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Abstract

ackground: Citrus tristeza virus (CTV) is a widespread disease and the most destruction causing

agent of citrus. It is one of the most destructive diseases of citrus. Pakistan is ranked amongst the

top ten citrus producing countries around the globe and it contributes about 2% to its foreign
exchange earnings. Based on this assumption it is very important to monitor and determine the
evolutionary forces and the phylogeography of Pakistani CTV population.

Methods: A total of 49 sequences of p20 gene from Pakistan were phylogenetically compared with CTV
sequences worldwide. These sequences were analyzed for their genetic diversity and evolution using a
Bayesian Probability approach and predicted secondary structure.

Results: Phylogenetic analysis using Bayesian probability inference and predicted secondary structures
diversity of CTV indicated that Pakistani isolates were not diverse from global isolates. Lineage analysis
showed that CTV was introduced in Pakistan in three individual events from various parts of the world.
After that CTV dispersed in Pakistan via vector transmission or by use of infected propagating material
by local farmers.

Conclusions: Our study confirmed multiple introductions of CTV in Pakistan and also confirmed the
dissemination of CTV within Pakistan. This study also shows that the mutations are present in the
predicted secondary structure of the p20 protein, however, it is not known if it affects the pathogenicity of
the virus.
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Introduction

Citrus is rated among the most widely grown fruit crops
in the tropical and subtropical regions of the world.
Brazil, China, USA, Mexico, Argentina, Pakistan, India,
Spain, Italy, Egypt, Turkey and Japan are the major
citrus producing areas [1]. Pakistan being the major
citrus producer contributes about 2% to the world’s
citrus market of which 96% comes from Punjab [2].
Citrus is widely distributed in Pakistan consuming
about 194.5 thousand hectares of land providing annual
citrus yield of about 1982.2 thousand tons during 2010-
11 [3]. One of the most destructive diseases that affect
citrus worldwide is caused by Citrus tristeza virus
(CTV).

CTV belongs to family Closteroviridae; genus
Closterovirus. The virion is flexuous, filamentous
having about ~20 kb ssRNA genome (Fig 1). It consists
of two coat proteins namely major coat protein (CP,
coding for p25gene) accounting for 95% of the virus and
minor coat protein (CPm, coding for p27 gene)
contributing 5% of the virus length [4]. The genome has
12 open reading frames (ORFs) encoding about 19
proteins and is considered as one of the largest RNA
viruses known [5]. The 5' terminal consists of two ORFs
covering approximately half of the genome length,
namely ORFla and ORFI1b that encodes for helicase,
methyltransferase and RNA polymerase proteins. The
other ten ORFs are present at 3' end and are primarily
involved in encoding movement proteins [6]. They are
expressed through sub-genomic RNA (sgRNA) and
include p33, p6, p65, p61, p27, p25, p18, p13, p20 and
P23, p25, p27, p65 (homolog of Heat Shock Protein) and
p6l are involved in assembly of virions [7]; p6 is a
hydrophobic protein and has a hypothetic role in virus
movement [6, 8]. p25, p20 and p23 are related with
mechanism of suppressors of RNA silencing [9]; and
finally p33, p13 and p18 play role in extending the virus
host range. RNA silencing is a natural defence system
stimulated in the plants upon viral insemination and is
known as a conserved endogenous antiviral mechanism
in plants [10]. During viral replication, viral double
stranded RNAs (dSRNA) are produced which are
ultimately recognized and degraded by RNA silencing
proteins produced by the plants. There have been many
studies conducted to construct artificial microRNA and
complementary hairpin RNAs to generate resistant
plants against viral diseases. The p20 gene (549nt) is the

major component of CTV that accumulates in the
amorphous inclusion bodies in addition to obstructing
intra and intercellular RNA silencing by host plants.

