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Abstract 
 
Two proteins of the citrus tatter leaf virus (CTLV), a strain of the apple stem grooving virus (ASGV), capable of inducing 
citrus bud union disorders on commercially important trifoliate and citrange rootstocks, were identified as viral suppressors of 
RNA silencing (VSRs). Both the coat protein (CP) and the movement protein (MP) suppressed RNA silencing in GFP-
transgenic Nicotiana benthamiana 16c plants in Agrobacterium-mediated co-infiltration assays; the MP acted as a local VSR, 
while the CP acted as a systemic VSR. When the potato virus X (PVX) infectious vector harbored either the CTLV CP or MP 
gene, viral infection and symptom development were promoted in N. benthamiana. Deletions of amino acids in the CP sequence 
or the MP sequence resulted in failure to promote PVX infections as well as suppression of silencing in Agrobacterium-
mediated co-infiltration assays. Mass spectrometry-based immunoprecipitation proteomics showed that neither the CTLV CP 
nor the MP interacts with cellular components directly involved in host antiviral RNA silencing pathways. RNA 
immunoprecipitation (RIP) and RNA-protein pull-down assays indicated that the CTLV MP interacts with double-stranded 
RNA (dsRNA) presumably through a protein complex or proteins containing RNA binding domains. It is possible that the MP 
prevents dsRNA cleavage through this mechanism, leading to suppression of host antiviral RNA silencing. These findings 
confirm that CTLV uses VSRs as part of its overall strategy to overcome host antiviral defenses and are indicative of the ability 
of ASGV and CTLV to infect a wide range of hosts including different species of woody and herbaceous plants. 
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____________________________________________________________________________________________________

Introduction 
 
Citrus tatter leaf virus (CTLV) is a strain of Apple stem 

grooving virus, belonging to the genus Capillovirus in the 
Betaflexiviridae family of Tymovirales. Since its original 
discovery in California in 1962, CTLV has been reported 
in many citrus-producing areas worldwide (Broadbent et 
al. 1994; da Graca 1977; da Graca and Skaria 1996; Fraser 
and Broadbent 1981; Garnsey 1964, 1970; Herron and 
Skaria 2000; Inouye et al. 1979; Miyakawa 1980; 
Miyakawa and Matsui 1976; Miyakawa and Tsuji 1988; 
Nishio et al. 1982; Roistacher 1991; Su and Cheon 1984; 
Tan et al. 2019; Wallace and Drake 1962; Yoshikawa et al. 
1993; Zhang and Liang 1988). CTLV can be mechanically 
transmitted to a wide range of woody and herbaceous hosts. 
No evidence of natural vector spread has been found to 
date, and there is very low, or no seed transmission 
depending on the host species (Cook et al. 2020; Inouye et 

al. 1979; Nishio et al. 1982; Tanner et al. 2011; Yoshikawa 
2000). Stionic CTLV-infected citrus trees propagated onto 
trifoliate (Poncirus trifoliata (L.) Raf.) and trifoliate hybrid 
(P. trifoliata x Citrus sinensis) rootstocks (e.g., Carrizo and 
Troyer Citrange), can develop bud union crease and 
consequent tree decline (Calavan et al. 1963; Garnsey 
1964; Roistacher 1991; Garnsey 1968). These rootstocks 
are used extensively by most citrus-producing countries 
due to their tolerance to citrus tristeza virus (CTV), which 
destroyed over 100 million citrus trees worldwide 
(Folimonova and Sun 2022; Moreno et al. 2008). The 
extensive use of trifoliate and trifoliate hybrid rootstocks 
makes CTLV a serious threat to the multi-billion-dollar 
citrus industry globally (Moreno et al. 2008; Roose 2014; 
Roose et al. 2015; Bitters 2021; Garnsey 1964; Tatineni at 
al. 2009; Calavan et al. 1963; Garnsey 1968). 

CTLV is a single-stranded, positive-sense RNA virus 
with a long, rod-shaped virion, which is 600 to 650 nm long 
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and 13-19 nm wide (Nishio et al. 1989; Semancik and 
Weathers 1965). The complete genome sequences of 
several CTLV isolates were characterized and determined 
to be between 6,494 and 6,497 nucleotides (nt) (Tan et al. 
2019). The genome organization of CTLV is similar to that 
of other capilloviruses with two overlapping open reading 
frames (ORFs) and a poly (A) tail at the 3ʹ end (Ohira et al. 
1995; Tatineni et al. 2009; Yoshikawa et al. 1993). The 
ORF1 of CTLV encodes a putative 242-kDa polyprotein 
which contains a replicase coding region and a 27-kDa coat 
protein (CP) (Ohira et al. 1994; Ohira et al. 1995; Tatineni 
et al. 2009; Yoshikawa et al. 1993). ORF2 encodes a 
putative 36-kDa movement protein (MP) (Tatineni et al. 
2009).  

Plants have evolved and developed defense 
mechanisms designed to detect invading organisms and 
stop them before they are able to cause extensive damage 
(Ding 2010; Jones and Dangl 2006). Through small RNAs 
(siRNAs) associated with host RNA silencing, plants are 
able to regulate many biological processes including 
immunity against viruses and other pathogens (Baulcombe 
2004; Khraiwesh et al. 2012). Viral infection in most 
eukaryotic hosts induces the production of virus-derived 
small interfering RNAs (vsiRNAs), which mediate RNA 
silencing resulting in specific antiviral immunity (Díaz-
Pendón and Ding 2008; Ding 2010; Pumplin and Voinnet 
2013; Csorba et al. 2015). In addition, the spread of the 
mobile silencing signals from cell-to-cell and long distance 
with-or-ahead of the virus can direct specific antiviral 
silencing, thereby inhibiting systemic infection (Díaz-
Pendón and Ding 2008; Incarbone and Dunoyer 2013).  

An invariable principle of the never-ending molecular 
arms race between viruses and hosts is the ability of viruses 
to avoid, actively suppress, or even hijack host defense 
pathways (Calil and Fontes 2016; Garcia-Ruiz 2019; 
Nelson and Citovsky 2005; Sanfaçon 2020; Wang et al. 
2012). Therefore, successful infection requires viral 
proteins, which attenuate or completely inhibit the host 
antiviral RNA silencing pathways. These proteins are 
known as viral suppressors of RNA silencing (VSRs) 
(Burgyán and Havelda 2011; Díaz-Pendón and Ding 2008; 
Li and Ding 2001; Wu et al. 2010; Anandalakshmi et al. 
1998). VSRs are associated with virus pathogenicity and 
can directly or indirectly suppress host silencing pathways 
and ultimately lead to enhanced virus accumulation, 
augmented disease symptoms, and facilitation of cell-to-
cell and long-distance movement (Burgyán and Havelda 
2011; Ding 2010; Díaz-Pendón and Ding 2008; Incarbone 
and Dunoyer 2013; Pumplin and Voinnet 2013; Csorba et 
al. 2015; Wu et al. 2010).  

CTLV presents both an important citrus production 
issue as well as a fascinating virology subject. The diverse 
host range of this virus suggested the hypothesis that 
CTLV efficiently uses one or more of its proteins to 
suppress host antiviral RNA silencing to successfully 
infect and replicate in a variety of woody and herbaceous 
hosts. In this study, we identified and characterized two 
CTLV VSRs and further examined their host targets and 
antiviral suppression mechanisms to develop an 

understanding of virus-plant interactions that could lead to 
future solutions to CTLV-induced citrus decline on 
commercially important rootstocks. 
 
Materials and Methods 
 
Virus isolate, cloning of viral genes, microbial strains, 
and growth conditions 

CTLV isolate TL100 was collected from Texas, USA 
in 1958 and maintained in a ‘Meyer’ lemon tree at the 
Rubidoux Quarantine Facility of the Citrus Clonal 
Protection Program (CCPP), University of California, 
Riverside (Tan et al. 2019). The total RNA of TL100 was 
extracted from 100 mg of phloem-rich bark tissue of the 
last matured vegetative flush (i.e., one-year-old budwood) 
using TRIzol™ reagent (Invitrogen™, Carlsbad, 
California, USA) according to the manufacturer’s 
instructions. The total RNA was reverse-transcribed to 
cDNA using SuperScript™ II Reverse Transcriptase 
(Invitrogen™, Carlsbad, California, USA) with 
Oligo(dT)12-18 primer (Invitrogen™, Carlsbad, California, 
USA). The CP and MP viral genes of TL100 were 
amplified with gene-specific primers (Supplementary 
Table 1) and cloned into plant expression vectors, 
pEarleyGate100 (pEG100; no protein tag sequence) 
(Earley et al. 2006) or modified pEG100 with a FLAG 
protein tag sequence located downstream of the coding 
region (pEG1001) (Supplementary Table 2). Plasmids 
were transformed into the Agrobacterium tumefaciens 
strain GV3101 (Wroblewski et al. 2005) and used for the 
transient expression of proteins in N. benthamiana. Both 
Escherichia coli and A. tumefaciens cultures were grown 
in Luria-Bertani (LB) liquid or agar media with the 
appropriate antibiotic supplements at 37°C and 28°C, 
respectively (Supplementary Table 2), as recommended for 
maintaining laboratory strains (Morton and Fuqua 2012; 
Tuttle et al. 2021). 

