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Combined expression of p20 and p23 proteins from Citrus tristeza virus
show enhanced local silencing suppressor activity
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Summary. Viruses developed a strategy to counter-defence the posttranscriptional gene silencing mechanism
(PTGS) based on the activity of silencing suppressor proteins. Citrus tristeza virus (CTV), a member of the genus
Closterovirus, has two suppressor proteins (p20 and p23) that target the local RNA silencing response of the host.
In GFP transient co-expression assays performed on Nicotiana benthamiana 16C plants, local suppressor activity of
P23 and p20 was similar. Co-expression of both proteins from a mild or a stem pitting CTV isolate showed stronger
local suppression activity than either suppressor alone, with an increased GFP transcript level six- (for Gp M) to
nine-fold (for Gp 3a) higher than non-inoculated 16C plants, in parallel with low accumulation of siRNAs. Further,
GFP brightness of leaves infiltrated with Agrobacterium cultures at an ODg, of 0.5 was comparable to those infil-
trated with ODgq 0.25. These findings indicate that combined action of p20 and p23 proteins results in enhanced

suppressor activity.
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Introduction

RNA interference results in specific gene silenc-
ing by small RNAs, such as microRNAs (miRNAs)
and small interfering RNAs (siRNAs). This regulates
a wide range of biological processes including virus
resistance and host gene expression (Diaz-Pendon
and Ding, 2008). These mechanisms of RNA silenc-
ing are ancient cellular defence pathways conserved
among eukaryotes (Szittya et al,, 2008; Alvarado
and Scholthof, 2009). In plants, the defence systems
against viruses involve formation of small interfer-
ing RNAs (siRNAs) that guide to sequence-specific
degradation of the corresponding mRNAs, leading
to post transcriptional gene silencing (PTGS) (Voin-
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net, 2001; Baulcombe, 2004; Herr and Baulcombe,
2004; Ding, 2010). Initially the host cells sense the
presence of double-stranded RNA (dsRNA) com-
monly generated during plant virus replication, and
use RNase III-like enzymes known as Dicer (DCL) to
produce 21-24 bp siRNAs. Subsequently the siRNA /
DCL complex is converted to an active RNA induced
silencing complex (RISC) containing an Argonaute
(AGO) protein, which mediates the sequence-specif-
ic digestion of homologue RNA and translation re-
pression (Burgydn, 2008). RNA silencing is non-cell
autonomous in plants, by producing a mobile RNA
signal that can be transported cell to cell through the
plasmodesmata and long distance through phloem
(Himber et al., 2003; Diaz-Pendon and Ding, 2008).
In certain instances the cycle is self-perpetuated by
the action of the RNA dependent RNA polymerase
(RDR) that amplifies the silencing signal (MacDiar-
mid, 2005; Alvarado and Scholthof, 2009).

www.fupress.com/pm
© Firenze University Press

© 2016 Author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY-4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.



http://creativecommons.org/licenses/by/4.0/

Plant viruses overcome the host’s surveillance
system by encoding viral suppressors of RNA silenc-
ing (VSR) that can interfere with one or more steps of
the PTGS pathway (Alvarado and Scholthof, 2009).
These suppressor proteins were identified in almost
all viral genomes. They share no sequence similarity,
are structurally diverse and target different steps of
the host PTGS pathway (Burgydn, 2008; Diaz-Pen-
don and Ding, 2008; Burgydn and Havelda, 2011).
Some viral suppressors bind to dsRNAs and inhibit
its processing into siRNAs (Silhavy et al., 2002; Merai
et al., 2006). Others eliminate the siRNAs or interfere
with their incorporation into the RISC (Yaegashi et
al., 2007; Diaz-Pendon and Ding, 2008; Pallas and
Garcia, 2011; Rawlings et al. 2011; Valli et al. 2011;
Yoon et al., 2012), block the silencing signal amplifi-
cation (Glick et al., 2008), or even interact with vari-
ous enzymes and proteins as Dicer (Azevedo et al.,
2010) or Argonaute (Alvarado and Scholthof, 2009;
Giner et al., 2010). These suppressors span their ac-
tivity to almost the complete PTGS pathway. In ad-
dition, many of them also interfere on the miRNA
pathway (Kasschau et al., 2003, Schott et al., 2012).
Some virus encoding miRNAs are also transcribed
from suppressor gene regions (Maghuly et al., 2014).
Moreover, several suppressor proteins have other
roles in viral infection, including reduction of virus
replication, control of virus movement during sys-
temic infection (Yaegashi et al., 2007; Diaz-Pendon
and Ding, 2008) or interference in host metabolism
(Burgydn and Havelda., 2011; Pallas and Garcia,
2011). These findings imply variable functions for
these suppressors of virus infection.