CTV infects all the citrus species, cultivars and
hybrids inducing mild to severe infections [11]. The
virus is transmitted in a semi persistent manner by
aphids, including Aphis gossypii, A. spiraecola, A.
citricola, Dactynotus jacae, Myzus persicae, Toxoptera
aurantii and the most threatening T. citricida [12].
Grafting using infected root stock also causes the spread
of this virus. The virus is limited to phloem and its
strains vary in symptom severity ranging from none to
devastating effects [13]. The appearance of symptoms
depend on various factors such as the vector specie,
citrus cultivar, the time of infection or the rootstock
used and the virus isolate that cause the disease. CTV
causes three distinct syndromes: tristeza, stem pitting
and seedling yellows. Tristeza causes decline of varieties
grafted on sour orange; stem pitting is the most
destructive syndrome related to CTV disease and brings
tree to death in a short time; seedling yellows is usually
observed by biological indexing, and in the nursery of
sour orange but rarely in the field [14]. In Pakistan it was
believed that only mild strains of CTV are present
however, the virus has been detected in citrus species
found in Punjab and KPK where it is a serious threat
especially for the sour orange [11, 15].

ORF 1a ORF 1b

Encoded through sgRNA

Figure 1: Schematic diagram of CTV genome, its ORF

organization and protein products of each gene. It contains 12
ORFs encoding for 19 proteins. ORFla/lb encodes proteins
responsible or replication of virus namely MT (methyltransferase),
HEL (helicase), PRO (Protease) and RdRp (RNA dependent RNA
polymerase). The 3' end proteins are encoded via sgRNA and includes
10 ORFs. ORF2, 8 and 9 codes for host range proteins (p33, p13 and
pl18). ORF 6 and 7 encodes the minor coat protein and major coat
protein respectively (CPm and CP). CP, p20 and p23 acts as
suppressors of RNA silencing. The heat shock protein (HSP70) plays
role in assembly of virions. The genome is ~20 kb with variable 5' end
and conserved 3' end.

CTV is the only Closterovirus specie that exists as
multiple, phylogenetically similar strains [14]. Although
it belongs to RNA viruses having a slow evolutionary
rate [13], significant amount of variation has been
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observed in the genome of its variants classifying them
into six bio-groups. These bio-groups includes VT, T36,
T30, HA16-5, B165 and resistance breaking group [16,
17, 5]. It has been reported that CTV genomes of the
variants are highly conserved at their 3' end having
nucleotide identity = 90% but have great diversity
generally due to recombination seen at the 5' end and in
ORF 1la and 1b genes [18-21]. This diversity is
responsible for variability in disease
worldwide [22].

Phylogenies are now widely used to infer the origin

symptoms

and spread of viral infections and their migration
patterns [23, 24]. The study of evolutionary relationship
of CTV is an important zone that needs to be explored
and there is insufficient evolutionary data on CTV
variants in Pakistan. In the current work, 49 sequences
of p20 gene representatives from Pakistan and major
citrus producers around the world were analysed using
maximum likelihood
methods to construct evolutionary relationship between
different variants and their distribution across the world
and to determine the origin of Pakistani strains.

and Bayesian evolutionary

Moreover, diversity of predicted secondary structure of
P20 gene was analysed to see if the protein structure is as
diverse as the nucleotide sequences of the viruses.

Methods

Taxon sampling

A total of three hundred twenty-five sequences of p20
gene of CTV were retrieved from Genbank
(http://www.ncbi.nlm.nih.gov/) including sequences

from Pakistan, Argentina, China, Egypt, Greece, India,

Israel, Italy, Japan, Mexico, South Africa, Taiwan, Spain,
Thailand and USA. All sequences were renamed as
follows: Accession number: Country: Date. The criteria
for selection of the sequences was (a) All sequences
should be non- recombinants (b) The country of origin
should be clearly established (c) isolation or publication
date should be clearly established in the literature. All
sequences with incomplete information were not
selected for analysis.

Alignment and sequence processing

Due to large number of data a sequence selection was
carried out. Sequences retrieved were grouped in sets
representing their countries and aligned by multiple
sequence alignment using Geneious version 6.1.8

(http://www.geneious.com). The aligned sequences

were manually inspected and cropped. Neighbor-
joining (NJ) method was used to perform phylogenetic
analysis for each group using Geneious version 6.1.8
HKY was devised as best fit model by using ] model test
version 2.1.3 [25] according to Akaike information
criterion for the data. The data was filtered for all
countries except Pakistan by taking a representative
isolate from each clade in the phylogenetic tree
respective of each country (Figure 2). All sequences of
CTV p20 gene from Pakistan were included in the study
for in depth analysis. The final number of sequences in
the filtered set was 49 sequences (Table 1 in
supplementary data) which were realigned and a data
matrix was created by manual inspection and missing
bases were filled with consensus sequence. The final
alignment was used for subsequent phylogenetic and
protein analysis.

