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Abstract

Citrus tristeza virus (CTV), an important graft transmissible pathogen infecting citrus (Citrus spp.) is prevalent in different
citrus growing areas of the country. Sikkim is one of important citrus producing states in the Northeast region of India where
Khasi mandarin (C. reticulata) is commercially cultivated. Apart from this, there is limited plantation of Assam lemon (C.
limon), Rangpur lime (C. limonia) and Pomelo (C. grandis) in this region. We performed molecular characterization based
on coat protein sequence analysis of CTV isolates from Sikkim state of India. Thirty six field samples suspected with Tris-
teza disease were tested by reverse transcription-polymerase chain reaction (RT-PCR) using CP specific primers (CN150/
CN151). Out of 36, 11 samples were found CTV positive. Eight of the 36 samples showing prominent field symptoms were
bio-indexed on Mexican lime (C. aurantifolia) indicator plant for CTV. Five of them showed CTV specific vein clearing and
vein flecking symptoms. CTV incidence of 30.55% was recorded in the Sikkim based on combined results of ELISA and
PCR. In phylogenetic analysis, all CTV isolates were grouped into eight clades, which represented as a genogroup, Gr-I to
Gr-VIII. The Sikkim isolates used in the present study were segregated into two genogroup, namely Gr-I and Gr-VI. Sikkim
CTV isolates SK13, SK20, SK18, SK6, SK11, SK14, SK12 and SK19 showed 98—100 per cent nucleotide identity among
them and clustered with previously reported Indian isolate K10 and Florida severe isolate T3. Other isolates viz. SK5, SK7
and SK22 shared 97-99% nucleotide identity within themselves and clustered with Indian isolate K5. These results suggest
the presence of genetic diversity among CTV isolates and at least two strains of CTV in Sikkim.
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Introduction numerous wild/semi-wild cultivars of citrus in this region.

Sikkim is one of the most important citrus producing states

The Northeast hills of India are among one of the natural
habitats of many citrus species. Availability of favorable
climatic conditions probably ensued the occurrence of
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in the Northeastern region of India. Mandarin (Citrus reticu-
lata Blanco), locally known as Khasi mandarin is the pre-
dominant cultivar in Sikkim (Kishore et al. 2010). In addi-
tion to Khasi mandarin, other cultivars of citrus are also
grown viz. Rangpur lime, lemon and Pomelo. Citrus tristeza
virus is widely prevalent and one of the major contributors to
citrus decline in India (Vasudeva and Capoor 1958; Ghosh
et al. 2009; Kishore et al. 2010; Ahlawat 2012; Biswas et al.
2012).

CTV belongs to the genus Closterovirus, family Clos-
teroviridae and is one of the major destructive pathogen of
citrus farming worldwide (Bar-Joseph et al. 1981; Herron
et al. 2006). Virons of CTV are long flexuous filamentous
(2000 nm x 11 nm) and phloem limited in the host plant
(Bar-Joseph et al. 1989; Flores et al. 2013). The virions
contain positive-sense single stranded monopartite RNA
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genome, approximately 20 kb in size, having 12 open read-
ing frames (ORFs) which potentially encode 19 proteins
(Bar-Joseph et al. 1989; Karasev 2000; Barzegar et al.
2010; Albiach-Marti 2012). CTV is one of the largest known
viruses with numerous biological strains present worldwide
(Brlansky et al. 2003). It infects most citrus species, cultivars
and hybrids (Albiach-Marti 2012). CTV is transmitted veg-
etatively via infected budwood, and through aphid species
Toxoptera citricida, Aphis gossypii and Toxoptera aurantii
in a semi persistent manner. Among different aphid species,
T. citricida, commonly known as brown citrus aphid, is the
most efficient vector of CTV transmission (Marroquin et al.
2004).