Despite the substantial knowledge on how vi-
ruses counter-defence the plant antiviral strategy,
the molecular mechanisms by which they suppress
RNA silencing remain unclear for the majority. Fur-
thermore, a multiple component strategy of encod-
ing more than one suppressor has been reported for
some viruses (Lu et al., 2004; Canizares et al., 2008;
Ding, 2010; Senshu et al., 2011]. Citrus tristeza virus
(CTV), a member of genus Closterovirus with a posi-
tive single stranded RNA with 19.3 kb (Karasev et al.,
1995; Flores et al., 2013), encodes three proteins, p20,
P23 and p25 (CP), that act as RNA silencing suppres-
sors in Nicotiana benthamiana plants (Lu et al., 2004).
Protein P25 (CP) is responsible for the encapsidation
of about 97% of the RNA genome of CTV, and is also
involved in CTV movement (Satyanarayana et al.,
2000; Dolja et al., 2006). Protein p23 inhibits intracel-
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lular silencing, CP suppresses intercellular silencing
and p20 targets both levels (Lu et al., 2004).

CTV p20 and p23 suppressor activities, which
have been characterized before (Lu et al., 2004; Ruiz-
Ruiz et al., 2011; Marques et al., 2012; Ruiz-Ruiz et al.,
2013; Costa et al., 2014), have also other functions
upon viral infection. P20, one of the more abun-
dantly produced CTV proteins, accumulates in cy-
toplasm of infected cells as inclusion bodies (Gowda
et al., 2000). Gene constructs encoding p20 to be ex-
pressed as an intron-hairpin were able to confer CTV
resistance / tolerance in sour orange against stem pit-
ting and seedling yellows isolates (Chun-zen et al.,
2015). P23 has no homologous sequence in the Clos-
terovirus family, and several functions are now at-
tributed to this unique protein that is the most highly
expressed, based on the relative levels of sgRNAs
of CTV (Navas-Castillo et al., 1997). P23 is an RNA
binding protein required to control asymmetric ac-
cumulation of CTV RNAs by down-regulating nega-
tive strands of genomic and sgRNAs during replica-
tion (Lopez et al., 2000; Satyanarayana et al., 2002).
P23 was reported as a pathogenicity determinant
when expressed ectopically in several transgenic
citrus plants with elicitation of CTV-like symptoms
(Fagoaga et al. 2005; Ghorbel et al. 2001). Studies in
Mexican lime, sour orange and Duncan grapefruit
associated the seedling yellows syndrome to p23
and 3’UTR nucleotide sequences (Albiach-Marti et
al., 2010). When p23 was expressed in Mexican lime
under the control of a phloem-specific promoter, it
induced vein clearing and stem pitting symptoms
(Soler et al., 2015). Further, it was shown that p23 N-
terminal 157 amino-acid fragment is a putative zinc
finger domain flanked by motifs rich in basic amino
acids, a region linked to the development of syn-
dromes (Ruiz-Ruiz et al., 2013). The finding that p23
protein accumulates in cell nucleoli explains some of
its functions, while its presence in plasmodesmata
(Ruiz-Ruiz et al., 2013) is consistent with its involve-
ment in cell-to-cell and long distance movement of
the virus in phloem and phloem-associated cells, en-
hancing systemic infection and virus accumulation,
as was observed in transgenic sour orange (Fagoaga
etal. 2011).