 
Plants and growth conditions 

N. benthamiana wild-type and the transgenic line 16c, 
which constitutively expresses green fluorescence protein 
(GFP) (Ruiz et al. 1998), were grown and maintained in a 
temperature- (20-24°C) and light- (16h light and 8h dark) 
controlled growth room. Plants 4 to 6 weeks old were used 
for the experiments. Unless otherwise specified, all 
experiments were performed in triplicates and repeated at 
least three times. 
 
Agrobacterium-mediated transient expression in N. 
benthamiana leaves 

The A. tumefaciens strain GV3101 (Wroblewski et al. 
2005) carrying the desired CTLV viral gene expression 
constructs was used for transient expression experiments in 
N. benthamiana. Agrobacterium cells were resuspended in 
an infiltration buffer [10 mM MgCl2, 10 mM 2-(N-
morpholino) ethanesulfonic acid (MES), pH 5.6, and 150 
µM acetosyringone] to a final OD600 of 0.8 to 1.0 and 
incubated for at least 3 hours at room temperature before 
infiltration (Renovell et al. 2012). Fully expanded leaves of 
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N. benthamiana plants at the six-leaf stage were infiltrated 
with a 3 mL syringe without a needle. 
 
RNA silencing suppression in co-infiltration assays using 
Agrobacterium-mediated transient expression in N. 
benthamiana 16c plants and GFP imaging 

In RNA silencing suppression co-infiltration assays, 
cell suspensions of the A. tumefaciens strain GV3101 
carrying the 35S::GFP gene and A. tumefaciens strain 
GV3101 harboring the 35S::CTLV viral gene of interest 
were mixed in a 1 to 1 ratio to a final OD600 of 0.8 to 1.0 of 
each construct. Agrobacterium carrying an empty vector 
with no viral gene was used as a negative control.  

Constructs expressing the cucumber mosaic virus 
(Bromoviridae) protein 2b (CMV-2b) and citrus leaf blotch 
virus (Betaflexiviridae) movement protein (CLBV-MP) 
were used as positive VSR controls (Lucy et al. 2000; 
Renovell et al. 2012). CMV was used as an overall assay 
control and CLBV as a VSR expression level control of a 
relative citrus virus. Fully expanded leaves of N. 
benthamiana 16c plants were infiltrated with a 3 mL 
syringe without a needle. To observe the gene silencing 
effects, the signal of GFP was visualized under a handheld 
long-wavelength UV lamp (Blak-Ray® Model B-100 AP, 
Ultraviolet Products, Upland, California, USA) at 5 days 
post infiltration (dpi) for local infection, and 14 dpi for 
systemic infection. 
 
Northern blot hybridization of GFP mRNA and siRNA 

The abundance of GFP mRNA and siRNA was 
examined at 5 dpi in the infiltrated leaf areas by Northern 
blot hybridization. Non-infiltrated systemic tissue located 
in the upper part of N. benthamiana plants was examined 
for GFP mRNA abundance at 14 dpi. The total RNA of 
each sample was extracted using TRIzol™ (Invitrogen™, 
Carlsbad, California, USA) per the manufacturer’s 
instructions. RNA quality and concentration were 
measured with a NanoPhotometer™ (Implen, Munich, 
Germany), and equal amounts of RNA were loaded for 
blotting analysis. RNA Northern blotting was performed 
using the DIG Northern Starter Kit (Roche Sigma-Aldrich, 
St. Louis, Missouri, USA) per manufacturer’s instructions. 
A non-radiolabeled digoxigenin (DIG)-labeled RNA probe 
was generated by in vitro transcription along with DIG-
RNA labeling (Roche Sigma-Aldrich, St. Louis, Missouri, 
USA) which was specific and complementary to the GFP 
sequence. The blot was washed, developed, and further 
observed under a ChemiDoc™ Imaging Systems (Bio-
Rad, Hercules, California, USA). 

 
Quantification of GFP expression by reverse transcription 
(RT) quantitative polymerase chain reaction (qPCR) 

Primers and probe for a GFP RT-qPCR assay were 
designed using the Primer Express™ software (Thermo 
Fisher Scientific, Carlsbad, California, USA). The 
fluorophore used for the GFP probe was 6-
carboxyfluorescein (6-FAM) and the 3ʹ quencher was a 
nonfluorescent quencher (NFQ) (Supplementary Table 1). 
A relative standard curve was generated using 10X serial 

dilutions to analyze the dynamic range, precision, and 
efficiency of the assay. The slope of the standard curve and 
the coefficient of determination (R2) were calculated using 
linear regression (Rasmussen 2001). Amplification 
efficiency (E) was calculated with the formula E = 
10(−1/slope) − 1 (Pfaffl 2001; Svec et al. 2015). An RT-qPCR 
assay of the N. benthamiana housekeeping gene protein 
phosphatase 2A (NbPP2A) (Liu et al. 2012) was also 
developed (Supplementary Table 1) and used as a 
normalizer in the quantitative gene expression analysis. 
The PCR reaction setup for NbPP2A was similar to the 
GFP assay except for the final concentration of each 
primer, which was 900 nM.  

The total RNA of each sample was extracted by 
TRIzol™ (Invitrogen™, Carlsbad, California, USA) and 
treated with DNase I (New England Biolabs®, Ipswich, 
Massachusetts, USA) before being added to PCR reactions. 
The GFP RT-qPCR reaction (10 µL) was performed using 
the TaqMan® RNA-to-CT 1-Step Kit (Applied 
Biosystems, Carlsbad, California, USA) with 2.8 µL water, 
5.0 µL 2X TaqMan RT-PCR Mix, 0.6 µL of each primer 
(600 nM as final concentration), 0.25 µL probe (250 nM as 
final concentration), 0.25 µL 40X TaqMan RT Enzyme 
Mix, and 0.5 µL of RNA (50 ng) for each reaction. The 
cycling conditions were 48°C for 15 minutes for the 
reverse transcription step, 95°C for 10 minutes during the 
first cycle to inactivate the RT enzyme and activate PCR 
polymerase, followed by 40 cycles of 95°C for 15 seconds 
and 60°C for 45 seconds. This assay was validated and 
analyzed using a QuantStudio™ 12K Flex Real-Time PCR 
System (Thermo Fisher Scientific, Carlsbad, California, 
USA). Fluorescent signals were collected during the 
amplification cycle, and the number of cycles required for 
the fluorescent signal to cross the threshold (Cq) was 
calculated and exported.  

Relative expression levels (fold change) of the genes of 
interest were calculated using the Pfaffl method (Pfaffl 
2001), with the buffer-treated sample as mock control 
(expression level of 1) and NbPP2A as reference gene 
(endogenous control). Gene expression data for the sample 
were averaged from three biological replicates; each 
biological replicate was the mean of three qPCR technical 
replicates. The relative expression data was analyzed and 
calculated by Duncan’s Multiple Range Test (MRT) with 
significance level α = 0.05 (Bewick et al. 2004; Tallarida 
and Murray 1987; Duncan 1955). 

 
Potato virus X (PVX) assay 

PCR products of CTLV-CP and -MP were digested 
with AscI and NotI restriction enzymes (New England 
Biolabs®, Ipswich, Massachusetts, USA) and ligated into 
the PVX infectious clone, pGR106 (Jones et al. 1999), 
carrying the full PVX genome (Supplementary Table 1 and 
2). Recombinant plasmids were transformed into A. 
tumefaciens strain GV3101 (pMP90::pSOUP) 
(Supplementary Table 2), and the resulting strains were 
used to infiltrate six-leaf stage wild-type N. benthamiana 
plants. The frameshift (fs) mutations of CTLV-CP and -MP 
were constructed using the same gene sequence but with a 
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few nucleotides inserted at the beginning of the reading 
frame. 