CTYV causes a wide variety of symptoms in different cit-
rus species depending on the virus strain, rootstock scion
combination and prevailing temperature in the environment
(Ghosh et al. 2008). Different strains of CTV produce symp-
toms of seedling yellowing and stem pitting (Ahlawat 2012).
Field symptoms include stem pitting, vein clearing, vein
flecking, general stunting, slow and quick decline (Ghosh
et al. 2008). Different techniques have been used for detec-
tion of CTV (Ahlawat 2012). The most common method is
biological indexing where a suspected scion is graft inocu-
lated onto an indicator plant, Mexican lime (C. aurantifolia)
Leaves of graft inoculated plants show characteristic vein
clearing symptoms within few weeks post-inoculation (Ahla-
wat 2012). CTV is also detected by enzyme linked immuno-
sorbent assay (ELISA), dot Immunobinding assay (DIBA),
electron microscopy, Immuno electron microscopy (IEM)
with polyclonal or monoclonal antibodies (Ahlawat 2012).
Reverse transcription-polymerase chain reaction (RT-PCR)
and real time RT-PCR are the most trustworthy, conveni-
ent and sensitive techniques for CTV detection (Ruiz—Ruiz
et al. 2007). One-step RT-PCR (Hung et al. 2003), two-step
RT-PCR (Metha et al. 1997; Ananthakrishnan et al. 2010)
and multiplex RT-PCR (Roy et al. 2005), immunocapture
(IC) RT-PCR have also been used for the detection of CTV
(Saponari et al. 2008). Recently, LAMP-based CTV detec-
tion has been reported (Warghane et al. 2017a). The present
attempt was made to study the genetic diversity and charac-
terization of Sikkim CTV isolates using biological indexing,
RT-PCR, nucleotide sequencing of coat protein gene and
phylogenetic analysis.

Materials and methods

Sample collection, CTV incidence and diagnosis
Survey was conducted during the years 2013-2016. Total
36 samples were collected randomly representing different

cultivars from different districts in Sikkim (Fig. 1). Leaves,
young twigs, and bud sticks showing CTV symptoms, were
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collected and brought to the Plant Virology Laboratory,
ICAR-Central Citrus Research Institute, Nagpur, Maharash-
tra, India. Direct antigen coated enzyme linked immuno-
sorbent assay (DAC-ELISA) (Bar-Joseph et al. 1989) was
used to detect CTV (Biswas 2008; Tarafdar et al. 2013). The
virus titer in the infected samples was measured using opti-
cal density (OD) values at 405 nm in ELISA reader (Bio Rad
Model 680, USA). Overall OD values of 3—4 folds compared
to healthy control were considered as positive.

Biological indexing

Biological indexing of eight delegate samples showing
prominent symptoms for CTV among 36 was done by graft
inoculation on each of eight Mexican limes (C. aurantifolia)
indicator seedlings. Grafted seedlings were maintained in
polyhouse at 30 °C during day and 25 °C at night.

Total RNA isolation

Five to six symptomatic leaf of each sample was used to
isolate total gRNA separately. Leaves were washed with
tap water, followed by blotting with tissue paper and wip-
ing with 70% ethanol. Leaf midribs were ground in liquid
nitrogen and approximately 100 mg of grounded tissue was
used for extraction of total genomic RNA. Total RNA was
isolated using RNeasy plant mini kit (Qiagen, GmbH, and
D-40724 Hilden, Germany) according to manufacturer’s
instructions.

Reverse transcription- polymerase chain reaction
(RT-PCR)

Total RNA was used to perform RT-PCR using CTV-CP
specific primers CN150 (forward; 5’ATA TAT TTA CTC
TAG ATC TAC CAT GGA CGA CGA AAC AAA3') and
CN151 (reverse; 5'GAA TCG GAA CGC GAA TTC TCA
ACG TGT GTT AAA TTT CC3’) to amplify coat protein
(P,5) gene (Karasev et al. 1995; Ghosh et al. 2009). The
RT-PCR was carried out in two steps. In first step, cDNA
was synthesized in a 15 pl reaction volume containing 1.5 pl
1 x first strand buffer, 15.6U of RNAsin (Promega), 0.5 mM
dNTPs and 0.4 uM reverse primer, 120U of M-MLV reverse
transcriptase (Promega) and 4-5 pg of total RNA. The reac-
tion was carried out in T100™ thermal cycler (Bio-Rad,
USA) at 42 °C for 50 min followed by a denaturation at
72 °C for 10 min. An aliquot (1.75 pl/15 pl) of cDNA was
used for PCR amplification in a 25 pl reaction volume con-
taining 1 X PCR buffer, 1.5 mM MgCl,, 0.2 mM dNTPs mix,
0.2 uM of forward and reverse primer, and 1.25 U of GoTaq
flexi DNA polymerase (Promega, Madison, USA). The ther-
mal profile for the amplification was as followed: one cycle
of 2 min at 94 °C followed by 35 cycles of 20 s at 94 °C,
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Fig.1 A geographical map of India showing the sample collection regions in Sikkim

20 s at 61 °C, 1 min at 72 °C and a final extension of 10 min
at 72 °C. The resulting RT-PCR products were separated by
electrophoresis in a 1% agarose gel and visualized by eth-
idium bromide staining in an UV GelDocumantation system
(Bio-Rad, USA).