When a CTV infection is established, the activat-
ed host RNAi cannot inhibit viral accumulation and
systemic infection. As well, the three silencing sup-
pressors are not able to completely block the RNAi
pathway, with presence of CTV small RNAs mapped
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preferentially at the 3" terminal region of the RNA
genome (Ruiz-Ruiz et al., 2011). The virus usually
guarantees its progression in citrus plants, estab-
lishing differentially for each distinct host, without
causing plant death, leading to several syndromes
(Fagoaga et al., 2011). Therefore, the presence of three
suppressors is probably essential to protect such a
large genome from the antiviral silencing machinery
of citrus plants.

The severity of symptoms caused by CTV in Cit-
rus plants depends on the virus isolate and the com-
bination of variety / rootstock infected, and may vary
from mild or asymptomatic to more severe as seed-
ling yellows, stem pitting or quick decline (Moreno
et al., 2008; Nolasco et al., 2009). In the present study
the suppression activity of CTV proteins p20 and p23
was assayed, from a mild and a stem pitting isolate,
which belong to distinct phylogenetic groups (No-
lasco et al., 2009). These groups, previously defined
based on the CP gene from isolates of diverse world-
wide origins, and each related to specific symptoms
in indicator plants (Nolasco et al., 2009), maintain
their pattern of clustering throughout the entire 3'-
end coding region (Silva, 2011).

Both CTV p20 and p23 proteins target the local
RNA silencing mechanism. To evaluate its suppres-
sor activity, single or double expression of suppres-
sors from the same isolate were analysed by the
classical GFP transient co-expression assay in N.
benthamiana 16C plants (Brigneti et al., 1998). Local
suppressor activity of p23 and p20 was shown to be
similar. Transient co-expression of double CTV vi-
ral suppressors from the same isolate was stronger
than either suppressor alone, with down-regulation
of host silencing response in N. benthamiana 16C evi-
denced by an increase in the transient expression of
GFP in parallel with low accumulation of siRNAs.

Materials and methods
Plasmid construction

Cloned CTV p23 and p20 genes from CTV iso-
lates belonging to phylogenetic groups 3a and M
(Nolasco et al., 2009) (Table 1) available in the labo-
ratory, were amplified and re-cloned into the binary
vector pK7WG2 under the promoter CaMV 35S (Ka-
rimi ef al., 2002), as previously described (Marques
et al., 2012; Costa et al., 2014). As positive control,
the 2b suppressor of Tomato aspermy virus (TAV) was
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Table 1. Origin of the CTV isolates and associated syn-
dromes.

. Origin of
Phylogenetic Gene theCTV Clone Syn(?romem
group . name associated
isolate
3a p20  Madeira 114 QD +SwO-
island SP (severe)
p23 11.5
M p20 Spain 25.11 M
p23 25.4

@ QD: Quick decline of trees grafted onto sour orange; SwO-SP:
Stem pitting in sweet orange trees. M: Mild symptoms in indi-
cator plant Mexican lime; absence of symptoms in sweet orange
trees.

used, provided by Dr Garcia-Arenal (Universidad
Politécnica de Madrid, Spain). To induce silencing,
the GFP fluorescent gene (m-gfp5-ER) (Haseloff et
al., 1997) was used. Both were previously cloned into
pK7WG2 (Costa et al., 2014). These constructs will in
the following be named as pK-GFP, pK-p20, pK-p23
and pK-Tav-2b. The resulting binary vectors were
transferred into competent cells of Agrobacterium tu-
mefaciens strain C58C1, carrying the pMP90 plasmid.
This confers resistance to gentamycin. Antibiotic
selection was achieved using gentamycin, spectino-
mycin and rifampicin at 50 ug mL™". A. tumefaciens
cultures were grown on LB medium supplemented
with 10 mM MES and 20 pM acetosyringone at 28°C
until reaching an ODyy, of 0.5. The cells were centri-
fuged and re-suspended in 10 mM MgCl,, 10 mM
MES and 100 pM acetosyringone at pH 5.6, and kept
at 25°C for at least 1 h before the infiltration process
(Brigneti et al., 1998).

