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Abstract The present study for the first time describes
biological and molecular characterization of Citrus tristeza
virus (CTV) occurring in the Terai area of Uttarakhand
State in Northern Himalaya region of India. Direct antigen
coated-ELISA and reverse transcriptase-polymerase chain
reaction (RT-PCR) detected the CTV infection in Acid
lime cv. Pant lemon (Citrus aurantifolia) orchards of
Pantnagar with an estimated disease incidence of
16.6-20.5 %. To know the biological and genetic proper-
ties, an isolate, CTV Pant 4 was characterized. Isolate Pant
4 could be graft transmitted to Kinnow, Nagpur and Dar-
jeeling mandarins, Mosambi sweet orange, Kagzi lime,
Sweet lime, Sour orange but not to Rough lemon. The
sequence analyses of the 5ORFla (3038 nucleotides) of
LPro domain and 3’end (2058 nt) covering ORF7-ORF10
regions of the CTV genome revealed that Pant 4 was clo-
sely related to the previously reported Indian CTV isolate,
Kpg3 from Northeastern Himalaya region with 97 and
98 % sequence identity, respectively. Whereas, it differed
from the previously reported CTV isolate B165 from
Southern India with 79 and 92 % identity, respectively for
5’ORFla and 3’ end regions. Recombination and SplitsTree
decomposition analyses indicated that CTV isolate Pant 4
was a recombinant isolate originating from Kpg3 as a
major and B165 as a minor donor.
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Introduction

Citrus tristeza virus (CTV), one of the most destructive
pathogens infecting citrus causes huge crop losses by
killing over 100 million citrus trees worldwide including
about one million trees in India [1, 3, 18]. CTV, a phloem
limited plant virus with long flexuous particle, 2,000 x
11-12 nm in size belonging to the genus Closterovirus is
transmitted predominantly by brown citrus aphid, Toxop-
tera citricida in semi-persistent manner, and spread over a
distant areas by transportation of infected planting material
[18]. CTV infects nearly all the citrus species, cultivars,
and inter-generic hybrids and some citrus relatives,
inducing symptoms like decline, stem pitting, seedling
yellows, vein clearing and flecking [5, 6, 14, 23]. CTV
isolates differ in their biological characteristics, types and
intensity of symptoms induced in different citrus hosts and
aphid transmissibility [12], however, molecular determi-
nant for symptom development in citrus hosts are not yet
clearly known.

The CTV genome contains single stranded RNA of
about 19.3 kb with 12 open reading frames (ORFs)
encoding at least 19 proteins [12, 21]. The ORFs la and 1b
encode replication related proteins, whereas, the 3’ end ten
ORFs (ORFs 2-ORF11) encodes proteins p33, p6, p65,
p61, p27, p25, p18, p13, p20 and p23 [11, 22]. Analysis of
19 complete genomes CTV isolates available in GenBank
data base revealed extensive variation in sequence among
the CTV isolates and enabled them to be grouped into six
genotypes, recognized as T36 (Florida), T30 (Florida), VT
(Israel), B165 (India), HA16-5 (Hawaii) and RB genotypes
(New Zealand) [6, 10, 16, 19].

In India, CTV occurs in all the citrus growing geo-
graphical zones: Northeast, Northwest, Central and South
with an estimated disease incidence ranging from 10 to
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90 % [1, 4]. Occurrence of genetic diversity in CTV has
been reported from India [5, 9, 11, 20, 23]. Analysis of the
viral sequence of several CTV isolates from citrus growing
areas of Northeast, North, South and Central India has
documented for extensive genetic diversity classifying the
Indian CTYV isolates into at least six to eight genogroups.
[7].

In the Uttarakhand Terai area of Northern Himalaya
region of India, Acid lime cv. Pant lemon (Citrus auran-
tifolia) is cultivated at commercial level. Previously, there
was no report of CTV occurring in citrus orchards of this
region. During our survey, the citrus orchards surveyed
appeared to be very poor in growth and showing declining
symptoms; those diseases resembled to virus or virus-like
diseases. Thus, in the present study, an effort was made to
characterize the virus associated to cause the disease in this
plant through biological indexing and sequence analysis of
viral genome, and then to estimate disease incidence.
Present study demonstrated the association of CTV with
the infected Acid lime in this region, and further molecular
analysis determined putative demographic history of this
virus and its origin through recombination events.