Total RNA was extracted from samples collected at 21 
dpi using TRIzol™ (Invitrogen™, Carlsbad, California, 
USA) and further analyzed by Northern blot hybridization 
as described above. The RNA probe used in Northern 
blotting was DIG-labeled and designed complementary to 
the PVX CP gene. The relative expression levels were 
quantified by a newly designed RT-qPCR assay targeting 
the PVX CP gene with the NbPP2A housekeeping gene 
used as a normalizer. The setup, validation, and analysis of 
the RT-qPCR were the same as described above except for 
the final concentration of each primer and qPCR probe, 
which were 600 nM and 250 nM, respectively. 
 
CTLV-CP and -MP serial deletion mutants assayed using 
the PVX infectious vector pGR106 

Serial deletion mutant clones were constructed using 
the PVX infectious vector harboring CTLV-CP (pGR106-
CTLV-CP) and -MP (pGR106-CTLV-MP) with the Q5 
Site-Directed Mutagenesis Kit (New England Biolabs®, 
Ipswich, Massachusetts, USA) per manufacturer’s 
instructions. Primer sets for each deletion clone were 
designed using the NEBaseChanger® online tool (New 
England Biolabs® website, http://nebasechanger.neb.com/) 
with deletions ranging between 42 and 117 base pairs (14 
to 39 amino acids) (Supplementary Table 1, 2, and 
Supplementary Figure 1). The deletion constructs were 
transformed into A. tumefaciens strain GV3101 
(pMP90::pSOUP) (Supplementary Table 2), and the 
resulting strains were used to infiltrate six-leaf stage wild-
type N. benthamiana plants. Total RNA was extracted from 
samples collected at 21 dpi infected with pGR106, 
pGR106-CTLV-CP, pGR106-CTLV-MP, and their 
respective deletion clones. Viral RNAs were detected and 
quantified using the PVX CP RT-qPCR assay with the 
housekeeping gene NbPP2A as a normalizer in the 
quantitative relative gene expression analysis as described 
above. 
 
Protein extraction and Western blotting analysis 

Total protein was extracted from 500 mg of 
agroinfiltrated N. benthamiana leaf tissue using 1 mL 
extraction buffer GTEN (10% [v/v] glycerol, 25 mM Tris-
HCl pH 7.5, 1 mM EDTA, 150 mM NaCl) with 
supplements of 2% [w/v] polyvinylpolypyrrolidone 
(PVPP), 10 mM dithiothreitol (DTT), 0.1% Tween20, and 
1X protease inhibitor cocktail for plant cell (Sigma-
Aldrich, St. Louis, Missouri, USA) before use (modified 
from Moffett et al. 2002). The samples were mixed with 
the buffer by vortexing and incubated on ice for 10 
minutes. Subsequently, the samples were centrifuged twice 
at 4°C at 15,000g for 10 minutes to remove plant debris. 
The supernatant was transferred to a new tube and tested 
by Western blotting to detect the presence of the specific 
proteins with a monoclonal ANTI-FLAG M2 antibody 
(Sigma-Aldrich, St. Louis, Missouri, USA) as primary and 
Anti-mouse IgG HRP-linked antibody as secondary (Cell 
Signaling, Danvers, Massachusetts, USA) (Supplementary 

Table 3). 
 
Mass spectrometry-based immunoprecipitation (IP) 
proteomics 

Total protein was extracted with GTEN buffer, as 
described above, from the N. benthamiana infiltrated 
leaves overexpressing FLAG-tagged CTLV-CP or -MP 
and incubated with the anti-FLAG M2 affinity gel (Sigma-
Aldrich, St. Louis, Missouri, USA) overnight at 4°C with 
gentle agitation. The bead control was included and run in 
parallel. Unbound proteins were washed out five times 
with cold GTEN buffer (10% [v/v] glycerol, 25 mM Tris-
HCl pH 7.5, 1 mM EDTA, 150 mM NaCl). Proteins bound 
to the anti-FLAG affinity gel were eluted using elution 
buffer (0.1 M glycine-HCl, pH 3.5). The IP products were 
analyzed by Western blotting and submitted to the IIGB 
Proteomics Core at the University of California, Riverside 
for mass spectrometry analysis. Briefly, the submitted IP 
products were digested using trypsin protease at 37°C 
overnight and then analyzed by LC-MS/MS. Both 
Ultraperformance Liquid Chromatography coupled with 
Quadrupole Time of Flight Mass Spectrometry 
(UPLC/QTOF-MS) and the next generation LTQ-Orbitrap 
Fusion LC/MS (Thermo Fisher Scientific, Carlsbad, 
California, USA) were used for this analysis. The protein 
identities of the top candidates were determined using the 
Mascot search engine against the N. benthamiana 
proteomic database (Boyce Thompson Institute for Plant 
Research, http://bti.cornell.edu/nicotiana-benthamiana/) 
retrieved in November 2016 (Bombarely et al. 2012). The 
complete set of mass spectrometry-based IP proteomics 
screening was repeated twice. 

 
Sample preparation and RNA immunoprecipitation (RIP) 

Leaf samples of N. benthamiana 16c plants were 
collected from the Agrobacterium-mediated transient 
expression assay after two days of co-infiltration with 
Agrobacterium strains carrying 35S::GFP and individual 
viral gene constructs. The total protein of each sample was 
extracted from 200 mg plant tissue using 1 mL phosphate 
buffered saline (PBS) with supplements of 0.05% Tween 
20, 1 mM PMSF (Invitrogen™, Carlsbad, California, 
USA) and 1X protease inhibitor cocktail for plant cell 
(Sigma-Aldrich, St. Louis, Missouri, USA). The samples 
were incubated on ice for 30 minutes and mixed briefly by 
vortexing every 10 minutes. The samples were centrifuged 
twice at 4°C (15,000g for 10 minutes) to remove plant 
debris. The supernatant was transferred to a new tube as 
protein lysate for RIP assay. The RIP was conducted using 
the Immunoprecipitation Kit Dynabeads® Protein A 
(Invitrogen™, Carlsbad, California, USA) per the 
manufacturer’s instructions. Briefly, 3.5 µg monoclonal 
ANTI-FLAG M2 antibody (Sigma-Aldrich, St. Louis, 
Missouri, USA) was added as a ligand to 35 µL magnet 
Dynabeads® to establish beads-antibody complex in PBS 
buffer plus 0.05% Tween 20 (PBST). Protein lysate was 
added to the complex and incubated at room temperature 
for 15 minutes. After incubation, the mixture was washed 
three times with PBST buffer. Subsequently, the target 
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protein and its interacting nucleic acids were eluted and 
further treated with Dnase I (New England Biolabs®, 
Ipswich, Massachusetts, USA) to remove DNA. RT-PCR 
analysis was carried out targeting the GFP gene using 
specific primers (Supplementary Table 1) and the 
QIAGEN OneStep RT-PCR kit (Qiagen, Hilden, 
Germany) per manufacturer’s instructions and examined 
by 1.5% agarose gel electrophoresis. 
 
In vitro transcription of double stranded (ds) and small 
interfering (si) RNAs 

dsRNA of GFP was transcribed using the 
MEGAscript® RNAi Kit (Invitrogen™, Carlsbad, 
California, USA) per manufacturer’s instructions. The 
plasmids were digested either with MluI or NcoI restriction 
enzymes (New England Biolabs®, Ipswich, Massachusetts, 
USA) to linearize the plasmid and use as a template for in 
vitro transcription. The T7 promoter was incorporated 
either upstream or downstream of the GFP sequence 
(Supplementary Table 2) for the T7 RNA polymerase to 
transcribe into sense or antisense GFP RNA. The reaction 
contained 5 µg of linear DNA template, 2 µL 10X T7 
reaction buffer, 2 µL of each 75 mM ATP/CTP/GTP/UTP 
solution, 2 µL T7 enzyme mix, and adjusted with nuclease-
free water to 20 µL. The reactions were incubated at 37°C 
for 4 hours. Subsequently, both GFP transcripts were 
mixed (1:1 ratio), heated at 75°C for 5 minutes and left on 
the bench to cool down to room temperature. This allowed 
sense and antisense GFP to anneal and form dsRNA. 
siRNAs of GFP were prepared by digesting GFP dsRNA 
with E. coli Rnase III (Applied Biosystem, Carlsbad, 
California, USA), and further purified by running the 
reaction through an Amicon® Ultra-0.5 centrifuge filter 
unit (Millipore Sigma, Burlington, Massachusetts, USA), 
collecting the flow-through containing 15-30 bp siRNAs. 