Plant material and transient expression assays

GFP transgenic 16C line of N. benthamiana plants,
provided by Dr Sir David Baulcombe (Sainsbury
Laboratory, Norwich, UK), constitutively expressing
the ¢fp gene, were used for the transient expression
assays with A. tumefaciens infiltration at four leaf
stage using a 1-mL needleless syringe, as described
by Brigneti et al. (1998). Leaves were infiltrated with
the A. tumefaciens C58C1 cultures at ODgy 0.5 carry-
ing each construct, in single or combined infiltrations.



Four modalities were assayed: 1) single infiltration
with pK-GFP from a suspension of 15 mL of A. tume-
faciens; 2) co-infiltration of pK-GFP with pK-Tav-2b;
3) co-infiltration of pK-GFP with each of the pK-20
or pK-p23 constructs; equal volumes (15:15 mL) of
Agrobacterium cultures carrying each pK-suppressor
and pK-GFP were centrifuged and re-suspended in
the final volume of 15 mL; and 4) co-infiltration of
pK-GFP with pK-p20 plus pK-p23 of the same iso-
late. For co-infiltrations of two distinct A. tumefaciens
cultures each carrying a suppressor, equal volumes
(15 mL) of individual suspension cultures at an ODjg,
0.5 were mixed with pK-GFP (1:1:1), centrifuged and
re-suspended in the same final volume (15 mL) as
the single infiltration condition. The same procedure
was conducted with A. tumefaciens cultures at ODg
of 0.25. Usually two leaves per plant, and ten plants
assayed per each modality, were infiltrated in each
experiment. Plants were observed during 9 days
post infiltration (dpi). This experiment was repeated
twice.

The GFP fluorescence of infiltrated leaves and
whole plants was observed under long-wavelength
UV light (Black Ray model B 100AP, UV Products)
and photographed with a Canon EOS 450D digital
camera. All images were edited using Adobe Pho-
toshop CS3 software (Adobe Systems). GFP im-
ages from 5 dpi were converted to graytone using
the Photoshop CS3 with an algorithm that converts
red areas in dark areas while green and yellow were
converted to lighter areas. The same algorithm was
used in all images. To obtain a rough estimate of GFP
fluorescence intensity, the darker areas were adjust-
ed to similar values while the overall contrast of the
images was maintained. The mean values of light
and gray areas were measured and recorded. Since
values for red intensity (darker areas) were approxi-
mately the same, the GFP fluorescence (white areas)
could be compared between conditions.

RNA isolation and analysis

Extraction of total RNA from infiltrated leaf
patches (approx. 0.7 g) at 5 and 9 dpi for Northern
blot assay was performed with TRI-reagent® (Sig-
ma), according to the supplier’s protocol. The qual-
ity and concentration of all RNA preparations were
determined by Nanodrop 2000 (Thermo Scientific).
Total RNA from inoculated leaves of each condition
(approx. 10 mg) was isolated and fractionated by
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electrophoresis on a 15% polyacrylamide (19:1) 7 M
urea mini-gel (85 mm / 65 mm / 0.75 mm) running
in TBE buffer for GFP siRNAs detection, performed
as previously described (Costa et al., 2014). A syn-
thetic 24-nt RNA (Pho-AGAACGGCAUCAAAGC-
CAACUUCA) complementary to the GFP sequence
was used as a size marker. The half upper part of the
gel was cut and used as a loading of 55 RNA bands.
siRNAs detection was carried out on the lower part
of the gel by transfer to an Amersham Hybond™-NX
membrane (GE Healthcare) with an electroblotter
LKB Multiphor II Novablot (Pharmacia) for 20 min,
at 4 mA.cm™. Cross-linking of RNA was done with
EDC as described in Pall et al. (2007). Hybridization
was performed overnight at 40°C with a digoxigenin
(DIG)-labeled DNA GFP-specific probe obtained
by PCR amplification of the entire GFP gene. RNA
blots were revealed by chemiluminescent detection
with the CDP-star (Roche Applied Science), and the
signal was recorded using an adapted astronomical
Starlight Xpress MX7C CCD camera. This analysis
was repeated twice.