Materials and Methods
Survey and Sample Collection

Survey was conducted in the two Pant lemon (C. auranti-
folia) orchards, orchard-1 and orchard-2 at Experimental
Farm at G. B. Pant Univ. of Agric. and Technology
(GBPUAAT), Pantnagar, Uttarakhand of Northern Hima-
laya region of India in the month of September 2010. Total
number of 52 samples, 34 from orchard 1 and 18 from
Orchard 2 with one to two twigs were collected from each
of the randomly selected trees from both the orchards and
brought to the laboratory for molecular assay. For detection
of CTV and the percent plant infection direct antigen
coated-ELISA (DAC-ELISA) was carried out as described
earlier [4, 5] using CTV specific antisera obtained from
Advanced Centre for Plant Virology, Indian Agricultural
Research Institute, New Delhi.

Host Range

To determine biological properties of CTV in Terai region
of Uttarakhand, host range of an isolate designated as CTV
Pant 4 was selected randomly from Pant lemon orchard-2
was studied through bud wood graft transmission using
eight citrus hosts (Table 1), viz., Kinnow mandarin
(C. reticulata), Nagpur mandarin (C. reticulata), Darjee-
ling mandarin (C. reticulata), Kagzi lime (C. aurantifolia),
Mosambi sweet orange (C. sinensis), Rough lemon
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Table 1 Host range of Pantnagar CTV isolate Pant 4 through graft
transmission

Citrus host Symptom No. of Month taken by
appeared in plant the plant to
the inoculated  produced  produce
plant symptom/ symptom

No. after graft
of plant inoculation
inoculated

Kagzi lime Vein clearing, 4/4 3

corking,
decline type

Darjeeling Poor growth, 3/3 6

mandarin decline type

Kinnow mandarin ~ Poor growth 3/3 6

Nagpur mandarin ~ Nil® 3/3 NA

Rough lemon Nil® 0/3 NA

Sour orange Chlorosis 3/3

Sweet orange Stunting, 2/3

chlorosis

Sweet lime Vein clearing, 3/3 3

bushy,
decline
type

Virus infection was confirmed by ELISA and RT-PCR after
12 months of graft inoculation, Average OD values (A49s) of buffer,
healthy and positive control are 0.21, 0.24, and 0.82-1.85,
respectively

NA not applicable
* ELISA and RT-PCR positive
® ELISA and RT-PCR negative

(C. jambhiri), sweet lime (C. limettoides) and Sour orange
(C. aurantium) following the method described earlier [4].
The successful graft unions were considered and main-
tained in an insect-proof greenhouse for observation of
CTV induced symptoms.

RNA Isolation, cDNA Synthesis and Cloning of Viral
Sequences

A set of nine pairs of specific and degenerate primers
(Table 2); five of them targeting the sequence of 5ORFla
region of LPro domain and four targeting for the 3’end
region covering ORF7-ORF10 of CTV genome described
earlier [6] were used for amplification of the viral nucle-
otide sequences. Total plant RNA was isolated and first
strand cDNA was synthesized using the protocols devel-
oped previously [26]. The RT-PCR was performed using
the protocol described previously [4] with different sets of
primers adapting appropriate annealing temperature. PCR
product was purified (Promega, Madison, USA), cloned in
the T&A cloning vector (RBC, UK) following manufac-
turer’ recommendation and the positive clones were
selected using standard method of colony PCR. Two clones
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Table 2 Oligonucleotide primers for sequencing of the 5’ORFla and the 3’end regions of the genome of CTV isolate Pant 4

Primer pair  Primers Nucleotide sequence (5" — 3') Amplicon size (nt) Position at (from-to)* ORF Tm (°C)

