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Abstract

Tristeza is an economically important disease of the citrus caused by Citrus tristeza virus (CTV) of genus Closterovirus and
family Closteroviridae. The disease has caused tremendous losses to citrus industry worldwide by killing millions of trees,
reducing the productivity and total production. Enormous efforts have been made in many countries to prevent the viral
spread and the losses caused by the disease. To understand the reason behind this scenario, studies on virus distribution and
tropism in the citrus plants are needed. Different diagnostic methods are available for early CTV detection but none of them
is employed for in planta virus distribution study. In this study, a TagMan RT-PCR-based method to detect and quantify
CTV in different tissues of infected Mosambi plants (Citrus sinensis) has been standardized. The assay was very sensitive
with the pathogen detection limit of > 0.0595 fg of in vitro-transcribed CTV-RNA. The assay was implemented for virus
distribution study and absolute CTV titer quantification in samples taken from Tristeza-infected trees. The highest virus
load was observed in the midribs of the symptomatic leaf (4.1 x 10’—1.4 x 10%/100 mg) and the lowest in partial dead twigs
(1x10°-1.7 x 10%/100 mg), and shoot tip (2.3 x 10°~4.5 x 10°/100 mg). Interestingly, during the peak summer months, the
highest CTV load was observed in the feeder roots (3 x 10’1.1x 108/100 mg) than in the midribs of symptomatic leaf. The
viral titer was highest in symptomatic leaf midrib followed by asymptomatic leaf midrib, feeder roots, twig bark, symptomatic
leaf lamella, and asymptomatic leaf lamella. Overall, high CTV titer was primarily observed in the phloem containing tis-
sues and low CTV titer in the other tissues. The information would help in selecting tissues with higher virus titer in disease
surveillance that have implication in Tristeza management in citrus.
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Introduction

Citrus is an important fruit crop in India, ranking third after
mango and banana. The major biotic factors responsible for
low citrus productivity include virus and virus-like patho-
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widely to almost all the citrus growing regions of India with
prevalence of 47.1-56% in the Northeast region of India,
36-50% in the southern region of India, 26.3% in Vidarbha
region of Maharashtra, and 16-60% in the North—Northwest
region of India (Biswas et al. 2014; Warghane et al. 2019).
CTV is a member of the genus Closterovirus of the family
Closteroviridae. The virus has a monopartite single-stranded
positive-sense RNA genome of ~19.3 kb that remains encap-
sidated in 2000 X 11 nm flexuous filamentous virions. The
genome is divided into two parts that contain a total 12 open
reading frames (ORFs), which encode at least 19 different
proteins. The 5’ end of genome consists of ORFla and 1b
encoding proteins involved in viral replication and the 3’
end contains ten ORFs encoding proteins required for viral
structure, virion assembly and host—vector interaction.

The major capsid protein (CP) and minor capsid protein
(CPm) are encoded by p25 gene and p27 gene, respectively
(Karasev et al. 1995; Albiach-marti et al. 2010; Ghosh
et al. 2020a). Tristeza affects most of the citrus species/
cultivars, hybrids, and causes a wide array of symptoms
including stem pitting, stunting, vein clearing, vein fleck-
ing that result in either slow decline or rapid decline. Citrus
decline has been occurred mostly in those countries where
sour orange was used as predominant rootstock (Moreno
et al. 2008; Ghosh et al. 2020b). In India, citrus decline was
mostly observed in sweet oranges grafted on rough lemon
or sweet orange rootstocks than the other citrus cultivars
(Vasudeva et al. 1959; Ahlawat 1997). The disease spreads
from infected to healthy trees through exchange of infected
tissue for budding/grafting and by different aphid vectors
like Toxoptera citricida Kirkaldy, Aphis spiraecola Patch
and Aphis gossypii Glover in a semi-persistent manner
(Marroquin et al. 2004).