 
RNA-protein pull-down assay 

The in vitro transcribed dsRNA and siRNA of GFP 
were labeled with a single biotinylated nucleotide to the 3ʹ 
terminus using Pierce™ RNA 3ʹ End Desthiobiotinylation 
Kit (Thermo Fisher Scientific, Carlsbad, California, USA). 
The labeled RNA was used in an RNA-protein pull-down 
assay using Pierce™ Magnetic RNA-Protein Pull-Down 
Kit (Thermo Fisher Scientific, Carlsbad, California, USA) 

per manufacturer’s instructions. The labeled RNA (50 
pmol), either dsRNA or siRNA, was captured by 
streptavidin magnetic beads (50 µL). Protein lysate (60 µL) 
extracted by GTEN buffer as described above was added 
to the beads-RNA complex along with 10 µL 10X protein-
RNA binding buffer and 30 µL 50% glycerol. The 
reactions were incubated at 4°C for 60 minutes with gentle 
agitation followed by wash and elution steps. The eluate 
was examined by Western blot analysis as described above. 
The inputs of protein samples were also checked by 
Western blot analysis, and the dsRNA and siRNA species 
were examined by 10% and 15% polyacrylamide gel 
electrophoresis, respectively. 
 
Results 
 
CTLV-CP and CTLV-MP are systemic and local VSRs, 
respectively 

The two highly conserved CTLV genes, CP and MP, 
were selected as VSR candidates, based on a previous 
study of various CTLV genome sequences (Tan et al. 
2019). The CTLV CP and MP were cloned individually in 
35S-based plant expression binary vectors. Expression of 
both CTLV clones as well as the VSR positive control 
clones (CMV-2b and CLBV-MP), led to synthesis of their 
respective encoded proteins in agroinfiltrated N. 
benthamiana leaves while the empty vector control 
expressed no proteins as demonstrated by Western blotting 
analysis (Figure 1a).  

The VSR positive controls CMV-2b and CLBV-MP 
suppressed both local and systemic RNA silencing as the 
GFP fluorescence signal was evident under UV light in 
both agroinfiltrated and non-infiltrated upper/systemic 
leaves (Figure 1b and Table 1). Expression of CTLV-CP 
resulted in a pattern similar to that obtained from the empty 
vector control, that is, the GFP fluorescence signal did not 
express locally (Figure 1b and Table 1). On the other hand, 
the CTLV-MP co-infiltration area expressed GFP signal 
and had local suppression of RNA silencing at 5 dpi with 
46% suppression rate, similar to the CLBV-MP (41%) but 
less than CMV-2b (100%) controls (Figure 1b and Table 
1). 

 

 
Table 1. GFP silencing suppression rates from co-infiltration assays in Nicotiana benthamiana 16c plants with CTLV-CP and -MP. 
 

Constructs 
No. of Plants 

Infiltrated 

No. of Plants Silencing Suppressed 

Locally (5 dpi) Systemically (14 dpi) 

pEG100-GFP + pEG100 40 0 (0%) 0 (0%) 

pEG100-GFP + pEG100-CMV-2b 40 40 (100%) 40 (100%) 

pEG100-GFP + pEG100-CTLV-CP 39 0 (0%) 17 (44%) 

pEG100-GFP + pEG100-CTLV-MP 39 18 (46%) 0 (0%) 

pEG100-GFP + pEG100-CLBV-MP 39 16 (41%) 6 (15%) 

Observation of non-infiltrated systemic leaves at 14 dpi 
showed that CTLV-CP induced a higher silencing 

suppression rate (44%) than that of the CLBV-MP (15%) 
and lower than that of the CMV-2b (100%) control (Figure 
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1b and Table 1). CTLV-MP did not display any systemic 
suppression in non-infiltrated leaves (Figure 1b and Table 
1).  

The abundance of GFP mRNA and GFP siRNA was 
examined by Northern blot hybridization to confirm the 
suppression of RNA silencing. Northern blot hybridization 
was conducted using DIG-labeled RNA probes targeting 
the positive strand of GFP RNA. In the infiltrated leaf 
areas, the empty vector control and CTLV-CP showed 
reduced or no GFP mRNA accumulation with an increased 
abundance of GFP siRNA (Figure 1c; local). In contrast, 
leaves co-infiltrated with GFP and CMV-2b, CLBV-MP or 

CTLV-MP strongly reduced the abundance of GFP siRNA, 
leading to increased accumulation of GFP transcripts 
(Figure 1c; local).  

Both empty vector and CTLV-MP showed lower 
abundance in GFP transcripts in non-inoculated tissues 
(Figure 1c; systemic). However, CMV-2b, CLBV-MP, and 
CTLV-CP suppressed the systemic silencing of GFP with 
higher GFP mRNA accumulation (Figure 1c; systemic). 
Taken together, these results confirmed that CTLV has two 
VSRs. The CTLV MP appeared to have a suppression 
activity in local RNA silencing, while the CTLV CP 
interfered with RNA silencing systemically. 

 

 
 

Fig. 1. RNA silencing suppression co-infiltration assay of CTLV coat protein and movement protein. Empty vector was used as negative control and CMV-
2b and CLBV-MP were used as positive controls of viral suppressor of RNA silencing. (a) Western blot analysis to confirm protein expression. (b) Local 
(upper row) and systemic (lower row) silencing suppression observed under UV light at 5 and 14 dpi, respectively in Nicotiana benthamiana 16c plants. (c) 
Northern blot analysis for testing GFP mRNA level. siRNA of GFP was also examined for local infiltrated tissue. Number represents the intensity of signal 
compared to empty vector. Ribosomal RNA and U6 snRNA were used as loading controls. (WB: western blot; CMV-2b: cucumber mosaic virus 2b; CTLV: 
citrus tatter leaf virus; CLBV: citrus leaf blotch virus; CP: coat protein; MP: movement protein; rRNA: ribosomal RNA) 
 

To quantify the relative gene expression level of GFP 
in each sample, RT-qPCR assays for GFP and one 
endogenous N. benthamiana gene control, NbPP2A, were 

designed and validated. The GFP RT-qPCR assay had a 
linear dynamic range with R2 equal to 0.9999 and 102.1% 
efficiency (Figure 2a). The NbPP2A RT-qPCR also 
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showed a linear dynamic range with R2 equal to 0.9996 and 
103.3% as its efficiency (Figure 2b). 
 

 
 
Fig. 2. Standard curve analysis for validation of RT-qPCR assays. The X-
axis displays the log concentration and the Y-axis represents the value of 
quantitative cycle (Cq). (a) GFP RT-qPCR assay. (b) NbPP2A RT-qPCR 
assay. 
 

Relative expression analysis showed that CMV-2b, 
CLBV-MP, and CTLV-MP had significantly higher GFP 
expression levels than the empty vector control in local and 
infiltrated leaves (α = 0.05; Figure 3a). In upper and non-
infiltrated leaves, CMV-2b, CLBV-MP, and CTLV-CP 
had significantly higher GFP expression levels than the 
empty vector control (α = 0.05; Figure 3b). CTLV-MP also 
had statistically higher GFP expression than the empty 
vector in this case; however, the levels of expression were 
equal to or more than 50% lower than those of the VSR 
controls and that of CTLV-CP. The GFP expression level 
results were consistent with the UV-light visual 
observations and Northern blot analysis, and further 
supported the hypothesis that the CTLV CP and MP are 
VSRs. 