P1 KK573(F) AACCGTCCYCGTACGGTTTCTCCC 495 927-1,491 5'ORFla 62
KK491(R) GTGTRAGTCCCRCGCATMGGAACC

P2 KK575(F) GGGACYTACACTTTTGGCAGTGT 449 1,481-1,929 5'ORFla 62
KK576 (R) AMACKGCATGGCACAACTCATC

P3 KK577(F)  ACTTYGATGAGTTGTGCCATGC 758 1,903-2,660 5'ORFla 56
KK578(R) GAAGTRACRCAYTTGTTAARGAA

P4 KKS579(F) TTAACAARTGYGTYACTTCYCG 724 2,642-3,365 5'ORFla 58
KK580(R) TGATCGGARTGTACGGAATGA

P5 KK581(F) AGTGAGAAYCARCARGTGATGC 831 3,286-4,116 5'ORFla 56
KK582(R) CCCHGGTAAACAACTACGAGTC

P6 KK559(F) TCC GAA CAT GAA CGR GGY ATC 575 16,019-16,593 3’end 62
KK560(R) GT CCA AAG TTT GTC AGA CAA ATC

P7 KK561(F) ATA ACG TAC ACT CGG GAG GG 849 16,541-17,389 3’end 60
KK562(R) CRG TCA CTT CGT GTC TAA GTC

P8 KKS563(F) GY TGC AGT ATT TGG TTT TAC RAC 722 17,287-18,008 3’end 58
KK564(R) CAT GTC YGA CTT CAT AGA GTG

P9 KK618(F)  AGC GTA ACT CTY RCG GAA GTG 831 17,939-18,769 3’end 62
KK566(R) TAT GCG CCA CCT CGT TCT GAG

F and R in parentheses indicate the forward and reverse primers respectively, redundancy code B = (GTC), D = (GAT), H = (ATC),

K = (GT), M = (AC), R = (AG), S = (GC), W = (AT), Y = (CT)

* Sequence positions of the primers in the aligned genome sequences of previously reported Indian CTV isolate Kpg3 (HM573451) [7]

for each PCR product were sequenced outsourcing in both
the directions using the vector derived primers M13F and
MI3R in automatic sequencer (AB 13130 Genetic ana-
lyser, Chromous Biotech, Bangalore). Overlapped contig
sequences were assembled in DNA STAR SeqMan soft-
ware and consensus sequences were used for further
molecular analysis.

Sequence Analysis

The sequence of CTV isolate Pant 4 and corresponding
sequence of six CTV isolates, T36 (U16304), T30
(AF260651), VT (U56902), B165 (EU076703), HA16-5
(GQ454870) and NZRB-G90 (FJ525432) representing each
of the six internationally recognized CTV genotypes, and
one previously reported Indian isolate, Kpg3 (HM573451)
[6, 10, 16] were taken for sequence analyses and compar-
isons. The sequences were aligned using ClustalX version
1.81 [27]. Sequence identity matrix was generated using
computer based program GeneDoc, version 2.6.002. To
study nucleotide mutation and relative rate of dy and dg
and its difference among the CTV sequences, the Tajima’s
neutrality test was carried out using MEGA4 [24, 25].
Maximum likelihood phylogenetic tree analyses were
conducted using the program MEGA4 [25]. The potential
recombination events were identified using recombination-

detecting program RDP3 program v.3.34; implemented
with seven algorithms, RDP, GENECONYV, Bootscan,
MaxChi, Chimaera, 3Seq and SiScan [15]. Recombination
events were checked manually and confirmed by UPGMA
(Unweighted pair group method with arithmetic mean) tree
using RDP3.

Results
Detection of CTV and Estimation of Disease Incidence

The poor growth of trees along with general decline was
observed in the Pant lemon orchards, Orchard-1 and
orchard-2 surveyed. Both the orchards were found to be
infected by CTV when assayed with DAC-ELISA using
CTV specific antisera. Three out of 18 samples in Orchard-
1 (16.6 % disease incidence) and seven out of 34 samples
in Orchard-2 (20.5 % disease incidence) were found to be
CTV infected. The infected samples showed OD values of
0.74-1.57, whereas, healthy control showed OD value of
0.46. The virus infection in the ELISA positive samples
were confirmed by RT-PCR for amplification of 404 nt
sequence fragment of 5’ORFla of CTV genome using
primers, KLM 488 and KLM 491 described previously [5].
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Host Range of CTV Isolates Pant 4