Diagnostic methods employed for CTV detection
include biological indexing, ELISA (enzyme-linked
immunosorbent assay), dot-immuno-binding assay, elec-
tron microscopy, and reverse transcriptase-polymerase
chain reaction (RT-PCR) (Bar-Joseph et al. 1989; War-
ghane et al. 2017a,b; Kokane et al. 2020b). Diagnosis
of virus by conventional RT-PCR is the most reliable
method (Kokane et al. 2020c). However, sometimes con-
ventional RT-PCR may not detect pathogen due to low
titer in the tissue. Quantitative detection of CTV in cit-
rus and aphids has also been developed based on real-
time RT-PCR, which can detect the pathogen even at low
titer in the tissue and thus considered as gold standard
technique (Saponari et al.2008; Bertolini et al. 2008).
In recent time, different advanced molecular techniques
are employed for early detection of CTV viz., RT-LAMP
(Reverse transcription loop-mediated isothermal ampli-
fication), IC-RT-LAMP (Immunocapture-reverse tran-
scription loop-mediated isothermal amplification), and
CTV-RT-RPA-LFICA (Reverse transcription recombinase
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polymerase amplification lateral flow immuno-chromato-
graphic assay) (Warghane et al. 2017a,b; Selvaraj et al.
2019; Ghosh et al. 2020a). However, there is no report
of using these methods in determining CTV distribution
in infected citrus plant but employing them would be an
important and proper selection method for an accurate
diagnosis as well as the targeted disease management.

CTV titer assessment in different tissue samples of the
affected tree could be performed using quantitative real-time
RT-PCR. The virus distribution in plant system is influenced
by different factors, viz., tissue type, host-virus interaction,
and environmental conditions (Kogovsek et al. 2011). The
pathogen can be temporarily inactivated or reduced its titer
due to high temperature (Roistacher et al. 1974) and when
the temperature reduces, the viral titer increases. The viruses
enter in plant system by different modes and move from one
tissue to another tissue via the plasmodesmata and com-
munication channels (Caldwell 1930; Agrios 1988; Leisner
and Turgeon 1993; Motghare et al. 2018). The movement
and distribution of CTV within infected plant is unknown
yet. Therefore, the utilization of the sensitive method for
early detection of CTV is needed to better management of
tristeza disease. In view of this scenario, the present study
was undertaken to standardize TagMan real-time RT-PCR
for CTV detection and its application to determine CTV
distribution in tissues of citrus plants to select the particular
tissue with the highest viral titer.

Materials and methods

Field sampling: selection of citrus trees, tissue
sampling and processing

Experiment was conducted using sweet orange (C. sinensis)
plants, orchard block number 129 at ICAR-Central Citrus
Research Institute, Nagpur, India. The field-grown 10-12-
year old naturally infected four sweet orange trees were
selected for CTV distribution study by conventional RT-PCR
and real-time RT-PCR. The selected CT V-infected citrus
plants served as the primary tissue source for CTV quantifi-
cation assay. Eleven different tissue samples viz., shoot tip,
feeder roots, twig bark (with phloem tissue), asymptomatic
leaf lamella, symptomatic leaf lamella, asymptomatic leaf
midrib, symptomatic leaf midrib, fruit peel, fruit pulp, seed
and partially dead twig bark were collected from four CTV-
infected and two healthy sweet orange plants (Fig. 1). The
collected feeder roots, twig bark, leaf samples, fruits and
partially dead twigs were washed with water to remove clay
particles, wiped with 70% ethanol and blotted dry. Fruit’s
peel, pulp and seeds were excised from the fruits and stored
at—80 °C in deep freeze.
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Fig.1 Primary tissue source used for CTV distribution study. A
Shoot tips, (B) Symptomatic leaf midrib, (C) Asymptomatic leaf
midrib, (D) Symptomatic leaf lamella, (E) Asymptomatic leaf

Primer and probe design

For TagMan real-time RT-PCR assay, the CTV coat
protein (CTV-p25) gene (GenBank AF260651)-specific
primer (P25-F/R) and probe (CTV-FAM) were custom-
synthesized from IDT (Coralville, USA). The probe was
labeled with FAM reporter dye (6-carboxy-fluorescein) at
the 5’ end, and the BHQ-1 (Black Hole Quencher) dye
at the 3’ end (Table 1). The plant cytochrome oxidase
gene (GenBank CX297817)-specific primers (COX-F/R)
and corresponding probe (COX-P) were synthesized and
used as positive internal control to assess the quality of
RNA in reaction cocktails (Li et al. 2006; Ghosh et al.
2018a,b). The COX probe was labeled with JOE reporter
dye at the 5’ end and the BHQ-2 at the 3’ terminal. To
confirm the presence of CTYV, a coat protein gene-specific
primer pair (CN150/CN151) and RNA-binding-protein
gene (CTV-P23)-specific primers pair (P23RBP-F/R) were
used in conventional RT-PCR (Kokane et al. 2020b). The
standard parameters of CTV-specific primers were taken
into consideration using primer 3v.0.4.0 tool (http://bioin
fo.ut.ee/primer3-0.4.0/).