 

 
 

Fig. 3. Relative expression analysis of GFP mRNA for silencing 
suppression co-infiltration assay in Nicotiana benthamiana 16c plants. (a) 
Local infiltrated leaf tissue collected at 5 dpi. (b) Systemic tissue collected 
at 14 dpi. The experiments were performed in triplicates and repeated at 
least three times (Significance level α = 0.05). Vertical lines on the bars 
indicate standard deviation. (CMV-2b: cucumber mosaic virus; CTLV: 
citrus tatter leaf virus; CLBV: citrus leaf blotch virus; CP: coat protein; 
MP: movement protein) 
 
PVX-CTLV-CP and PVX-CTLV-MP induced severe 
symptoms and accumulated to high levels in N. 
benthamiana 

To test whether the CTLV CP and MP are capable of 
suppressing siRNA-mediated host immunity, CTLV-CP 
and CTLV-MP were introduced individually into the PVX 
infectious clone, pGR106, and their effect on viral 
virulence was examined at 21 dpi. Unlike N. benthamiana 
plants infected with wild-type PVX (pGR106 without 
CTLV-CP/MP insertions), plants infected with PVX 
harboring either CTLV-CP (PVX-CTLV-CP) or -MP 
(PVX-CTLV-MP) showed severe mosaic and leaf 
deformation symptoms on newly emerged leaves along the 
apical shoots, similar to the PVX-CLBV-MP control 
(Figure 4a). Consistent with the observed enhanced 
virulence, Northern blot analysis demonstrated that viral 
RNAs accumulated to a much higher level in PVX-CTLV-
CP infected tissues compared to the wild-type PVX (Figure 
4b). PVX-CTLV-MP also enhanced N. benthamiana 
symptoms and PVX RNA accumulation (Figure 4b), 
though to a lesser extent than the PVX-CTLV-CP. 
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Fig. 4. PVX assay to test the CTLV-CP and -MP for suppression of siRNA-mediated host immunity in N. benthamiana plants. (a) Leaf symptoms. (b) Northern 
blot analysis with DIG-labeled PVX coat protein sgRNA-targeting probe to detect viral accumulation. Ribosomal RNA was stained and visualized as the 
loading control. The experiments were performed in triplicates and repeated at least three times. (PVX: potato virus X; CLBV: citrus leaf blotch virus; CTLV: 
citrus tatter leaf virus; CP: coat protein; MP: movement protein)
 

The relative PVX gene expression levels were 
quantified in each sample using the newly designed and 
validated RT-qPCR assays targeting the PVX CP gene and 
the N. benthamiana NbPP2A gene, which was used as the 

endogenous plant gene control. The PVX CP RT-qPCR 
assay validation showed a linear dynamic range with R2 
equal to 0.9998 and 100.1% as its efficiency (Figure 5a) 
while the NbPP2A performed as previously described 
(Figure 2b). 
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PVX-CTLV-CP and PVX-CTLV-MP infected tissues 
had nearly 25-fold and 10-fold increases in PVX RNA 
loads relative to the wild-type PVX infectious clone, 
respectively (significance level α = 0.05; Figure 5b). In 
addition, frameshift mutation controls of the PVX-CTLV-

CP and -MP exhibited mild or no mosaic symptoms and 
similar fold change of the virus RNA load in comparison 
to the wild-type PVX (Figure 5b and 5c). 
 

 
Fig. 5. PVX assay to test CTLV-CP, -MP, and their frameshifting mutations on the suppression of siRNA-mediated host immunity in N. benthamiana plants. 
(a) Standard curve analysis to validate the RT-qPCR assay targeting the PVX CP gene. The X-axis displays the log concentration and the Y-axis represents 
the value of quantitative cycle (Cq). (b) Relative expression levels from the PVX-CP-targeting RT-qPCR assay. Vertical lines on the bars indicate standard 
deviation. (Significance level α = 0.05). (c) Leaf symptoms induced by frameshifting mutations of CTLV-CP and -MP. The experiments were performed in 
triplicates and repeated at least three times. (PVX: potato virus X; CLBV: citrus leaf blotch virus; CTLV: citrus tatter leaf virus; CP: coat protein; MP: 
movement protein; fs: frameshifting mutation) 
 
PVX-CTLV-CPΔ36-70 cannot promote symptom 
development and viral accumulation 

To identify the CTLV CP regions associated with the 
host silencing suppression function, clones with serial 
deletions (Supplementary Figure 1a) were constructed in 
the PVX infectious vector and agroinfiltrated into wild-
type N. benthamiana. The newly emerged leaves along the 
apical shoots were observed at 21 dpi. Among the PVX-
CTLV-CP deletion clones, leaves infected with PVX-
CTLV-CPΔ36-70 (D2) did not show mosaic symptoms, and 

the observed leaf deformations were similar to the leaves 
infected with the wild-type PVX (Figure 6a). Symptom 
development of all other deletion clones was similar to the 
PVX-CTLV-CP (Figure 6a). Quantitative analysis also 
showed that CTLV-CPΔ36-70 (D2) had the lowest PVX 
RNA accumulation (Figure 6b; significance level α = 
0.05). This indicated that the functional region of the 
CTLV CP associated with the silencing suppression 
activity is located in the 36-70 amino acid region. 
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Fig. 6. CTLV-CP serial deletion mutants built using the PVX infectious vector to identify regions associated with VSR activity in wild-type N. benthamiana 
plants. (a) Leaf symptoms of CTLV-CP and its deletion mutants. (b) Relative expression levels of CTLV-CP and its deletion mutants by the PVX-CP-
targeting RT-qPCR assay (Significance level α = 0.05). Vertical lines on the bars indicate standard deviation. The experiments were performed in triplicates 
and repeated at least three times. (PVX: potato virus X; CLBV: citrus leaf blotch virus; CTLV: citrus tatter leaf virus; CP: coat protein; MP: movement 
protein)
 
PVX infectious vector expressing CTLV-MPΔ112-143 cannot 
promote symptom development and viral accumulation 

To identify the CTLV MP regions associated with the 
host silencing suppression function, clones with serial 
deletions (Supplementary Figure 1b) were constructed in 
the PVX infectious vector and agroinfiltrated into wild type 
N. benthamiana. Newly emerged leaves along the apical 
shoots were observed at 21 dpi. Among the PVX-CTLV-
MP deletion clones, leaves infected with PVX-CTLV-
MPΔ112-143 (D4) did not show mosaic symptoms, and leaf 

deformations were similar to the leaves infected with the 
wild-type PVX (Figure 7a). The development of symptoms 
in response to the expression of all other PVX-CTLV-MP 
deletion clones was similar to that observed with the full-
length PVX-CTLV-MP (Figure 7a). Quantitative analysis 
also showed that CTLV-MPΔ112-143 (D4) had the lowest 
PVX RNA accumulation (Figure 7b; significance level α = 
0.05). This indicated that the functional region associated 
with the silencing suppression activity of the CTLV MP is 
located within the 112 and 143 amino acid regions. 
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Fig. 7. CTLV-MP serial deletion mutants built using the PVX infectious vector to identify regions associated with VSR activity in wild-type N. benthamiana 
plants. (a) Leaf symptoms of CTLV-MP and its deletion mutants. (b) Relative expression levels of CTLV-MP and its deletion mutants by the PVX-CP-
targeting RT-qPCR assay (Significance level α = 0.05). Vertical lines on the bars indicate standard deviation. The experiments were performed in triplicates 
and repeated at least three times. (PVX: potato virus X; CLBV: citrus leaf blotch virus; CTLV: citrus tatter leaf virus; MP: movement protein) 
 
CTLV-CPΔ36-70 and -MPΔ112-143 do not exhibit silencing 
suppression activity  

To confirm the functional regions of the CTLV CP and 
MP associated with host RNA silencing suppression, 
Agrobacterium-mediated transient expression experiments 
were performed with the GFP-expressing vector and 
CTLV-CPΔ36-70 (D2) and CTLV-MPΔ112-143 (D4) co-
infiltrated into N. benthamiana 16c plants. 

The protein expression levels of CTLV-CPΔ36-70 and 
CTLV-MPΔ112-143 were confirmed by Western blot analysis 
(Figure 8a). The CTLV-CP-infiltrated plants co-infiltrated 
with GFP were observed at 14 dpi under UV light; GFP 
signal was observed in non-infiltrated upper leaves. In 
contrast, plants co-infiltrated with GFP and CTLV-CPΔ36-

70 showed an absence of or low GFP signal, indicating loss 
of CTLV-CP’s systemic silencing suppression activity 
(Figure 8b; systemic). 

When the plants co-infiltrated with GFP and CTLV-MP 
were observed at 5 dpi under UV light, the GFP signal was 

observed in the local infiltrated areas (Figure 1b and 8b; 
local). Plants co-infiltrated with GFP and CTLV-MPΔ112-143 
showed no or low GFP signal, indicating loss of CTLV-
MP’s local silencing suppression activity (Figure 8b; 
local).  