The CTV isolate Pant 4 was biologically indexed on eight
citrus hosts using bud wood grafting (Table 1). Infection of
virus was assayed, and different kinds of symptoms
induced by the virus in different hosts were recorded after
6 months of graft inoculation. Isolate Pant 4 was found to
be transmitted to all citrus hosts tested in the present study,
except to Rough lemon. The virus infection in the inocu-
lated hosts was detected by DAC-ELISA. Vein clearing
and decline symptoms were observed in Kagzi lime and
Sweet lime. In addition, vein-corking in Kagzi lime, and
bushy appearance in Sweet lime was also observed.
Infected Nagpur mandarin was found to be asymptomatic.
Sweet orange and Sour orange showed chlorosis, and
additionally sweet orange appeared stunted. Darjeeling
mandarin showed no visible symptoms, although poor
growth with decline symptoms was observed after
6 months of inoculation.

Sequence Comparison

A total length of 3038 nt (Acc No. IN974901) at nucleotide
coordinate positioning from 924 to 3992 nt of 5’ORFla
(5’ORFla) and 2078 nt (Acc. No. JN974902) positioned
from 16110 to 18267 nt (as per the full genome sequence
of isolate Kpg3) comprising ORF7 (672 nt), ORF8
(504 nt), ORF9 (360 nt) and ORF10 (549 nt) at 3’ end of
CTV genome of isolate Pant 4 were sequenced and com-
pared with other CTV isolates. Sequence analyses revealed
that the viral sequences and organisation of ORFs of isolate
Pant 4 were similar to other CTV isolates.
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Fig. 1 Phylogenetic relationships of the present CTV isolate Pant 4
with other isolates based on the nucleotide sequences of the 5’ORFla
region (a), assembled four ORFs (ORF7-10) at 3’end region (b) and
ORF8 sequence (c) of the viral genomes, using maximum parsimony
in the program MEGAA4. The significance of the nodes was estimated
with 1,000 bootstrap repetitions. The description of CTV isolates used
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Pair wise nucleotide identities for the 5’ORF1la, 3’end
and the individual ORFs among CTV isolates including
isolate Pant 4 were analysed and compared. For the
5'ORFla, isolate Pant 4 shared 97-98 % nt identity with
previously reported Darjeeling CTV isolate Kpg3 and
Israel isolate VT, 89 % with Florida mild isolate T30 and
72-79 % with other CTV isolates. For the 3’end sequence
analysis, Pant 4 was found to be very close with Kpg3 by
97 % identity, but distant from other CTV isolates by
91-94 % identities. Analyses of individual ORFs showed
that Pant 4 had 99-100 % nt identity with Kpg3 for ORF7,
9 and 10, 96 % identity with B165 for ORF10 and 99 %
with Hawaii isolate HA16-5 for ORF9.

Sequence identity of deduced amino acid (aa) of ORF7
to ORF10 of Pant 4 were compared and patterns of aa
sequence identity were found to be similar as observed in
nucleotide sequence identities. Isolate Pant 4 showed
99-100 % aa identity for ORF7, 9 and 10 with Kpg3 and
95-98 % with B165 for ORF 7, 8 and 10, however differed
from Kpg3 with 91 % identity and from B165 by 87 % for
ORFS. Interestingly, isolate Pant 4 had 100 % aa identity
with HA16-5 for ORF9.

Eight CTV isolates including two Indian isolates, Pant 4
and Kpg3, and six isolates representing internationally
recognized genotypes, were analyzed to estimate genetic
variation using bio-statistical parameters in MEGA4
(Table 3). The sequence diversity (m) was maximum
(r = 0.190) in the 5’ORFla region due to high mutational
rate (0 = 0.161) compared to the 3’end region
(m = 0.070-0.083) among CTV isolates including present
isolate Pant 4 (Table 3). Of four ORFs in 3’end region
analyzed, maximum sequence diversity (n = 0.083) was
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for sequence analysis are of previously reported Indian isolate Kpg3
(HM 573451), Florida severe isolate T36 (U16304), Florida mild
isolate T30 (AF260651), Israel severe isolate VT (U56902), New
Zealand isolate NZRB-G90 (FJ525432), Indian isolate B165
(EU076703) and Hawaii isolate HA16-5 (GQ454870)
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Table 3 Nucleotide diversity in different genomic regions among CTV isolates estimated by population genetic parameters and Tajima’s
neutrality test