lamella, (F) Bark, (G) Fruit peel, (H) Seed, (I) Fruit pulp, (J) Par-
tially dead twig bark, (K) Feeder roots

Total RNA extraction, cDNA synthesis,
and conventional RT-PCR

To detect CTV, leaf samples displaying tristeza symp-
toms were collected from field-grown sweet orange trees.
The midrib tissues were excised, minced and ground using
autoclaved mortar and pestle in liquid nitrogen. Total RNA
was extracted from 100 mg of powdered sub-sample using
RNeasy Plant Mini Kit (Qiagen, Germany). Quality of the
extracted RNA was checked on 1.2% DEPC-treated agarose
gel and the RNA was treated with 2U TURBO DNase (2 U/
pl). Concentration of RNA was determined using NanoDrop
2000 Spectrophotometer (Thermo Scientific) and stored
at—80 °C. The coat protein gene (CTV-p25)-specific cDNA
was prepared in 15 pl reaction using 0.4 uM reverse primer
(CN151), 0.5 mM dNTP, 1X first-strand buffer, 15.6 U of
RNAsin (Promega), M-MuLV-RT (120 U, Promega) and
2 pg of total RNA. The reaction was performed in a T100
™ thermal cycler (Bio-Rad, USA) at 42 °C for 50 min.
The PCR amplification was carried out using synthesized
cDNA as a template in a 25 pl reaction volume with 1.25U
of GoTaq flexi DNA polymerase, 0.2 uM of each primer
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Table 1 Primer and probe sequences used for conventional RT-PCR, generation of in vitro RNA standard and TagMan RT-PCR assay

Sr. No Primer/Probe code Sequence (5'- 3")

Length (nts) Amplicon Size target gene

TagMan RT-PCR assay
1 P25-F AGCRGTTAAGAGTTCATCATTRC
2 P25-R TCRGTCCAAAGTTTGTCAGA

3 CTV-FAM (Probe) 56-FAM/CRCCACGGGYATAACGTA
CACTCGG/3BHQ_1

GTATGCCACGTCGCATTCCAGA
GCCAAAACTGCTAAGGGCATTC

56-JOEN/ATCCAGATGCTTACGCTG
G/3BHQ 2

COX-F
COX-R
COX-P (Probe)

Conventional RT-PCR

1 CN150 ATATATTTACTCTAGATCTACCATGGA
CGACGAAACAAA

2 CN151 GAATCGGAACGCGAATTCTCAACG
TGTGTTAAATTTCC

3 P23-RBP-F ATGAACGATACTAGCGGAC

4 P23-RBP-R GATGAAGTGGTGTTCACGG

Generation of in vitro-transcribed RNA standard
1 RPARNA-P25-F1 GAATTAATACGACTCACTATAGGG

AGAATGGACGACGAGACGAAGAAA

TTG
2 RPARNA-P25-R2 TCAACGTGTGTTAAATTTCCC

23 ~101 bp
20
25

Coat protein gene (CTV-p25)

22 ~68 bp
22
19

Plant cytochrome oxidase

39 ~672 bp Coat protein gene (CTV-p25)
38

19 ~630 bp
19

RNA-binding-protein gene (CTV-p23)

51 ~700 bp Coat protein gene (CTV-p25)

21

The underline indicates the RNA polymerase T7 promoter sequence in the primer

(CN150/CN151), 1 XxPCR buffer, 0.2 mM dNTPs mix,
and 1.5 mM MgCl,. The reaction was performed with the
PCR program, one cycle of 2 min at 94 °C followed by 35
cycles of 30 s at 94 °C, 45 s at 61 °C, 1 min at 72 °C and
final extension for 5 min at 72 °C. The presence of CTV in
Mosambi plants was also confirmed by targeting an RNA-
binding-protein gene, which is located towards the 3' end
and adjacent to the UTR region of the CTV-RNA genome.
The conventional RT-PCR was performed using the primer
set P23RBP-F/R with one cycle of 2 min at 94 °C followed
by 35 cycles of 30 s at 94 °C, 45 s at 52 °C, 1 min at 72 °C,
and final extension at 72 °C for 5 min.