For quantification of GFP expression, total
RNA was extracted from infiltrated leaves using
E.ZN.A"™ Plant Kit (Omega Bio-tek) and treated
with TURBO DNA-free™ kit (Ambion), according to
the manufacturer’s procedure. Quantitative assays
of GFP mRNA for each condition were estimated
by real-time RT-PCR (qRT-PCR) by means of Pfaffl
method (Pfaffl, 2001). qRT-PCR was carried out with
iCycler IQ (Bio-Rad) with 20 ng of each sample, using
the iScript™ One-Step RT-PCR with SYBR-Green Kit
(Bio-Rad). Each condition was analyzed from three
leaves of distinct plants. The N. benthamiana ubig-
uitin endogenous gene expression was used as an
internal standard, amplified with primer pairs ubi3
and ubi3B (Rotenberg et al., 2006) and cycling condi-
tions described previously (Marques et al., 2012). The
amplification’s efficiencies were determined for GFP
and ubiquitin using a six point serial dilution. Each
plant sample was analysed in duplicate in three in-
dependent real-time RT-PCR assays.

An expression value of 1 was arbitrarily as-
signed in each experiment to the non-infiltrated N.
benthamiana 16C line and the rest of the values were
referred to this value. Statistical comparisons were
made with a one-way ANOVA followed by a Tukey
post-hoc test and the level of significance was set at
P<0.05, using the IBM SPSS statistics software ver-
sion 23.
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Results
Suppressor activity of p20 and p23 proteins

Local transient expression assays were per-
formed on transgenic 16C line N. benthamiana plants
by co-infiltrations of each p20 or p23 or both CTV
suppressors. The assayed p20 variants have a pair-
wise identity of amino acid sequences of 94.5%,
and for p23 of 90%. Silencing of GFP was induced
through leaf infiltration of the pK-GFP construct that
expresses a transcript homologous to the transgene
of 16C plants. Leaves infiltrated with the silencing
inducer pK-GFP showed an increase in the GFP
fluorescence at 3 dpi due to transient GFP expres-
sion (Figure 1A, GFP 3 dpi), then at 5 dpi fluores-
cence decreased (Figure 1A, GFP 5 dpi) and at 6 dpi
had almost disappeared. The spread of the short-
range silencing signal causes shutting down of GFP
transgene expression, which was noticeable by a
narrow red ring around the infiltrated patch, visible
from 5 dpi (Figure 1A, arrows). Local silencing also
began at 5 dpi, with the development of a red col-
ouration on the infiltrated leaf patch, and at 9 dpi
established red colouration was visible under UV
light (Figure 1A). The systemic silencing began to
develop at 7 dpi, and at 9 dpi has spread in veins
dispersed over entire leaves (Figure 1A). This pro-
gressed until intense red colour (under UV) extend-
ed to the whole leaf (data not shown). The assayed
VSRs were co-infiltrated with the silencing inducer
pK-GFP. Patches expressing the strong suppressor
Tav-2b showed bright GFP fluorescence at least for 9
dpi (Figure 1B, TAV). As expected, the co-expression
of pK-GFP and each CTV VSR also maintained the
GFP transient expression for a longer time, at least
up to 7 dpi, confirming previously reported data for
P20 and p23 (Marques et al., 2012; Costa ef al., 2014).
No apparent differences were found on local silenc-
ing development between leaves infiltrated with
P23 or p20 of the same isolate. On the other hand,
dissimilarities were found between mild and severe
isolates. Suppressors p20 and p23 from Gp 3a (stem
pitting isolate) (Figure 1B, p20 3a, p23 3a) depicted a
more intense activity at 5 dpi, while those from Gp M
(mild) showed weaker GFP fluorescence (Figure 1B,
P20 M, p23 M). Double-infiltration of p20 and p23
from the same isolate with pK-GFP enhanced GFP
fluorescence for both CTV groups (Gp 3a and M)
(Figure 1B, p20+p23 3a, p20+p23 M), albeit for group
M the greenish patch, for most plants, was slightly
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less intense compared with group 3a. The red ring
was seen from 5 dpi on leaves co-infiltrated with p23
of both CTV groups. On the other way, expression of
P20, either singly or co-inoculated with p23, caused
a delay in the spread of the short-range silencing sig-
nal until 8-9 dpi for all modalities tested. At 9 dpi,
less GFP fluorescence was observed for all single
suppressor infiltrations (Figure 1C, p20 3a, p23 3a,
P20 M, p23 M). The red ring was still not observed in
many double suppressor co-infiltrated leaves and its
absence coincided with a remaining bright GFP fluo-
rescence at the inoculated patch, a pattern similar to
the positive control Tav-2b (Figure 1C, p20+p23 3a,
p20+p23 M, TAV). Monitoring the upper non-infil-
trated leaves showed that the systemic silencing at
9 dpi was detected for all conditions tested, while
not visible in all plants. In general the progression of
the systemic silencing was blocked slightly more by
p20 than by p23. Thus, while both CTV suppressors
were able to locally suppress PTGS, none were able
to suppress short-range or systemic silencing, even
when combined.