ORFs n m S Ps 0 b D dyn dg dn/ds
5'ORFla 3069 8 1274 0.418 0.161 0.190 0.994 0.165 0.228 0.724
3’end 2158 8 435 0.202 0.077 0.077 —0.080 0.071 0.087 0.816
ORF7 672 8 121 0.180 0.069 0.070 0.043 0.017 0.256 0.066
ORF8 504 8 100 0.198 0.077 0.075 —0.120 0.036 0.171 0.211
ORF9 360 8 81 0.225 0.087 0.083 —0.215 0.040 0.240 0.167
ORF10 549 8 114 0.208 0.080 0.079 —0.098 0.025 0.215 0.116

All position containing gaps and missing data were eliminated from the dataset using complete deletion option

n nucleotide expansion, m number of isolates those were used in phylogenetic analysis, S number of segregation sites, p, S divided by n, 0
population mutation rate, © pair wise nucleotide diversity by the average number of differences per site between two sequences, D Tajima test
statistics, ds and dy mean numbers of synonymous and non-synonymous nucleotide substitutions per synonymous and non-synonymous site,

respectively, dn/ds < 1 (purifying selection), Tajima neutrality statistical test and relative rate of dy and dg substitutions were conducted using

MEGA4 [26]

observed in ORF9 and minimum (m = 0.070) in ORF7.
Positive Tajima’s D values were observed for 5ORFla
(0.994) and ORF7 (0.043) that indicated low level,
whereas, negative D values for ORFs 8-10 (—0.098 to —
0.215) signified a high level of frequency of polymorphism
(Table 3). The ratio of dy to dg for the 5’ORF1a region was
higher (0.724) compared to other ORFs of CTV genome.
The dn/dg value less than 1.0 implied that the CTV enco-
ded proteins are not much variable within the populations
thus not under intense purifying selection.

Phylogenetic Analysis

Phylogenetic analysis for the 5ORFla of Pant 4 and other
CTV isolates generated overall six phylogroups; isolate Pant
4 grouped with Indian isolate Kpg3 and Israel isolate VT
(Fig. 1a). Analysis for the 3’end sequences showed that Pant
4 grouped with isolate Kpg3 (Fig. 1b). In the analyses of
individual ORFs, Pant 4 grouped together with Kpg3 and
HA16-5 for ORF7 and ORF9, and only with Kpg3 for ORF10
(Figure not shown). Isolate Pant 4 was found to be a distinct
in the phylogenetic tree for ORF8 sequence (Fig. 1c).

Neighbor-net decomposition (SplitsTree) analysis presented
reticulate network among the CTV isolate (Figure not shown),
indicating a complex evolutionary history among the CTV
isolates. Analysis of the 5’ORF1a showed that isolates Pant 4,
Kpg3 and VT were originated from common ancestors. The
analysis of the 3’end also constructed reticulate network rela-
tionship among the CTV isolates indicating a close evolution-
ary relationship between Pant 4 and Kpg3 which might have
been originated from distantly related ancestors.

Recombination Analysis

To detect recombination events, the 5ORFla and 3’end
sequences of CTV isolates were examined using RDP3
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Fig. 2 Recombination analysis for assembled sequences of four
ORFs (ORF 7-10) at 3’ end region of CTV genome of isolate Pant 4
using Chimaera algorithm that is implemented in recombination-
detecting program RDP3. Position of sequence alignment and log
P value were represented in X and Y axis, respectively. Sequence with
recombination origin was indicated by deep shaded area

program. No recombination event was identified in the
5'0ORFla, while one recombination event was detected at
the 3’end at position of 655-1142 nt (ORF3), supported by
maximum P value of 6.529 x 10~'° involving Kpg3 as
major and B165 as minor donor. In UPGMA analysis,
isolate Pant 4 grouped with major donor Kpg3 for non-
recombinant consensus sequence (1143-654 nt) and with
minor donor B165 for recombinant sequence
(653-1142 nt), confirming recombination origin of isolate
Pant 4 (Fig. 2).