Generation of in vitro-transcribed RNA

To assess the sensitivity of the TagMan real-time RT-PCR
assay and quantify the virus titer in different tissues of Mosa-
mbi, an in vitro-transcribed RNA standard was generated
from the 700 bp coat protein gene of CTV using a MEGAs-
cript T7 transcription kit (Invitrogen) (Kokane et al 2021b).
The CTV-RNA was converted into cDNA using a coat pro-
tein gene-specific reverse primer (RPARNA-P25R2). The
synthesized cDNA was amplified using RPARNA-P25F1/
R2 primers which contains the RNA polymerase T7 pro-
moter site (Table 1) and amplicons were checked on 1%
agarose gel, eluted and sequenced. The CTV-specific PCR
product of coat protein gene was validated by sequencing
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and used as template (120 ng) for in-vitro transcription. The
transcription reaction consisting 3 mM of each T7 NTPs,
2 pl enzyme mix, 1X T7 reaction buffer was performed
at 37 °C for 4 h. The successfully transcribed RNA was
treated with 2U TURBO DNase (2U/ul) and precipitated
using lithium chloride. The recovered RNA was quantified
and stored at — 80 °C.

TaqMan real-time RT-PCR assay

To determine the virus load in different tissue samples
of Mosambi plant, a CTV-specific TagMan real-time
RT-PCR assay was optimized using coat protein gene-
specific primers (P25-F /R) and corresponding probe
(CTV-P) with an expected amplicons length of 101 bp.
A primer—probe combination (COX-F/R-COX-P) target-
ing a 68 bp amplicons of the plant cytochrome oxidase,
a housekeeping gene were used to normalize the cycle
threshold (Ct) values. Total CTV-RNA was converted into
cDNA using a targeted gene-specific reverse primer (P25-
R) and cytochrome oxidase gene-specific reveres primer
(COX-R). Total 50 ng of cDNA was used as a template
in TagMan real-time RT-PCR reactions. Before starting
the reaction, the 17 pl of CXR reference dye was mixed
in 1 ml of GoTaq probe qPCR master mixture (promega).
The optimum reporter fluorescence and the lowest Ct
value were achieved by optimizing the concentrations of
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all possible combinations 50, 100, 150, 200, 250, 300, and
350 nM for each primers and probe. The assay was per-
formed using a StepOne Real-Time PCR System (Applied
Biosystems) in a total of 20 ul reaction volume containing
the reagents at optimized concentrations: 300 nM P25-
F/R target primers, 250 nM target probe (CTV-FAM),
300 nM (each) internal control primers (COX-F and
COX-R), 250 nM internal control probe (COX-P) with
GoTaq q PCR master mix and 50 ng of cDNA. The reac-
tion protocol of 95 °C for 2 min, followed by 40 cycles
at 95 °C for 15 s, and 60 °C for 1 min was used. All
experimental reactions were performed in triplicate along
with non-template controls and StepOne Software v2.1
used for data analysis. Sensitivity of the optimized assay
was assessed using in vitro-transcribed RNA as template.
Standard curve and amplification efficiency was deter-
mined using tenfold serial dilution of 5.95 ng/ul RNA (1,
1071,1072, 1073, 107, 107>, 107%, 1077, 1078, and 107°).

Quantitative distribution of CTV and data analysis

CTV load in different tissues of sweet orange tree was
determined by real-time RT-PCR. Eleven different tissue
samples viz., shoot tip, feeder roots, twig bark, asymp-
tomatic leaf lamella, symptomatic leaf lamella, asymp-
tomatic leaf midrib, symptomatic leaf midrib, fruit peel,
fruit pulp, seed and partially dead twig bark of experi-
mental plants were checked to analyze the CTV load
using real-time RT-PCR with TagMan chemistry. The
CTYV genome copy numbers in tissue samples were deter-
mined using the standard curve method generated with
known concentration of in vitro-transcribed RNA as tem-
plate. The RNA copy number was determined using the
formula, copy number =Moles of ssSRNA x Avogadro’s
number (6.022 x 10%%). The moles of ssRNA were calcu-
lated as mass of sSRNA (g)/ [(number of ribonucleotides
of ssRNA X average molecular weight of a ribonucleo-
tide) + 18.02 g/mol]. The 59.57 ng/ul of RNA was tenfold
serially diluted and standard curve was generated with
the obtained Ct values by StepOne Software v2.1. The
standard linear regression equation was obtained. Finally,
CTYV genome copy numbers in each tissue samples were
calculated by extrapolating the average Ct values of the
samples into the standard curve. The three technical rep-
licates were used to run the TagMan real-time RT-PCR
for each tissue sample and the mean Ct value was used to
calculate viral copy number. The equal quantity of sam-
ple and RNA template was used to determine the CTV
genome copy number. Additionally, a housekeeping COX
gene was used as internal control for normalization of the
target gene, which was amplified in parallel with target
gene.