Consistent with visual observations, qRT-PCR
at 5 dpi shows a great reduction in the GFP mRNA
levels on patches single inoculated with pK-GFP as
compared to the non-inoculated 16C leaves (Fig-
ure 2A). As expected, increased GFP transcript lev-
els were observed in patches expressing the p20 or
P23 proteins alone, with exception for group p23M
(Figure 2A). The combined suppressor infiltration
(pK-p20 plus pK-p23) also increased GFP mRNA
accumulation, generating a relative expression 6
(for group M) to 9-fold (for group 3a) greater than
leaves 16C not inoculated. The one-way ANOVA
performed with data of qRT-PCR confirmed that
there were statistically significant differences be-
tween groups. A Tukey post-hoc test revealed that
expression of GFP mRNA on leaves inoculated with
pK-p20 plus pK-p23 3a, at 5 dpi, was significantly
greater compared to single suppressor infiltrations.
At 9 dpi the level of GFP transcript for single infil-
trations with CTV VSRs decreased to low or unde-
tectable levels (Figure 2A). However, for combined
CTV co-infiltrations of group 3a, the suppressor ac-
tivity was still present and GFP mRNA levels were
high, with a value 1.6-fold greater compared to the
single VSRs (p20 3a and p23 3a).

GFP-specific siRNAs were analysed at 5 dpi by
Northern blot using an ambisense GFP-specific
probe. Quite abundant accumulation of GFP-specific



Expression of p20 and p23 from Citrus tristeza virus

GFP 5 dpi Local silencing Systemic silencing

p20+p23 3a

b Y

Figure 1. Visual observation of leaves from transgenic N. benthamiana 16C plants under UV light at 3, 5 and 9 days post-
infiltration (dpi). A. Photographs of leaves infiltrated with Agrobacterium tumefaciens harbouring pK-GFP alone, showing
transient GFP expression at 3 (GFP 3 dpi) and 5 (GFP 5 dpi) dpi, the short-range silencing signal (arrows), local silencing
and the systemic silencing. B. GFP fluorescence images of leaves after co-infiltration of pK-GFP with TAV, with a single
CTV VSR (p20 3a; p23 3a; p20 M; p23 M) and double co-infiltration of each p20 and p23 constructs from group 3a (p20+p23
3a) and group M (p20+p23 M), at 5 dpi. C. GFP fluorescence images of leaves after co-infiltration of pK-GFP with TAV,
a single CTV VSR (p20 3a; p23 3a; p20 M; p23 M) or double co-infiltration of each p20 and p23 constructs from group 3a
(p20+p23 3a) and group M (p20+p23 M), at 9 dpi.
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Figure 2. A. Relative levels of GFP mRNA in agro-infiltrated N. benthamiana 16C leaves at 5 and 9 dpi, determined by qRT-
PCR and normalized against the levels of the ubiquitin gene. 16C: 16C non-inoculated plants, used as a reference to assay
relative expression. GFP: single infiltration with pK-GFP. p20 3a, p23 3a, p20 M, p23 M: co-infiltration of pK-GFP with the
corresponding p20 or p23 construct. p20+p23 3a, p20+p23 M: co-infiltration of pK-GFP with each p20 and p23 constructs
of the corresponding viral isolate. Tav-2b: co-infiltration of pK-GFP with the pK-Tav-2b construct. Error bars represent
standard deviation (SD) of three independent determinations. Different letters above the bars indicate a statistically sig-
nificant difference by Tukey’s test at P<0.05. Asterisk (*) means a statistically significant difference on the levels of GFP
transcripts at 9 dpi, by Tukey’s test at P<0.05. B. RNA blot analysis of GFP-specific siRNAs extracted from agro-infiltrated
N. benthamiana 16C leaves at 5 dpi, carrying the correspondent construction(s) indicated above the image. RM: 24-nt syn-
thetic RNA marker. 16C: non-inoculated 16C plants. The bottom panel display the 55 rRNA loading control stained with
ethidium bromide.