Phylogenetic analysis

To construct the phylogenetic tree, 50 sequences (49
representative sequences, 1 out-group of Barley yellow
stunt virus) were used to conduct Bayesian analysis
Markov chain Monte Carlo (MCMC) approach using
Mr. Bayes version 2.0.9 [26] plugin in Geneious version
6.1.8. The parameters of analysis were set at default
(Rate variation = gamma, gamma categories = 4, Chain
length = 1,100,000, heated chains = 4, heated chain temp
= 0.2, subsampling frequency = 200, burn in length =
100,000, random seed = 29,600, unconstrained branch
length: exponential = (10), shape parameter exponential
= (10). The HKY + I + G substitution model was found
to be best fit for the data according to Akaike
information criterion in Jmodel test version 2.1.3 [25].

Construction of secondary structures

Secondary structures of p20 gene from all isolates were
predicted using Geneious version 6.1.8. The first six
conserved codons were deleted and sixth codon was
considered the first codon for translation.

Results

Phylogenetic analysis

The phylogenetic investigation and analysis using
Bayesian approach of 14 CTV p20 Pakistani isolates
(from GenBank; Table 1 provided in supplementary
data) and selected 35 CTV p20 worldwide isolates
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Figure 3: Phylogenetic tree inferred for 49 CTV

Pakistani and worldwide isolates using p20 gene. The

phylogenetic tree was obtained by Bayesian analysis
using Mr. Bayes plugin in Geneious with HKY + I+ G
nucleotide substitution model in default settings. Node
significances are indicated by Bayesian posterior
probability. Each clade is represented by different
colors. Pakistani sequences are shown in green color.
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(from GenBank; Table 1 in supplementary data) gave six
main clades with a high Bayesian probability support
(Figure 3). It can be inferred from the established clades
that Pakistani isolates are polyphyletic rather than being
monophyletic as expected from a single introduction
event. Pakistani isolates were distributed in three
individual clades (Clade IV, V and VI). Interestingly,
they appeared together in a clade frequently; and seldom
appeared with different countries in sub clades
accounting for the local spread of the genotype likely via
infected root stock by local farmers. The recurrence of
Pakistani sequences together also shows a shared
transmission route of the virus that is responsible for the
ongoing and sustained transmission of it.

Clade IV composed of two isolates from Pakistan
clustered with South Africa, Greece, India, Argentina
and Israel. Whereas, Clade V showed 11 Pakistani
sequences emerging with Italy, India, Argentina and
Egypt. In clade VI a unique sequence from Pakistan
appeared close to China amongst Argentina, USA, Italy,
Spain, Mexico, Greece, Thailand and Taiwan. Each clade
represents a separate introduction of CTV virus in
Pakistan however, a close relationship has been
observed between p20 genes among isolates within each
clade as indicated by short branch lengths. The origin of
CTV virus is difficult to track from the tree due to slow
evolutionary rate of some genotypes [27, 13, 28].

Diversity in predicted secondary structure of CTV
p20 protein

Secondary structure was predicted after translation of
aligned CTV p20 representative sequences (Figure 4) to
check diversity of Pakistani CTV isolates p20 protein.
The secondary structure of p20 protein was found to be
quit conserved among Pakistani isolates with few
differences. The residues marked in Figure 4 indicates
that a helix was replaced by f strand and a helix was
shortened with insertion of a p strand. Insertions of coil
and turns were also noticed. Mutations in all proteins
were detected at the start and end codons of the protein
with almost conserved middle region. Surprisingly, the
unique sequence clustered in clade VI was also found to
be conserved among the Pakistani sequences and no
significant changes were observed in secondary
structure of p20 protein as compared to other Pakistani
isolates. It is concluded that although changes at
nucleotide level are found however, these mutations do

not have significant effect on the secondary structure of
the protein which largely remains unchanged among
various viral strains. Moreover, conserved and variable
regions of the p20 gene provide its ancestral

relationships and divergence respectively.