Discussion

Acid lime cv. Pant lemon is an important citrus species
grown in Pantnagar area of Uttarakhand Terai region of
Northern Himalaya region of India. The present study
reported that the Pant lemon in this area is infected by CTV
with an estimated disease incidence of 16-20 % using
ELISA and RT-PCR. It is interesting to note that even
under highly favourable environmental condition that
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prevailed in Uttarakhand Terai region of India, the isolate
Pant 4 could not show typical visible symptoms on Pant
lemon under field condition. Diagnosis of CTV based on
visible symptoms was not possible as no CTV specific
symptoms in Pant lemon orchard were observed. It was
reported earlier that CTV infected citrus trees do not
always produce external symptoms, as production of
symptoms depends on hosts, virus strains and environ-
mental conditions [2, 3, 13].

The symptomatology and experimental host range of
isolate Pant 4 were found to be closely related with pre-
viously reported CTV isolate Kpg3 of the Darjeeling hills
[5], suggesting isolate Pant 4 and Kpg3 are similar in
pathogenicity. Sequence comparisons and phylogenetic
tree analyses for 5’ORFla and 3’end region revealed that
isolate Pant 4 is closely related with Kpg3 and differed
from previously reported another Indian isolate B165 of
Bangalore region [19]. Isolate Pant 4 showed 99-100 % aa
sequence identity with Kpg3 for ORF7, 9 and 10, indi-
cating both the isolates are similar in pathogenecity, ORF7
encodes for major CP and RNAi suppressor, ORF9 for p13
protein with unknown function and ORF10 for RNAi
suppressor [17]. ORF encodes p18 protein the function of
which is unknown [17]; ORF8 of Pant 4 is different from
Kpg3 isolate, indicating that p18 might have role in host
specificity as Rough lemon is infected by the isolate Kpg3
in the Darjeeling hills but not by the isolate Pant 4 in glass
conditions. A close relationship in amino acid sequence
(99-100 % identity) of isolates Pant 4 and Kpg3 with
Hawaii isolate HA16-5 for ORF7 and 9 was observed, that
indicated both the Indian isolates might be related to
Hawaii isolate in pathogenecity.

Homologous and non-homologous recombination is
reported to be a fast means for evolution of CTV [6, 10, 15,
16, 19]. Present results indicated that Pant 4 is a recombinant
CTV isolate showing ORFS likely to be originated through
recombination events by exchanging sequences of isolates
Kpg3 and B165. This supports that RNA recombination has
played a role in evolution of this CTV isolate. Earlier, iso-
lates HA16-5, SY568, B165 and Kpg3 are reported to be
recombinant/hybrid originated by multiple recombination
events between CTV variants [6, 16, 19]. The SplitsTree
analysis supported the phylogenetic relationship and evolu-
tionary history of Pant 4 and Kpg3, showing that both the
isolates originated from combination of common and dis-
tantly related ancestors. Previously, SplitsTree analyses
demonstrated that phylogenetic relationships among CTV
sequences are interconnected with a complex network [15].

The present study showed more sequence diversity in
sequence of 5’ORFla region and no recombination event
was detected in this region. However, the biostatical
analysis carried out in the present study suggested that
5’ORFla region might have high mutation rate resulting in

@ Springer

occurrence of genetic diversity among the CTV isolates.
Previously, high rate of mutations, in addition to recom-
bination and other biological and molecular phenomena,
was reported to contribute for overall diversity and evo-
lution of CTV isolates [8].

In conclusion, CTV occurs in Acid lime cv.Pant lemon
orchards in Uttarakhand Terai area of Northern Himalaya
region of India. The symtomatology, host range and
sequence analysis suggested that CTV isolate Pant 4 is
closely related to decline inducing Darjeeling CTV isolate
Kpg3 but differs from South Indian severe isolate B165.
The sequence, recombination and SplitsTree decomposi-
tion analyses indicated that CTV isolate Pant 4 is a putative
recombinant isolate originating from Kpg3 as a major and
B165 as a minor donor.
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