siRNAs was detected for plants inoculated with pK-
GFP, which correlated well with the low levels of
GFP mRNA observed. No siRNAs were detected on
non-infiltrated 16C plants (Figure 2B). The presence
of the CTV suppressors resulted in reduced accu-
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mulation of siRNAs and high GFP transcript levels.
The low intensity band of siRNAs associated with
P23 was not correlated with the expected high levels
of GFP mRNA, a discrepancy which cannot be ex-
plained (Figure 2B).



Combined action of p20 and p23 results in an
enhanced suppressive activity

In order to make clear that the higher suppres-
sive activity found for combined CTV VSRs was
not due to an additive effect of the amounts of VSR
infiltrated, the co-infiltration of p20 plus p23 was
performed with a 0.25 ODgy. When both VSRs were
co-infiltrated at low ODyg, low suppression activ-
ity was expected in case there is an additive effect.
16C plants were simultaneously infiltrated with A.
tumefaciens cultures carrying pK-p20 M, pK-p23 M
and pK-GFP at equal ODg of 0.25. The GFP fluo-
rescence of leaves observed at 5 dpi was similar to
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previous results at 0.5 ODgg, both for single or com-
bined VSR constructs (Figure 3A). The combined
VSR constructs preserved the greenish patch for
more than 9 dpi (data not shown). Rough quanti-
fication of the GFP fluorescence intensity in leaves
was done for images converted to black and white
(Figure 3B). The data showed that local suppression
of PTGS was independent of the A. tumefaciens cul-
ture optical density tested. The double infiltration
with constructs pK-p20 plus pK-p23 of Gp M at 0.25
ODgg induced GFP brightness comparable to 0.5
ODgg. Taken together, these results suggest an en-
hanced suppressive activity when both proteins p20

p23 M

p20+p23 M

p20 M

P
56/87 56/140
0.5

55/60 55/81

p23 M p20+p23 M

55/176

55/113
2 3

55/136

56/173

Figure 3. A. The GFP fluorescence images of the infiltrated leaves inoculated with Agrobacterium cultures at ODgy of 0.25
and 0.5 taken at 5 dpi under UV light. GFP: single infiltration with pK-GFP; p20 M, p23 M: co-infiltration of pK-GFP with
the corresponding p20 or p23 constructs; p20+p23 M: co-infiltration of pK-GFP with p20 and p23 constructs of the same
CTV isolate. B. Graytone images of GFP fluorescence taken under UV light with a stereo microscope from leaves at 5 dpi
with the same conditions described at point A. Values below the images correspond to the ratio between red (black areas)

and green (bright areas) levels.
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and p23 act together, rather than an additive effect
of suppressor activity.