Figure 4: Predicted secondary structure of 50 isolates of CTV p20
protein. The black highlighted box shows the unique sequence of
Pakistan from clade VI (HQ329215-PAK-2008). Red boxes shows
points where changes has occurred in protein structure of various
represent a helix, ——"
— and

Pakistani isolates. represent a

B strand, represent a turn,
represent a coil.

Migration patterns of CTV p20 gene worldwide

The migration patterns of CTV p20 gene were
determined from Bayesian inference phylogeny analysis
and represented through map (Figure 5). Each
introduction of CTV isolate determined from the
phylogenetic tree was considered separately. Isolates of
Clade VI were found to be dispersed in many diverse
regions of the world including a unique sequence in
Pakistan. Clade V was concentrated mostly in Pakistan.
Interestingly, the other sequences observed in this clade
were not from the close neighbouring countries of
Pakistan with exception of India; instead they were from
distant countries such as Argentina. Clade II was
centred in South and North America whereas, Clade I
isolate were only found in a single location indicating

@ Advancements in Life Sciences | www.als-journal.com | May 2016 | Volume 3 | Issue3 79



Ghori NH, Hayat MQ, Davino S (2016). Genetic diversity and evolutionary analysis of Citrus Tristeza
Virus p20 gene in Pakistan: insights into the spread and epidemiology Adv. Life Sci. 3(3): 75-82.

absence of dispersal of this lineage worldwide. The
dispersal of Clade III lineage was observed to be
restricted to two distant sites and was not dispersed

rapidly.

Figure 5: Inferred migration of different introductions of CTV in
Pakistan reconstructed from six clades formed in Bayesian
phylogenetic tree. The different Clades dispersion patterns are shown
in with different colors and shapes with respect to phylogenetic tree
(Figure 3). Pakistani isolates have been filled with green color for
distinction.

Discussion

In the current study, the origin and evolution of CTV
p20 isolates from Pakistan in relevance to isolates
worldwide with potential CTV threat has been
examined by a phylogenetic approach. Nucleotide
sequence analysis is a precise and accurate method for
differentiation and estimation of genetic variation of
CTV isolates [28]. The diversity of secondary structure
and the study of changes brought about in the predicted
secondary structure of p20 protein of Pakistani isolates
have been investigated. The Bayesian probability
phylogenetic analysis showed six clades consisting of
isolates from Pakistan and other geographical regions.
Pakistani isolates were however, found to be clustered in
only three clades which confirmed that CTV has been
introduced in Pakistani citrus variety through three
independent events. This demonstrated that, CTV
infections are polyphyletic in nature, as reported by [29]
in phylogenetic analysis in Sicily, Italy. Based on
phylogenetic analysis it has been observed that CTV
isolates are subjected to divergence and are distributed
in various clades (bio-groups) (Figure 3) and few
significant changes are observed in secondary structure
of p20 gene (Figure 4).

The results also define that the genotypes identical to
Pakistani isolates genotypes are spread to quite distant
places around the world. However, not much divergence
has been observed in the secondary sequence of p20

protein of different genotypes. The isolates that spread
indigenously in Pakistan are closely related to each other
genotypically and there is no divergent infection. A
similar result was observed in Spain, California and Italy
in various studies, concluding that mixed infections
rarely occur and are transient [29-31]. Therefore, it is
inferred that genetically similar isolates have been
introduced in Pakistan in various events. Within the
country CTV is widely spread in Punjab and is
commonly found in Mosambi sweet orange. Iftikhkar et
al., reported that the disease is found in four districts of
Punjab namely, Sahiwal, Sargodha, Sheikhupura and
Faisalabad [32]. The infection frequency varied in these
areas with the highest rate recorded to be 18.18% in
Sahiwal and lowest 7.14% in Sheikhupura. The virus is
assumed to be spread mainly due to grafting [15, 33].
Infected trees also serve as reservoirs for the virus. The
virus spread in KPK and northern areas of Pakistan is
also due to aphid vectors [34] of which A. gossiypii is
most efficient. It has been reported that a single A.
gossiypiiaphid can successfully transmit CTV from sour
orange to sweet orange and back from sweet orange to
sour orange [35]. Biogeography of the CTV isolates,
used in this study (Figure 5), concludes that how this
pathogenic virus diffused in Pakistan in connections
with foreign isolates. If in any of these countries an
Integrated Disease Management (IDM) system exists
with notable success rate can be adopted to prevent
further economic losses. Strategies such as Quarantine
and budwood certification programs can be introduced.
In the endemic countries CTV tolerant root stock or
introduction of genetically engineered resistance in the
plants are some potential ways to avoid the infection
[36].