Sequencing of PCR amplicons

The PCR amplified amplicons of coat protein gene for all
eleven CTV positive samples were eluted from an aga-
rose gel by using GenElute™ Gel extraction kit (SIGMA-
ALDRICH Co.St. Louis, USA) as per manufacturer’s
instructions. We did not find any amplification for remaining
25 samples. The eluted samples were sequenced at Sanger
sequencing facility from Eurofins Genomics India Pvt. Ltd.,
Bangalore using BigDye V3.1 technology and Genetic Ana-
lyzer (ABI3730XL, ABI, USA).

Sequence and phylogenetic analysis

Sequence similarities were found out using the BLAST
algorithm of NCBI and visual FASTA result tool of Euro-
pean Molecular Biology laboratory-European Bioin-
formatics Institute (EMBL-EBI). The Phylogenetic tree
was constructed by Maximum Likelihood method using

MEGAG6. The CP gene sequences of CTV isolates viz. T36
(Florida severe U16304), T30 (AF260651), VT (U56902),
B165 (EU076703), HA16-5 (GQ454870), and NZRB-G90
(FJ525432) representing six recognized CTV genotypes and
additional sequences (Table S1) were used from the previous
studies (Roy and Brlansky 2010; Melzer et al. 2010; Biswas
et al. 2012; Tarafdar et al. 2013).

Recombination analysis

The recombination detection program RDP4 was used
for analysis of recombination events (Martin et al. 2015).
Default settings were used with a standard Bonferroni-
corrected highest acceptable p value cut-off of 0.05. The
recombination event detected by two or more algorithms
in CP gene of CTV was considered as evidence of putative
recombination (Table S1).

Results
CTV detection and estimation of disease incidence

Overall, 30.55% of samples showed positive in ELISA
reaction among the collected samples from various
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locations of Sikkim (Table 1). Out of 36 samples tested
by RT-PCR using coat protein gene specific primer pairs
(CN150/CN151), eleven samples viz. SK5, SK6, SK7,
SK11, SK12, SK13, SK14, SK18, SK19, SK20, and SK22
were found positive for CTV showing ~ 672 bp ampli-
cons (Fig. 2) while no amplification was observed in the
remaining 25 samples (Table 1).

Biological indexing

About two and half months after graft inoculation, five
samples (SK5, SK6, SK13, SK20 and SK22) out of 8
grafts inoculated samples showed characteristic symp-
toms of tristeza disease. Symptoms in Mexican lime indi-
cator seedlings include vein clearing, leaf cupping, and
leaf curling. Three samples viz. SK8, SK21 and SK25
did not show any CTV symptoms in the indicator seed-
lings and found negative for CTV by RT-PCR as well as
ELISA.

Sequence analysis

The pair wise sequence analysis of the coat protein gene
showed that the Sikkim isolates used in present study shared
91-100% nt identity among themselves (Table S1). These
isolates showed 92-96% nt identity with the previously
characterized Sikkim CTV isolates RL1 (MF078629), RS4
(MF078627) and RRS (MF078628). Primarily, our overall
sequence analysis conclude that Indian CTV isolates from
North East region viz. Meghalaya, Assam, Manipur, West
Bengal and Sikkim showed 89-100% nt identity among
themselves (Table S1, Fig. 4).