Results

Selection of experimental plants by conventional
RT-PCR

Fifty-five field-grown Mosambi plants were screened
for CTV using RT-PCR, and fifteen plants found posi-
tive for CTV. Among these, four plants having approxi-
mately similar pathogen load and showed more intense
CTV-specific ~672 bp band on agarose gel (Fig. 2A) were
further used for virus distribution study. Further, all tissue
samples used in the present study (n=11) were also tested
by conventional RT-PCR and a~ 672 bp amplicon was
successfully amplified from six out of the eleven tissues.
The shoot tip, fruit cover/peel, fruit seed, fruit pulp and
partially dead twig bark did not show any amplification
(Fig. 2A). The presence of CTV in selected experimental
Mosambi plants and all tissue samples also confirmed with
conventional RT-PCR using RNA-binding gene-specific
primers and same result was observed (Fig. 2B) (Fig. 3).

500bp—>

200bp —>
100bp —>

500 bp —>
200bp —
100bp —

Fig.2 An agarose gel electrophoresis photograph of amplicons
obtained from CTV-infected citrus plants samples by a conventional
RT-PCR. A Coat protein (CTV-p25) gene amplicons using the primer
set CN150/CN151. B CTV-p23 gene amplicons using the primer
set p23-RBP-F/-R. Lane, L-100 bp marker, Lane-1: CTRTP-4 plant,
Lane-2: CTRTP-5 plant, Lane-3: CTRTP-6 plant, Lane-4: CTRTP-7
plant, Lane-5: Healthy plant, Lane-6: Negative control and Lane-7:
Positive control
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Fig.3 An agarose gel electrophoresis photograph of CTV-specific
amplicons obtained from eleven citrus tissues by a conventional RT-
PCR. A Coat protein (CTV-p25) gene amplicons using the primer
set CN150/CN151. B CTV-p23 gene amplicons using the primer set
p23-RBP-F/-R. Lane, L-100 bp marker, Lane-1: ST Shoot tips, Lane-
2: SM Symptomatic leaf midrib, Lane-3: ASM Asymptomatic leaf

Efficiency and sensitivity of CTV-TagMan real-time
RT-PCR

The TagMan RT-PCR for CTV was standardized using
coat protein gene-specific primer—probe combinations

A Amplification Plot
4.50 ; 7
425
4.00
3.75
3.50
325
3.00

g 2.75
2.50
225
2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 4042 44
Cycle

Fig.4 Sensitivity analysis of CTV-TagMan reverse transcription-
PCR assay. A Amplification plot generated using tenfold serial
dilution of known concentration of in vitro-transcribed RNA of
CTV. The 5.95 ng of RNA was serially diluted as, Line-a=1, Line-
b=10"", Line-c=107 Line-d=107, Line-e=10" Line-f=107,
Line-g=10"°, Line-h=10", Line-i=107, and Line-j=10°. B The
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midrib, Lane-4: SL Symptomatic leaf lamella, Lane-5: ASL Asymp-
tomatic leaf lamella, Lane-6: BR Bark, Lane-7: FC Fruit peel/cover,
Lane-8: FS Fruit seed, Lane-9: FP Fruit pulp, Lane-10: PDT Partially
dead twig bark, Lane-11: FR Feeder roots, Lane-12: Negative control
and Lane-13: Positive control

(P25-F/R-CTV-FAM). The assay consistently detected
in vitro-transcribed pure CTV-RNA at concentrations rang-
ing from 0.0595 fg to 5.95 x 10° fg (Fig. 4A). The standard
curve was generated with observed exponential amplifica-
tion and standard fluorescence. The exponential relationship

B Standard Curve

cr

Y=-3.437x + 38.499
R? =0.998

0.000000001  0.00000001 0.0000001 0.000001  0.00001
10-Fold RNA Dilution

0.0001

standard curve established between RNA concentrations vs. cycle
threshold (Ct) obtained using tenfold serial dilution of 5.95 ng of
in vitro-transcribed RNA of CTV. A Ct value of 6.84 was obtained
for the 5.95 ng (Line-a) in vitro RNA transcripts. Whereas very low
fluorescence was observed for 10~ dilutions (Line-j)
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between the concentration of in vitro-transcribed CTV-RNA
and Ct value was robust with a regression coefficient (R?) of
0.999 (Fig. 4B). The obtained regression coefficient values
suggest that the standardized assay was very sensitive and
efficient, with the pathogen detection limit of > 0.0595 fg
of in vitro-transcribed RNA (Ct value =34.53). However,
the detection limit of the standardized assay was reduced
10 times when the template (in vitro-transcribed pure CTV-
RNA) pulled with healthy citrus total RNA. The stand-
ardized assay for the concentration of primer—probe com-
binations was able to detect the CTV at very low titer in
Mosambi plant tissue samples. Therefore, CTV-TagMan
real-time RT-PCR assay was used subsequently for virus
distribution study.