There are reports
accounting for slow evolution rate of Citrus tristeza

several present worldwide
virus and its consistently conserved sequences in the 3'
region of the genome. Various regions such as 3' and 5'
end, ORF, CP and CPm of the genome has been utilized
to differentiate different isolates of CTV [37]. Solinska
et al, reported RNA recombination as being the chief
mechanism in plus strand virus evolution [38]. RNA
recombination not only produces genetic variability in
viruses; it also has a genome repair mechanism to fix
damaged RNA [39]. Nevertheless, for CTV, RNA
recombination is strongly involved in its evolution [37,
40]. Comparison of p20 gene showed slow divergence
of virus in various regions of the world and no actual

@ Advancements in Life Sciences | www.als-journal.com | May 2016 | Volume 3 | Issue 3 80



Ghori NH, Hayat MQ, Davino S (2016). Genetic diversity and evolutionary analysis of Citrus Tristeza
Virus p20 gene in Pakistan: insights into the spread and epidemiology Adv. Life Sci. 3(3): 75-82.

divergence is present among Pakistani isolates and that
of Egypt, China, India, Italy, Argentina and South
Africa. Moreover, the secondary structure of protein is
slightly mutated among isolates dispersed in
geographically distant places. However, mutations at
certain points may affect the activity of the protein as the
amino acids replaced by other amino acids have distinct
properties i.e. hydrophobic amino acids have been
replaced by polar ones and positively charged amino
acids have been altered with negatively charged amino
acids. Most of amino acid substitution has been
observed at the 5' end in Pakistani isolates seldom
nucleotide mutations affected the middle amino acid
sequence of the protein. It is deduced that Pakistani
isolates have a similar pattern of variability in their
nucleotides and this pattern is not very distinct from the
other isolates worldwide.

Our study has confirmed multiple introductions of
CTYV in Pakistan and has also confirmed dissemination
of CTV within Pakistan. The p20 gene is involved in
suppression of RNA silencing induced by host plant and
also is the main component of amorphous inclusion
bodies formed in citrus plants. The present study shows
that the conserved and variable regions of the gene are
involved in suppression of plant’s immune response and
provides valuable data for designing artificial
microRNAs against CTV. This is one of the first studies
conducted with reference to evolution and emergence of
CTV in Pakistan. Very few data is available related to
CTV prevalence in Pakistan and many regions of the
CTV genome needs to be sequenced in order to perform
phylogeographical and phylodynamic study of the virus.
This study provides insight into spread of CTV virus in
Pakistani citrus varieties. This study also shows that the
mutations are present in the predicted secondary
structure of the p20 protein. However, it is not known
whether it affects the pathogenicity of the virus; due to
lack of tertiary structure. There is a need to construct
tertiary structure for p20 in order to further investigate
its role in pathogenicity and its relevant control.

This study gives significant insights into Citrus
tristeza virus spread and diversity in Pakistan on the
basis of p20 gene sequence variability in comparison to
worldwide isolates. On the basis of this scientific
revision we recommend scientists that in future
encoders wet lab researcher of Citrus tristeza virus in

Pakistan should carry out whole genome sequencing of
this economically important pathogenic virus. As
bioinformatics procedure, in molecular phylogenetic
context, are well elaborative now days [23]. Therefore, a
whole genome phylogeny may lead us towards a more
comprehensive understanding of the virus diversity and
spread.
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