Phylogenetic analysis

Overall phylogenetic analysis constructed a tree depict-
ing eight clades, which were represented as geno-groups,
Gr-1 to Gr-VIII and the Sikkim isolates were placed under
Gr-I and Gr-VI (Fig. 3). Eight isolates SK13, SK20,
SK18, SK6, SK11, SK14, SK12 and SK19 were similar
(98-100%) to each other and grouped with previously

Table 1 CTYV indexing of citrus samples collected from Sikkim by ELISA and RT-PCR

Location/district Citrus cultivar Symptoms No. plant infected/no. No. plant infected/no. CP gene accession no.
plant tested (% plant plant tested (% plant
infection) based on infection) based on PCR
ELISA
South Sikkim (Namchi) Pomelo (C. maxima) Chl 0/4 0/4
Rangpur lime (C. limo-  Chl, Pg 0/2 0/2
nia)
Kali Jambheri (C. jumb-  Chl, Pg 171 1/1 SK11(KR105771)
heri)
Khasi Mandarin (C. Chl, Pg, St 2/3 2/3 SK14 (KR185331) and
reticulata) SK19 (KR259640)
Bimbra Chl, Pg 171 171 SK5 (KR080486)
West Sikkim (Geyzing) Khasi Mandarin (C. Chl, Pg, St 3/8 3/8 SK6(KR080487),
reticulata) SK13(KR185330)
and
SK22(KR259642)
Rangpur Lime (C. limo-  Chl, Pg 0/3 0/3
nia)
Pomelo (C. maxima) Pg 0/1 0/1
Assam Lemon (C. limon) Chl, Pg 0/1 0/1
East Sikkim (Gangtok) ~ Assam Lemon (C. limon) Chl, Pg 1/2 172 SK7 (KR105770)
Khasi Mandarin (C. Chl, Pg, St 1/2 172 SK20 (KR259641)
reticulata)
Pomelo (C. maxima) Chl 0/1 0/1
North Sikkim (Mangan) Khasi Mandarin (C. Pg, St 2/4 2/4 SK12 (KR185329) and
reticulata) SK18 (KR185332)
Pomelo (C. maxima) Chl 0/1 0/1
Assam lemon (C. limon) Chl, Pg 0/2 0/2
Sikkim Citrus spp. 11/36 (30.55%) 11/36 (30.55%)

Chl chlorosis, Pg poor growth, St stunting
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Fig.2 Agarose gel electrophoresis photograph showing the amplified PCR products using CTV CP gene specific primers set CN150/CN151.
SK1 to SK36 isolates, + ve = positive control, — ve =negative control. In lane L, 100 bp molecular size marker was used

reported Indian isolates K10 and Florida severe isolate T3
in Gr-I by showing identify of 98-99%. The isolates SK7,
SK5 and SK22 shared 97-99 per cent nt identity among
them and grouped with previously reported Indian isolate
K5 in Gr-VI by showing identify of 97-99%. Based on CP
gene analysis, NE Indian CTV isolates were placed in five
geno-groups (Gr-1, Gr-1I1, Gr-V-Gr-VII) while remaining
Indian CTYV isolates distributed into seven geno-groups

(Gr-1, Gr-ITII-Gr-VIII) and worldwide CTV isolates into
eight geno-groups (Gr-I to Gr-VIII) (Table S1, Fig. 3).

Recombination

The CP gene sequence recombination analysis of eleven
Sikkim CTYV isolates revealed, recombination events only
observed in six isolates; SK6, SK11, SK13, SK14, SK18 and
SK20. The recombination events were detected at position
from 438 to 672 nt in CP gene by a maximum probability
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Fig.3 Phylogenetic analysis
among CTV isolates based on
sequence of the coat protein
gene. The tree was generated
using the Neighbour-Joining
(NJ) method in MEGA 6.
Significance of the nodes was
estimated at 1000 bootstrap
replications and the bootstra
p values were shown next to
the branches. The sequences
generated in the present study
are represented by bold fonts.
The CTV genogroups with
representative genotypes (iso-
lates) generated in this study are
demarcated with third bracket
and arrow
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(p=2.945x107") compared to the Florida severe CTV iso-
late T36 as major and previously reported Indian isolates
Kpg2 as minor donors. However, out of seven algorithms
employed only one algorithm (Sis can) detected these
recombination events. Therefore, the observed recombina-
tions were not considered as true events. To confirm the
true recombination event, further studies is required with
additional CTV isolate from the Sikkim.