The absolute CTV titer quantification

To determine the absolute CTV genome copy number in
citrus plant tissue samples, the standard curve showing an
exponential amplification of target gene by at least 3.34
orders of magnitude with R>=0.998 and Eff% =95.41 was
used. The in vitro-transcribed RNA as an initial template
with copy number of 1.062 x 10° showed an average Ct
value of 6.84. The quantification of CTV copy number in
different tissue samples of Mosambi plants was accom-
plished based on standard curve regression equation
Y= —-3.437x +38.499 (Fig. 5). The tissue samples having
average Ct value > 36 were considered negative for CTV.

CTV distribution in field-grown Mosambi plants

Four field-grown Mosambi plants were screened for CTV
distribution for two consecutive months and the virus

Fig.5 The quantification of 38 1 —_—
CTV genome copy number by 367 :
extrapolating with the standard 34 SiEe2seaacd
curve. The graph represents 32
the exponential relation- 30
ship between CTV genome 28
copy number and Ct (Cycle 26 -
Threshold) value. The Y-axis 24
represents Ct value and X-axis 3 =
represents virus copy number L?_.; 20
18
16
14
12
10
s |
6
4
5
o 4

copy number was estimated in each sample collected
during this period. Eleven tissue samples were assessed
for pathogen load and observed that titer of CTV varied
in different tissue. The CTV titer in particular tissue was
also influenced by temperature. In the start of summer
season, in the month of March (2018) (Highest temp =41
°C, Average temp =29 °C, Lowest temp =17 °C), the viral
load was highest in midrib tissue of the symptomatic leaf
(virus loads ranging from 4.1x 107-1.4 x 103/100 mg
of tissue), followed by other tissues like midrib tissue
of the asymptomatic leaf (2.2 107-6.7 x 107/100 mg),
symptomatic leaf lamella (1x107-2.3x107/100 mg),
asymptomatic leaf lamella (1.6 x 10’-2x 107 /100 mg),
twig bark (2.3x107-3.8x 107 /100 mg), feeder roots
(8.8x10°-1.9x 107 /100 mg) and the lowest virus titer
was detected in fruit cover (3.8 X 10°-9.8 x 10>/100 mg),
fruit seed (9.2 x 10%*-2x 10°/100 mg), fruit
pulp (2.6 x 10%-9.8 x 10*/100 mg), partial dead
twigs (1 x10°-1.7x10*100 mg) and shoot tip
(2.3x10°-4.5x 103100 mg) (Fig. 6A). However, in the
hottest month of summer season, May (2018) (Highest
temp =45 ‘C, Average temp=37 C, Lowest temp =24
C), the highest CTV load was observed in the feeder
roots (3x 107 to 1.1x 10® /100 mg) than midrib tissues
of symptomatic leaf (1.7 % 10°-1.6x107/100 mg) fol-
lowed by other tissues like midrib tissue of the asympto-
matic leaf (2.3x 10° to 6.3 x 105100 mg), symptomatic
leaf lamella (1.6 x 10°~9.8 x 10%100 mg), asymptomatic
leaf lamella (7.6 x 10°-8.9 x 10%/100 mg), twig bark
(4.0%10° to 1.3 x 107/100 mg), and the lowest virus titer
was found in fruit cover (2.5 x 10°-8.4 x 10°/100 mg),
fruit seed (9.8 x 10*-1.9x 105/100 mg), fruit
pulp (9.9 x 10°-6.2 x 104100 mg), shoot tip
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(1.1 x10°-8.7x 10%/100 mg) and partial dead twigs
((9.1x 10%-3.2x 10°/100 mg) (Fig. 6B). All eleven tissue
samples were grouped into three categories based on viral
load: high (median value: 1 X 107), moderate (median value:
4.2%10%, and low (median value: 4.2 x 10%). The tissues
grouped under high-load categories are symptomatic leaf
midrib, asymptomatic leaf midrib, feeder roots, twig bark,
symptomatic leaf lamella, and asymptomatic leaf lamella,
whereas the fruit cover, fruit seed tissue grouped under mod-
erate-load categories. Partially dead twig and shoot tip tissue
showed very low titer, thus grouped under low-titer catego-
ries. To generate comprehensive data on virus distribution in
the diseased tree, the average CTV load in different tissues
for each tree was plotted into a box-whisker graph (Fig. 7).