Discussion

CTV encodes multiple suppressor proteins that
were described to exhibit distinct features in silenc-
ing suppression with p20 and p23 proteins target-
ing the intracellular while CP and p20 target the
intercellular silencing mechanism (Lu et al., 2004).
Since both p20 and p23 target the local RNA silenc-
ing mechanism, the present study aimed to com-
pare: a) the activity of these two suppressors, and
b) the single activity of each suppressor with the co-
expression of both VSRs from the same isolate. P20
and p23 proteins were previously characterized as
efficient, but not strong, local silencing suppressors
(Marques et al., 2012; Costa et al., 2014). Assay of p20
suppressors from five isolates belonging to distinct
phylogenetic groups showed that they were not able
to inhibit short range or systemic spreading of RNA
silencing (Marques ef al., 2012). These studies are
not in agreement with the previous report by Lu et
al. (2004), who, working with a decline isolate (T36)
from Florida, found a p20 protein that blocked the
intercellular silencing. Moreover, p23 was reported
to do not interfere with the production or export of
the short-range or the systemic silencing (Lu et al.,
2004), but p23 expression from a mild stem pitting
isolate of Madeira Island (Gp 5) was found to block
systemic silencing (Costa et al., 2014). Therefore, the
suppressor ability of p20 and p23 may vary with the
isolate, although our results indicate that this is not
related to the symptoms type associated to a par-
ticular virus isolate.

In the present study, marked differences for GFP
fluorescence were found between leaves infiltrated
with p20 or p23 from a mild (Gp M) or a stem pitting
isolate (Gp 3a), onlocal RN A silencing, and both sup-
pressors reduced the amount of GFP siRNAs (Figure
1 and 2B). Also the level of siRNAs in leaves infil-
trated with p23 was low compared with p20, along
with corresponding low level of GFP transcripts.
Expression of p23 from isolate T36 also yielded rela-
tively low levels of siRNAs compared to expression
of p20, but in this case deduced by a dissimilar GFP
fluorescence (Lu et al., 2004). Double suppressor co-
infiltrations of CTV VSRs of isolates from Gp 3a and
M induced intense GFP fluorescence accompanied
by accumulation of GFP mRNA and reduced GFP
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siRNAs. GFP fluorescence of leaves co-infiltrated
with a single suppressor using A. tumefaciens cul-
tures at ODyy of 0.5 or 0.25 was comparable (Figure
3). The same was observed for double suppressor
co-infiltrations at the same ODy, values. These find-
ings suggest an enhanced activity when proteins
P20 and p23 act together, since the high intensity of
GFP fluorescence was independent of the A. tume-
faciens inoculum, and result from p20 plus p23 co-
expression. Synergistic interactions were reported
for co-infection of plants by two viruses, associated
with the activity of viral suppressors of both viruses
on PTGS, which culminate with increased systemic
symptoms and high virus titre (Vanitharani et al.,
2004; Bag et al., 2012). The strong antiviral defence
system detected in infected Mexican lime and Citrus
sinensis (L.) Osb. (Ruiz-Ruiz et al., 2011; Flores et al.,
2013) where CTV reaches a high virus titre, is ac-
companied with a high levels of sSRNA (small RNA)
production against CTV. This evokes the advantages
of CTV carrying two silencing suppressors, not only
to enhance viral accumulation in these susceptible
hosts, but also to favour cell-to-cell viral movement.
Supporting this idea is the observation in the pre-
sent study that p20 singly or doubly infiltrated with
P23 caused a delay in the onset of the short-range
signalling. P20 and p23 proteins were already as-
sayed for direct interactions to one another through
the two-hybrid system, with no detectable activity
(Gowda et al., 2000). Nevertheless, these CTV pro-
teins are needed to the development of a systemic
infection, which is prevented by deletion of p20 or
P23 (Tatineni et al., 2008; Dawson ef al., 2013; Flores
et al., 2013). This indicates that they have coordinat-
ed and complementary activity at diverse levels in a
viral infection. P20 and p23 proteins are among the
most expressed in infected citrus tissues (Gowda et
al., 2001). Despite the multiple functions of p23, it is
remarkable that the VSR activity is related to most
of its nucleotide sequence, which is abolished by
several mutations (Ruiz-Ruiz, 2013).

Dissimilar roles were assigned to p20 and p23 not
only in viral infection, but also on the RNA silencing
mechanism, with molecular targets still unknown.
Deep insights into the steps of the antiviral pathway
targeted by CTV suppressors is needed to unveil the
elaborate strategy of this virus to achieve successful
host infection.
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