Discussion

Sikkim is an important citrus producing area in India. Citrus
plants in many orchards show sparse foliage, vein clearing,
vein corking and leaf yellowing symptoms that are indicative
of tristeza disease contributing widespread decline of citrus
production in the state. Kishore and colleagues studied the
incidence of CTV in Sikkim Himalayan region by serologi-
cal technique (DAS-ELISA) (Kishore et al. 2010) and have
observed CTV incidence up to 46.32% in Khasi mandarin.
The disease prevalence varied depending on the age of the
plant and sampling locations.

ELISA is a robust, effective and reliable detection
method of CTV and can be used for numerous samples
at a time (Palchoudhury et al. 2017). In the present study,
DAC-ELISA was successfully used for CTV detection.
Current advancements in the field of molecular biology
have provided a new paradigm for classification, identifi-
cation and characterization of the plant viruses. Molecular
target such as conserved nucleotide sequence of CP and
other viral genes have been very useful in differentiating
viral strains and genotypes (Gupta et al. 2017). It is also
helpful to determine relationship of the genus, species and
viral strains. Different citrus pathogens such as Candidatus
Liberibacter spp., citrus mosaic badna virus, Indian citrus
ringspot virus and citrus viroids have been successfully
detected and characterized based on the genome sequences
(Ahlawat 2012; Ghosh et al. 2015; Warghane et al. 2017b).
In the present study, CP gene of CTV was amplified using
primers CN150/CN151 from samples collected from dif-
ferent districts of Sikkim, India. These primers amplified

a product of ~672 bp (Ghosh et al. 2008, 2009; Morales
et al. 2013). Successful amplification was observed in 11
samples out of 36 tested from citrus cultivars viz. Khasi
mandarin, Kali Jumbheri and Bimbra. However, Pomelo,
Assam lemon and Rangpur lime samples showed no ampli-
fication of the CP gene and were presumed CTV negative.

The isolates from Sikkim showed 95-100% identity
with isolates from India and other geographic regions. For
example, isolates SK6, SK11, SK12, SK13, SK14, SK18
and SK20 showed 98% to 100% identity with isolate from
Darjeeling (GQ475549), West Bengal. On the other hand,
the isolates SK5, SK7 and SK22 showed 99 per cent iden-
tity to CTV isolates reported from Assam. Using the CP
gene sequence, the genetic diversity of CTV isolates from
different parts of India has been studied (Biswas et al.
2012). These authors characterized the CTV isolates in
seven groups and showed that the Indian isolates tested
represented all seven groups. The phylogenetic analysis
revealed that Sikkim CTV isolates used in present study
grouped into Gr-I (SK11, SK12, SK13, SK14, SK16, SK18,
SK19) and Gr-VI (SKS5, SK7, SK22) (Fig. 2). The previously
characterized Sikkim CTV isolates viz., RS4, RR5 and RL1
(Palchoudhury et al. 2017) were closely related with Indian
CTV isolate Kpg3 and Hawaii isolate HA16-5 and placed
in Gr-VIIL. The recombination analysis revealed that, only
one algorithm detected recombination events in six present
isolates and recently it is also reported that recombination
events were not detected in Sikkim CTYV isolates (Palchoud-
hury et al. 2017). As it is detected by only one algorithm,
it should not be considered as true recombination event
(Table 2). Thus, our results suggest that CP gene of Sikkim
CTYV isolates are less recombination prone and presumably
are more conserved in nature (Fig. 4).

In summary, this study has established that the CTV is
prevalent in the state of Sikkim and CTV genogroup are
not restricted to citrus species and location. Further, the
RT-PCR based detection using coat protein gene specific
primers could be used for routine diagnosis of the disease.

Table 2 Recombination events of the present Citrus tristeza virus isolates detected in recombination-detecting program RDP4

Recombinant Genomic region Recombination site at the Donor (major X minor) Algorithm detected recom- Maximum p value
isolate sequence position of gene isolate bination event

SK6 CP 438-672 nt T36 xKpg2 Siscan 2.945% 107!

SK11 CP 438-672 nt T36xKpg2 Siscan 2.945x 107!
SK13 CP 438-672 nt T36 xKpg2 Siscan 2.945% 107!
SK14 CP 438-672 nt T36 x Kpg2 Siscan 2.945x 107!
SK18 CP 438-672 nt T36 x Kpg2 Siscan 2.945x 107!
SK20 CP 438-672 nt T36 xKpg2 Siscan 2.945%x 107!
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