Discussion

Tristeza disease caused by CTV has ranked as one of the
most economically important citrus diseases that changed
the course of the citrus industry (Moreno et al. 2008). The
CTV epidemics have considerably affected the productivity
and destroyed over 100 million of fruit-bearing citrus trees
in the last several decades worldwide (Dawson et al. 2013).
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The infection process, tropism, and distribution of the CTV
in the citrus plant system are not known well and hence
there is a lack of understanding of how the virus causes
decline in some citrus cultivars but not in others (Harper
et al. 2014). CTV is adapted to replicate in the phloem cells,
however, it moves throughout the phloem system of citrus
plants unevenly (Fu et al. 2017). It is speculated that CTV
exhibits a phloem-limited tropism in citrus plants mainly by
long-distance movement and very less by cell-to-cell move-
ment in phloem-associated cells (Harper et al. 2014). There-
fore, long-distance movement mechanisms are considered as
target pathway for obtaining host resistance and preventing
a systemic spread of the virus. The virus moves through
sieve elements from one tissue to another in the plant system
and intermittently enters an adjacent companion or phloem
parenchyma cell. The proportion of cell-to-cell movement
of the CTV from phloem to an adjacent companion/paren-
chyma cell varied in different plant species, which may be
because of variation in the susceptible and permissive nature
of host cells to facilitate viral entry. This indicates that the
host resistance plays a considerable in CTV infection and
viral tropism in the citrus. It is also speculated that the tol-
erant citrus host reduces the movement efficacy of CTV in
both long-distance and cell-to-cell movement (Dawson et al.
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Fig.7 Box and whisker plot
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2013; Harper et al. 2014). There are different genes of the
virus, which are reported to be involved in the host—virus
interactions to extend its host range (Tatineni et al. 2011).
The dynamics of viral population and distribution dictate
the pathogenicity of the infection. Moreover, there is little
understanding of the factors that influence CTV titer dynam-
ics. Understanding the correlation among the virus popu-
lation dynamics, factors affecting virus population dynam-
ics, tropism, distribution, and pathogenicity are attributed
to early disease diagnosis and management. Therefore,
an implementation of the reliable molecular diagnostic
technique in virus distribution study is an essential tool to
understand how the virus moves and in which tissue it gets
accumulated with maximum concentration. Determining
virus distribution in a citrus plant will help in early disease
diagnosis by selecting appropriate tissue containing high
CTV titer. This would enable to avoid disease spread and
economic losses due to the disease in the citrus industry.
Tarafdar et al. (2012) studied in planta distribution, accumu-
lation and movement of CTV in citrus host using ELISA and
conventional RT-PCR. They observed an uneven distribution
of CTV in all the plant parts including high titer in the tender
bark, petiole and mid-rib tissue. However, the CTV distribu-
tion study was analyzed semi-quantitatively by ELISA and
conventional RT-PCR in different tissue and lacked absolute
virus titer data.

We described here a TagMan real-time RT-PCR assay
to determine virus distribution and titer precisely in a dis-
eased tree. The TagMan RT-PCR was optimized using
CTV coat protein gene-specific primer—probe combinations
(P25-F/R-CTV-FAM). The assay was very sensitive and effi-
cient, detected in vitro-transcribed CTV-RNA at concen-
tration > 0.0595 fg. The in vitro-transcribed RNA template