The suppression rate of both CTLV-CPΔ36-70 and 
CTLV-MPΔ112-143 were decreased (Table 2) as shown by 
quantitative analysis, consistently with the UV light 
observations. The local leaves infiltrated with CTLV-
MPΔ112-143 had significantly lower GFP expression than the 
wild-type CTLV MP (α = 0.05; Figure 8c) at 5 dpi. 
Similarly, new leaves above the infiltration site infiltrated 
with CTLV-CPΔ36-70 had significantly lower GFP 
expression than wild-type CTLV-CP (α = 0.05; Figure 8d) 
at 14 dpi. These results further supported the hypothesis 
that both CTLV-CPΔ36-70 and CTLV-MPΔ112-143 do not have 
suppression activity, indicating the respective deletion 
mutations affect their functional regions associated with 
host RNA silencing suppression. 
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Fig. 8. RNA silencing suppression co-infiltration assay of CTLV-CP, -MP, and their deletion mutants in N. benthamiana 16c plants. (a) Western blot analysis 
to confirm protein expression. (b) Local (upper row) and systemic (lower row) silencing suppression observed under UV light at 5 and 14 dpi, respectively. 
Relative expression level analysis for GFP mRNA levels in both (c) local tissue and (d) systemic tissues by the GFP-targeting RT-qPCR assay (Significance 
level α = 0.05). Vertical lines on the bars indicate standard deviation. The experiments were performed in triplicates and repeated at least three times. (WB: 
western blot; CMV-2b: cucumber mosaic virus 2b; CLBV: citrus leaf blotch virus; CTLV: citrus tatter leaf virus; CP: coat protein; MP: movement protein)
  
Table 2. GFP silencing suppression rates from co-infiltration assays in Nicotiana benthamiana 16c plants with CTLV-CP and -MP carrying partial deletions. 
 

Constructs 
No. of Plants 

Infiltrated 

No. of Plants Silencing Suppressed 

Locally 
(5 dpi) 

Systemically 
(14 dpi) 

pEG100-GFP + pEG100-CTLV-CP 39 0 (0%) 17 (44%) 

pEG100-GFP + pEG100-CTLV-CPΔ36-70 (D2) 12 0 (0%) 2 (17%) 

pEG100-GFP + pEG100-CTLV-MP 39 18 (46%) 0 (0%) 

pEG100-GFP + pEG100-CTLV-MPΔ122-143 (D4) 12 2 (17%) 0 (0%) 

CTLV-CP and CTLV-MP did not directly interact with 
major host cellular proteins in the RNA silencing pathway 

To identify the CTLV CP- and MP-associated host 
proteins, immunoprecipitation products were analyzed by 
mass spectrometry. Both CTLV-CP and CTLV-MP 
generated long lists of candidate plant proteins. The 
exponentially modified protein abundance index (emPAI, 
set at ≥1) was used to filter the data based on the 
abundances of the proteins interacting with either the 
CTLV CP or the CTLV MP so that a total of 100 protein 

hits were found in the CTLV-CP-expressing samples but 
not in the control (Table 3 and Supplementary Table 4). 

For the CTLV-MP-expressing samples, a total of 98 
protein hits were found (Table 4 and Supplementary Table 
5). However, none of the major protein components of the 
plant RNA silencing pathway was identified in either the 
CTLV CP (Table 3 and Supplementary Table 4) or the 
CTLV MP (Table 4 and Supplementary Table 5) 
expressing samples. These results indicated that the CTLV 
CP and MP do not suppress host antiviral RNA silencing 
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through a direct interaction with the protein components of 
the pathway. 
 
Table 3. List of the top 30 potential CTLV-CP-associated host proteins identified by UPLC/Q-TOF-MS in N. benthamiana. 
 

No. 
N. benthamiana  
Accession No.** 

Best Match in 
Arabidopsis 
thaliana 

Protein Name / Description* 
No. of 
Observed 
Peptides 

emPAI 
Mascot 
Score 

Sequence 
Coverage 

1 
NbS00035989g0001.1 AT5G11580.1 Regulator of chromosome condensation 

(RCC1) family protein 21 26.12 777.08 37.80 

2 
NbS00027424g0009.1 AT1G09620.1 ATP binding/leucine-tRNA 

ligases/aminoacyl-tRNA ligase 48 11.83 1105.95 51.46 

3 
NbS00000088g0002.1 AT4G30010.1 ATP-dependent RNA helicase 

2 9.00 23.15 20.93 

4 
NbS00019288g0006.1 AT5G23860.2 beta-tubulin 

7 7.58 416.60 30.00 

5 
NbS00030810g0011.1 AT2G43160.1 ENTH/VHS family protein 

17 7.11 454.54 26.11 

6 
NbS00003947g0013.1 AT5G64460.8 Phosphoglycerate mutase family protein 

7 6.74 36.46 66.91 

7 
NbS00031412g0004.1 AT3G12110.1 Actin-11, ACT11 

12 6.11 520.46 39.43 

8 
NbS00006458g0003.1 AT4G14960.2 alpha-tubulin isoform, TUA6 

14 5.72 575.98 38.80 

9 
NbS00000030g0010.1 AT2G43160.4 ENTH/VHS family protein 

17 5.66 437.14 20.02 

10 
NbS00044990g0002.1 AT2G39730.1  Rubisco activase, RCA 

18 5.58 505.23 50.56 

11 
NbS00016397g0010.1 AT4G33090.1  Puromycin-sensitive aminopeptidase 

31 5.56 485.22 45.77 

12 
NbS00046182g0007.1 AT5G59370.2 Actin 4 

10 4.75 464.42 40.05 

13 
NbS00003962g0006.1 AT2G37370.1 

Centrosomal protein of 135 kDa-like protein 13 4.62 164.01 52.91 

14 
NbS00027242g0004.1 AT5G59613.2 

ATP synthase 2 4.62 13.32 31.34 

15 
NbS00003508g0016.1 AT3G13330.1 Proteasome activating protein 200 

50 4.01 1034.15 37.56 

16 
NbS00019252g0009.1 AT3G20320.1 Trigalactosyldiacylglycerol2 

6 3.92 50.49 28.72 

17 
NbS00002899g0003.1 AT1G04430.2 S-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein  23 3.81 274.80 41.42 

18 
NbS00022532g0009.1 AT3G20320.1 Trigalactosyldiacylglycerol2 

13 3.77 358.42 38.92 

19 
NbS00004706g0011.1 AT3G18480.1 CCAAT-displacement protein alternatively 

spliced product 22 3.73 179.03 38.15 

20 
NbS00054890g0003.1 AT4G00430.1 Plasma membrane intrinsic protein 1 

9 3.64 54.18 41.81 

21 
NbS00003552g0008.1 AT3G18480.1 CCAAT-displacement protein alternatively 

spliced product 32 3.53 344.14 38.61 

22 
NbS00008003g0012.1 AT3G18480.1 CCAAT-displacement protein alternatively 

spliced product 32 3.53 322.91 43.87 

23 
NbS00057125g0003.1 AT1G04430.2  S-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein 22 3.49 274.34 37.50 

24 
NbS00030134g0011.1 AT5G09880.1 Splicing factor, CC1-like  

13 3.42 165.19 27.15 

25 
NbS00016385g0017.1 AT3G18480.1 CCAAT-displacement protein alternatively 

spliced product  30 3.24 254.68 41.60 

26 
NbS00006841g0003.1 AT4G00430.1 Plasma membrane intrinsic protein 1 

9 3.22 56.87 41.81 

27 
NbS00003479g0020.1 AT5G54160.1 O-methyltransferase 1 

8 3.22 96.88 30.58 

28 
NbS00045109g0006.1 AT5G54160.1  O-methyltransferase 1  

7 3.06 100.14 30.58 

29 
NbS00003172g0001.1 AT3G23820.1  UDP-D-glucuronate 4-epimerase 6  

13 3.05 145.85 37.11 

30 
NbS00043286g0001.1 AT1G65980.1  Thioredoxin-dependent peroxidase 1 

2 2.98 27.69 16.67 

*The mass spectrometry-based IP proteomics screening was repeated twice for CTLV-CP. 
**The N. benthamiana proteomic database was retrieved in November 2016 from Boyce Thompson Institute for Plant 
Research, (http://bti.cornell.edu/nicotiana-benthamiana/) (Bombarely et al. 2012). 
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Table 4. List of the top 30 potential CTLV-MP-associated host proteins identified by UPLC/Q-TOF-MS in N. benthamiana. 
 

