (Jukes Cantor model 1969, transition: transver-
sion ratios estimated from the data, 1000 bootstrap replicates) con-
structed using recombination portions of the NL1 coat protein gene 
(CP) sequence alignment for event 1. C. UPGMA Tree (Jukes Cantor 
model 1969, transition: transversion ratios estimated from the data, 
1000 bootstrap replicates) constructed using recombination portions 
of the TR1 coat protein gene (CP) sequence alignment for event 2
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exotic rootstocks, places the citrus industry of this entire 
region at high risk (both in terms of yield and percentage 
incidence) for an imminent, destructive outbreak of CTV, 
especially with the presence of the vector T. citricida in 
this area. CP gene sequencing, phylogenetic analysis and 
estimation of evolutionary distance in CTV isolates sug-
gested relationships of NE isolates with B165, VT, T3 
and HA16-5 reference isolates. The random distribution of 
CTV infected citrus planting materials as a means of virus 
dissemination is common in NE region of India. However, 
the segregation of NE isolates into groups B165, VT, T3 
and HA revealed close sequence homology to these group 
isolates, which strengthen the general hypothesis about the 
origin of CTV in NE regions of India along with the coun-
tries bordering this region and citrus was also believed 
to be native of the same area (Ahlawat 2007; Bar-Joseph 
and Dawson 2008; Moreno et al. 2008). Thus, sanitation 
and replanting with virus free propagative materials will 
be an effective method to reduce the economic losses of 
citrus. Furthermore, the sequence analysis of large num-
ber of CTV isolates and phylogenetic studies may lead to 
develop a molecular management strategy targeting con-
served sequence of the virus through gene silencing.
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