— —
n—. Bl
r—l —
il =
— —
- —
20000000 40000000 60000000 80000000

Virus Copy Number

pulled with healthy citrus total RNA in the reaction showed
effect on the assay by reducing the tenfold detection limit.
However, the assay was able to detect the CTV efficiently at
very low titer in tissue samples. The standardized TagMan
real-time RT-PCR assay was further implemented for virus
distribution study in eleven different tissues of sweet orange.
The virus distribution study observed a highest CTV titer
in the midrib tissue of the symptomatic leaf followed by
other tissues like midrib tissue of the asymptomatic leaf,
symptomatic leaf lamella, asymptomatic leaf lamella, twig
bark, feeder roots and lowest virus titer were found in fruit
cover, fruit seed, fruit pulp, partial dead twigs and shoot
tip. The high CTV load was recorded in the midrib tissue of
symptomatic and asymptomatic leaf than their lamella tis-
sue, suggesting that the virus resides and moves through the
phloem from one region to another, moreover also crosses
the boundary. Thus, it suggests that the tropism of CTV is
not only restricted to phloem but also has access towards
other tissues or organs (Harper et al. 2014). The result signi-
fies that symptom expression is directly proportional to the
virus load. It is also observed that when temperature rises
in summer, CTV titer in the different tissues decreases as
compared to normal temperature. It was interesting to note
that the highest CTV titer was recorded in the root system
during hot summer. The fluctuation in the virus titer in the
different tissues may be because of either inhibition of virus
replication or virus movement in the phloem from one tis-
sue to another at high temperature. Temperature fluctuations
within infected plants are also considered to influence the
viruses by disrupting the balance between viral replication
and degradation. The higher temperature than the optimum
impedes the virus replication and causes its deterioration
(Cowell et al. 2016). The higher CTV titer in the root system
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during high environmental temperatures suggests that tem-
perature may have less influence on viral replication in the
underground roots than it does in other sunlight-exposed
tissues. The higher titer of virus in the root system may act
like reservoir and may be involved in re-infection towards
the citrus canopy during cold condition. The high CTV titer
was also observed in the twig bark which was active in the
sap transport from one tissue to other.

There are numbers of reports which have demonstrated
that most of the viruses cannot be transported by seed.
However, some viruses/pathogen which are seed-borne can
be transferred in the next generation of the plants (vertical
transmission). More than 232 plant virus and viroid diseases
are reported to be seed-transmissible by different methods
like entrance to the seedling after germination via infected
seed coat, virus invasion of the embryo from infected tissues
or through infected pollen grains (Fabre et al. 2014; Kil et al.
2016). The transmission of CTV also takes place through
budding/grafting and different aphid vectors, but seed trans-
mission of CTV has not reported previously. Interestingly,
CTV-specific amplification was not observed in the shoot
tips, fruit cover, fruit seeds, fruit pulp and partially dead
twigs of CTV-infected citrus plant by conventional PCR but
found positive with real-time PCR. Although the fruit tis-
sues observed positive with TagMan real-time RT-PCR, i.e.,
fruit peel, fruit pulp and fruit seeds, the titer of CTV was
very low. This is the first report of presence of CTV in the
fruit tissues of infected citrus plant. As we have tested entire
mosambi seed, there is need to study all the tissues of fruit
seed separately to confirm the actual location of CTV in
the seed. Very low CTV titer was recorded in the twig bark
(partially dead) which was in the vicinity of the dead twig
that confirmed that virus moves systematically through the
phloem to spread to uninfected areas. Absence or very low
titer of the virus in the partially dead twig bark tissue could
be attributed towards the dry phloem or very little flow of
sap (Tarafdar et al. 2012). Although the partially dead twigs
carry very low virus copy, they may act as virus carrier and
facilitate disease spread to healthy plants during pruning via
mechanical means. Meristem tissue culture is a widely used
approach for virus eradication from various commercial hor-
ticultural crops by anticipating it would be virus-free. In the
present study, low CTV titer was observed in the shoot tip
that may be because of inability of virus to reach in the fast
growing meristematic tissue or undeveloped vascular system
(Motghare et al. 2018). Our study suggests that there is a
need to be more careful while production of virus-free plant-
ing materials using shoot tip explants. It would be best to
use as possible as small shoot tip explants to avoid the entry
of the CTV and for the production of virus-free planting
material. Combined use of meristem culture, thermotherapy
and cryotherapy is also emerging approach for production of
virus-free planting material (Vivek et al. 2018).
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The highest virus titer was observed only in the tissue
that contains the phloem system, i.e., mid-rib tissue, root
system, tender twig bark and other tissue, indicating that
mostly virus moves from infected tissue to healthy tissue via
phloem system. However, a low titer of virus also recorded
in the fruit tissues that indicated accumulation of the virus
in the non-phloem containing tissue by short-distance cell-
to-cell movement. Overall, the study clearly demonstrates
that CTV is primarily located in the phloem, companion
cells and systematically circulated throughout the plant sys-
tem. The virus was occasionally found in the mesophyll,
epidermis and fruit tissues (Bar-Joseph et al. 1979; Garnsey
et al. 1998). Thus, the study will be helpful in selecting an
appropriate tissue sample for virus indexing of mother plants
in Budwood Certification Programme.
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