No. 
N. benthamiana  
Accession No.** 

Best Match in 
Arabidopsis thaliana 

Protein Name / Description* 
No. of 
Observed 
Peptides 

emPAI 
Mascot 
Score 

Sequence 
Coverage 

1 
NbS00035989g0001.1 AT5G11580.1 

Regulator of chromosome 
condensation (RCC1) family 
protein 

21 26.12 777.08 37.80 

2 NbS00056603g0002.1 AT1G75780.1 Tubulin beta-1 chain, TUB1 12 17.33 588.10 39.67 

3 
NbS00027424g0009.1 AT1G09620.1 

ATP binding; leucine-tRNA 
ligases; aminoacyl-tRNA 
ligases; nucleotide binding 

48 11.83 1105.95 51.46 

4 NbS00030497g0004.1 AT5G23860.2 Tubulin beta 8, TUB8 8 10.66 428.48 27.81 

5 NbS00000088g0002.1 AT4G30010.1 ATP-dependent RNA helicase 2 9.00 23.15 20.93 

6 NbS00030810g0011.1 AT2G43160.1 ENTH/VHS family protein 17 7.11 454.54 26.11 

7 
NbS00003947g0013.1 AT5G64460.8 

Phosphoglycerate mutase family 
protein 

7 6.74 36.46 66.91 

8 
NbS00008911g0002.1 AT1G42970.1 

Glyceraldehyde-3-phosphate 
dehydrogenase B subunit  

19 5.66 639.11 46.28 

9 NbS00000030g0010.1 AT2G43160.4 ENTH/VHS family protein  17 5.66 437.14 20.02 

10 NbS00016397g0010.1 AT4G33090.1 Aminopeptidase M1 31 5.56 485.22 45.77 

11 
NbS00045823g0014.1 AT2G28900.1  

Outer plastid envelope protein 
16-1 

4 4.62 27.36 47.77 

12 
NbS00003962g0006.1 AT5G13560.1 

Structural maintenance of 
chromosomes protein 

13 4.62 164.01 52.91 

13 
NbS00003508g0016.1 AT3G13330.1 

Proteasome activating protein 
200 

50 4.01 1034.15 37.56 

14 NbS00019252g0009.1 AT3G20320.1  Trigalactosyldiacylglycerol2 6 3.92 50.49 28.72 

15 
NbS00002899g0003.1 AT1G04430.2 

S-adenosyl-L-methionine-
dependent methyltransferases 
superfamily protein 

23 3.81 274.80 41.42 

16 NbS00022532g0009.1 AT3G20320.1  Trigalactosyldiacylglycerol2  13 3.77 358.42 38.92 

17 
NbS00004706g0011.1 AT3G18480.1  

CCAAT-displacement protein 
alternatively spliced product  

22 3.73 179.03 38.15 

18 
NbS00054890g0003.1 AT4G00430.1 

Plasma membrane intrinsic 
protein 1 

9 3.64 54.18 41.81 

19 
NbS00003552g0008.1 AT3G18480.1 

CCAAT-displacement protein 
alternatively spliced product 

32 3.53 344.14 38.61 

20 
NbS00008003g0012.1 AT3G18480.1 

CCAAT-displacement protein 
alternatively spliced product  

32 3.53 322.91 43.87 

21 
NbS00057125g0003.1 AT1G04430.2 

S-adenosyl-L-methionine-
dependent methyltransferases 
superfamily protein 

22 3.49 274.34 37.50 

22 NbS00030134g0011.1 AT5G09880.1  Splicing factor, CC1-like 13 3.42 165.19 27.15 

23 
NbS00016385g0017.1 AT3G18480.1  

CCAAT-displacement protein 
alternatively spliced product 

30 3.24 254.68 41.60 

24 
NbS00006841g0003.1 AT4G00430.1  

Plasma membrane intrinsic 
protein 1 

9 3.22 56.87 41.81 

25 NbS00016445g0012.1 AT5G09810.1 Actin 7 8 3.22 317.00 35.16 

26 NbS00003479g0020.1 AT5G54160.1 O-methyltransferase 1  8 3.22 96.88 30.58 

27 NbS00045109g0006.1 AT5G54160.1 O-methyltransferase 1 7 3.06 100.14 30.58 

28 
NbS00003172g0001.1 AT3G23820.1 

UDP-D-glucuronate 4-epimerase 
6 

13 3.05 145.85 37.11 

29 NbS00021129g0002.1 AT4G30010.1 ATP-dependent RNA helicase 1 2.98 11.97 18.60 

30 
NbS00043286g0001.1 AT1G65980.1 

Thioredoxin-dependent 
peroxidase 1 

2 2.98 27.69 16.67 

*The mass spectrometry-based IP proteomics screening was repeated twice for CTLV-MP. 
**The N. benthamiana proteomic database was retrieved in November 2016 from Boyce Thompson Institute for Plant 
Research, (http://bti.cornell.edu/nicotiana-benthamiana/) (Bombarely et al. 2012). 
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CTLV-MP interacts with dsRNA of GFP 
To investigate whether the CTLV CP and MP interact 

with dsRNA, RNA immunoprecipitation (RIP) 
experiments were conducted using Agrobacterium-based 
transient expression assays. The identified CTLV VSRs 
(CTLV-CP and CTLV-MP) were co-infiltrated with GFP 
expressing vectors in N. benthamiana 16c plants, where 
host silencing was induced and GFP dsRNA was formed in 
planta. The turnip crinkle virus (TCV) P38 protein, 
previously shown to interact with long dsRNAs to suppress 
host RNA silencing, was used as a VSR positive control 
(Incarbone and Dunoyer 2013; Mérai et al. 2006).  

The RIP experiments revealed that the GFP dsRNA 
was precipitated along with the CTLV MP and the TCV 
P38 (Figure 9). In addition, the deletion clone CTLV-
MPΔ112-143, did not display a dsRNA binding ability (Figure 
9). CTLV-CP did not show any interaction with dsRNA 
(Figure 9). 
 

 
 
Fig. 9. RNA immunoprecipitation (RIP) of CTLV-CP, -MP, and the 
CTLV-MP deletion mutant. The agarose gel electrophoresis of GFP RT-
PCR products is shown in the upper panel. The protein input was 
examined by Western blot analysis and is shown in the lower panel. 
(TCV: turnip crinkle virus; CTLV: citrus tatter leaf virus; CP: coat 
protein; MP: movement protein; WB: western blot) 
 
CTLV-CP and -MP did not directly bind with dsRNA and 
siRNA of GFP 

To investigate if the CTLV CP and MP interact via 
direct binding with dsRNA and siRNA, RNA-protein pull-
down assays were performed. Western blot analysis 
showed that the VSR controls TCV P38 and tomato bushy 
stunt virus (TBSV) P19 proteins, previously shown to 
interact with siRNA to suppress host RNA silencing 
(Incarbone and Dunoyer 2013; Vargason et al. 2003), were 
both pulled down by the dsRNA and siRNA of GFP, 
respectively (Figure 10a and 10b). However, CTLV-CP 
and CTLV-MP did not show any such interaction with 
either dsRNA or siRNA of GFP in the assays (Figure 10a 
and 10b). 
 

 
 
Fig. 10. Western blot analysis of RNA-protein pull-down assay to 
examine RNA binding capabilities of CTLV-CP and -MP with (a) double-
stranded RNA (dsRNA) and (b) small interfering RNA (siRNA) of GFP. 
Inputs of dsRNA and siRNA were examined by polyacrylamide gel 
electrophoresis. (TCV: turnip crinkle virus; CTLV: citrus tatter leaf virus; 
TBSV: tomato bushy stunt virus; CP: coat protein; MP: movement 
protein) 
 
Discussion 
 

Viruses evolve and utilize silencing suppressors, VSRs, 
to counteract host antiviral RNA silencing by inhibiting or 
blocking such defense mechanisms at both local and 
systemic levels (Csorba et al. 2015; Ding 2010; Song et al. 
2011; Wang et al. 2012; Burgyán and Havelda 2011). In 
this study, a series of different methodologies were 
employed for the identification and characterization of the 
VSRs of CTLV, an important citrus pathogen capable of 
inducing bud union crease on the widely commercially 
used trifoliate and citrange rootstocks (Calavan et al. 1963; 
Miyakawa et al. 1976). 

During the molecular characterization of the two CTLV 
VSRs presented in this study, our approach indicated that 
RT-qPCR was highly compatible with the widely used N. 
benthamiana agroinfiltration assay while allowing a more 
accurate assessment of GFP relative expression levels in 
comparison to Northern blot hybridization.      

The CTLV CP was proven to have silencing 
suppression activity in systemic tissues but at a low 
suppression rate (44%; Table 1). Viral CPs have multiple 
functions during virus infection, including virus entry, viral 
protein translation, replication, virus movement, 
transmission, and symptom development (Weber and 
Bujarski 2015). Previously, it has been reported that the 
ASGV CP, in addition to being expressed via a subgenomic 
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RNA (similar to CTLV), is essential for ASGV infectivity 
(Komatsu et al. 2012; Tatineni et al. 2009b). CTLV being 
a strain of ASGV, with a broad citrus host range, and with 
a high degree of sequence conservation (Tan et al. 2019), 
led to the hypothesis for this study that the CTLV CP could 
be a potential VSR. It is possible that the CP silencing 
suppression function might be established and manifest 
itself in response to a balance between the positive effects 
on the obligatory parasite virus life cycle and the negative 
effects on the host (Csorba et al. 2015). Our results implied 
that there might be trade-offs among different CTLV-CP 
functions that influence its silencing suppression activity.  

The CTLV MP was confirmed as a local VSR with 
silencing suppression activity levels similar to those of 
CLBV-MP (Renovell et al. 2012). CTLV and CLBV both 
belong to the Betaflexiviridae family. Apple chlorotic leaf 
spot virus (ACLSV) is another Betaflexiviridae member 
with a movement protein demonstrating silencing 
suppression activity. However, the ACLSV MP is unable 
to suppress local silencing but can exert systemic silencing 
(Atabekova et al. 2023; Yaegashi et al. 2007). Based on our 
findings with the CTLV MP and earlier studies conducted 
with the CLBV MP, it is possible that the molecular 
machinery underlying silencing suppression induced by the 
MP of these two viruses may be different from that of 
ACLSV-MP. Overall, this and cited previous studies on 
Betaflexiviridae members suggest a trend that viruses 
within this family potentially use their MPs as VSRs 
despite their low sequence similarity (Atabekova et al. 
2023). Further investigations are needed to help elucidate 
the molecular intricacies of suppression of host RNA 
silencing by these viruses. While previous studies showed 
that CLBV-MP had only local RNA silencing suppression 
activity (Renovell et al. 2012), in our experiments, a low 
suppression rate (15%) of systemic silencing activity was 
also detected (Table 1) for CLBV-MP which had relative 
expression levels similar to those of CMV-2b (Figure 3b). 

The relative expression levels of CTLV-MP in 
systemic non-infiltrated leaves were significantly lower, 
more than 50% when compared to CMV-2b and CLBV-
MP (Figure 3b). It has been reported that VSRs not only 
contribute to the suppression of host gene silencing but also 
interfere with host microRNA (miRNA) pathways 
regulating gene expression, affecting normal cell and plant 
growth (Liu et al. 2012; Wang et al. 2012). Therefore, it is 
possible that the observed suppression activity of the 
CTLV MP is due not only to its function in suppression of 
siRNA-mediated RNA silencing but also to its potential 
interference with host gene expression and disruption of 
miRNA functions, which may have affected the GFP 
expression levels. 

The VSR activity of both CTLV-CP and -MP was also 
confirmed by agroinfiltration assays in wild-type N. 
benthamiana plants following expression with a PVX 
infectious vector in a virus-induced gene silencing (VIGS) 
background (Jones et al. 1999). In these experiments, 
CTLV-CP and CTLV-MP had dramatic effects on 
symptom development and PVX viral RNA accumulation 
in N. benthamiana. Both proteins acted as pathogenicity 

determinants to promote PVX infection, likely through 
their RNA silencing suppression activities (Qiao et al. 
2013; Zhou et al. 2006). The frameshift mutant controls 
also proved that the silencing suppression activity was 
determined by the proteins themselves instead of their 
mRNA sequences.  

The functionally active regions of the CTLV CP and 
MP were identified in this study. However, further 
experiments are needed to locate the specific domains, 
motifs or amino acid sites required for silencing 
suppression. Our co-immunoprecipitation experiments 
followed by mass spectrometry proteomics analysis (ten 
Have et al. 2011; Turriziani et al. 2016) did not identify 
direct interacting host proteins associated with the host 
RNA silencing pathway. Therefore, the CTLV VSRs may 
target other endogenous host regulators and factors to 
further modulate host antiviral defense indirectly (Csorba 
et al. 2015).  

Instead of targeting proteins associated with the 
silencing pathway, some VSRs bind to RNA components 
such as long dsRNA or siRNA to suppress the antiviral 
defense response (Díaz-Pendón and Ding 2008; Csorba 
and Burgyán 2015; Pumplin and Voinnet 2013; Incarbone 
and Dunoyer 2013; Burgyán and Havelda 2011). The 
CTLV CP, as a systemic VSR, did not display any direct 
interaction with siRNAs, which can move systemically 
(Schwach et al. 2005; Martín-Hernández and Baulcombe 
2008; Qu et al. 20051). This indicated that CTLV-CP could 
use indirect strategies to suppress systemic gene silencing. 
On the other hand, the results of the RIP and RNA-protein 
pull-down assays showed that the CTLV MP interacted 
with dsRNA indirectly which might be achieved with the 
help of a protein, a protein complex containing RNA 
binding domains, or by utilizing other indirect mechanisms 
to suppress host RNA silencing. This suggests that the 
CTLV MP might contribute to silencing suppression by 
preventing dsRNA from being processed by the host Dicer 
proteins.  

Both the CTLV CP and MP are weak VSRs with low 
suppression rates, similar to the CLBV-MP VSR (Renovell 
et al. 2012). Viruses carrying weak VSRs tend to co-exist 
with their host rather than accumulate at high titers and 
cause severe damage or death to the infected plants 
(Renovell et al. 2012). The two identified VSRs could be 
some of the key factors responsible for the evolution and 
pathogenicity of the CTLV which only causes mild 
symptoms or remains symptomless on most of its wide 
range of hosts. 

The potential for CTLV to cause serious problems to 
citrus production is a man-made situation where a CTLV-
infected scion is grafted onto a trifoliate or trifoliate hybrid 
rootstock leading to bud union incompatibility, canopy 
decline, and tree death (Garnsey 1964; Calavan et al. 1963; 
Garnsey and Jones 1968; Roistacher 1991). It is unlikely 
that CTLV encountered a scion propagated onto a 
rootstock prior to the 19th century, when grafting was 
introduced as a standard procedure in commercial citrus 
groves. Moreover, the probability that a citrus tree was 
propagated onto a trifoliate rootstock before the 1950s is 
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even lower (Bitters 2021; Moreno et al. 2008; Mudge et al. 
2009). Therefore, it is potentially feasible that the non-
pathogenic equilibrium of CTLV in non-symptomatic 
citrus hosts was only recently disrupted by the rising rate      
of commercial citrus scion grafting onto trifoliate 
rootstocks. Although this theory needs substantiating with 
tangible research-based evidence, it is not the first case of 
such a situation occurring with a citrus virus. In the early 
20th century, citrus tristeza virus (CTV) caused the most 
catastrophic virus epidemic in history directly linked to a 
specific scion-rootstock combination. More specifically, 
CTV is symptomless in most of its citrus hosts and only 
causes stem pitting and leaf symptoms in some sensitive 
species (Moreno et al. 2008; Roistacher 1991). However, 
when CTV encountered the man-made propagations of 
sweet orange (C. sinensis (L.) Osbeck) scions on sour 
orange (C. aurantium L.) rootstocks in the mid-1900s, the 
destructive tristeza quick decline disease emerged and 
killed millions of trees worldwide (Moreno et al. 2008). 

Protecting the valuable trifoliate and trifoliate hybrid 
rootstocks from CTLV is of extreme importance for the 
global citriculture. Based on the past CTV epidemic 
(Moreno et al. 2008), it appears that CTLV has the 
potential to induce significant damage to the citrus industry 
since humans, as a key component of the plant disease 
tetrahedron (Zadoks and Schein 1979), have created an 
artificial monoculture environment with virus-sensitive 
host plants. Unlike CTV, CTLV does not appear to have a 
natural vector. Therefore, it is imperative that all 
phytosanitary measures for the use of pathogen-tested 
propagative materials be strictly enforced, thereby      
preventing spreading of CTLV (Fuchs et al. 2021; 
Gergerich et al. 2015). Similarly, the findings presented in 
this study represent key progress towards improving our 
understanding of the molecular interactions of CTLV with 
its hosts. Further studies could produce additional insights 
on its mode(s) for citrus infection, potentially leading to 
identification of critical points in the viral machinery which 
could act as targets for different intervention strategies 
facilitating disease mitigation, avoiding CTLV spread, 
economic and tree capital losses, and ultimately preserving 
the use of the trifoliate and trifoliate hybrid rootstocks in 
citriculture. 
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