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Virus-Viroid Interactions: Citrus Tristeza Virus Enhances the
Accumulation of Citrus Dwarfing Viroid in Mexican Lime via
Virus-Encoded Silencing Suppressors

Pedro Serra,>® Seyed M. Bani Hashemian,>“ Carmen Fagoaga,® Juan Romero,® Susana Ruiz-Ruiz,® Maria T. Gorris,® Edson Bertolini,?

Ndria Duran-Vila®

Centro de Proteccion Vegetal y Biotecnologia, Instituto Valenciano de Investigaciones Agrarias, Moncada, Valencia, Spain?; Instituto de Biologia Molecular y Celular de

Plantas (UPV-CSIQ), Valencia, Spain®; Iran Citrus Research Institute, Ramsar, Iran®

An assay to identify interactions between Citrus dwarfing viroid (CDVd) and Citrus tristeza virus (CTV) showed that viroid titer
was enhanced by the coinfecting CTV in Mexican lime but not in etrog citron. Since CTV encodes three RNA silencing suppres-
sors (RSSs), p23, p20 and p25, an assay using transgenic Mexican limes expressing each RSS revealed that p23 and, to a lesser ex-
tent, p25 recapitulated the effect observed with coinfections of CTV and CDVd.

iroids are infectious, unencapsidated, single-stranded, and

highly structured noncoding circular RNAs of 250 to 400 nu-
cleotides (nt). Despite their simplicity, viroids interact with cell
factors, which redirect them to replicate and traffic throughout
the plant while avoiding the RNA silencing machinery they trigger
in their hosts (1).

Indexing tests have shown that viroids are widespread in com-
mercial citrus orchards, wherein trees may be coinfected with
other graft-transmissible pathogens. Data regarding virus-viroid
interactions are very scarce, but the information available indi-
cates that such interactions may alter symptom expression (2, 3).
Since coinfection of citrus species with Citrus tristeza virus (CTV)
and viroids is not rare, assays were conducted to establish whether
interactions between these two types of pathogens actually exist.

The assays were performed by comparing single and double
infections of the two pathogens in etrog citron (Citrus medica L.)
(viroid bioindicator) and Mexican lime (Citrus aurantifolia
[Christm.] Swingle) (CTV bioindicator). Citrus dwarfing viroid
(CDVd) (GenBank accession number EU934004), inducing mod-
erate but specific symptoms in etrog citron (4), and CTV (T-305
strain), inducing symptoms in Mexican lime (5), were chosen for
this study. To synchronize infection, Volkamer lemon (Citrus vol-
kameriana Ten. & Pasq.) seedlings were graft inoculated with
CDVd and/or CTV before being used as rootstocks. Etrog citron
and Mexican lime were graft propagated to produce groups of five
plants for each of the following treatments: (i) plants singly in-
fected with CDV(d, (ii) plants singly infected with CTV, (iii) plants
coinfected with CTV and CDVd, and (iv) noninfected controls.
CTV and CDVd infection was assessed by immunoprinting en-
zyme-linked immunosorbent assay (ELISA) (6) and dot blot hy-
bridization (7), respectively.

After an incubation period of 4 months at 25°C, plant height
was measured (Fig. 1) and data were subjected to multifactor anal-
ysis of variance (ANOVA). The results indicated that etrog citron
singly infected with CTV (P value, 0.00001) or CDVd (P value,
0.05) was stunted, as was Mexican lime singly infected with CTV
(P value, 0.0013) but not that with CDVd (P value, 0.98). Height
reduction in coinfected plants resulted from the added effect of
each pathogen, indicating no interaction between CDVd and CTV
in either host (interaction P value for etrog citron, 0.29; interac-
tion P value for Mexican lime, 0.44). Similarly, symptom expres-
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sion in stems and leaves resulted from the added effect of each
pathogen, revealing again a lack of interactions between the two
pathogens (Fig. 2).

To elucidate if coinfected plants presented any deviation of
CDVdand/or CTV accumulation from their singly infected coun-
terparts, the titer of each pathogen was analyzed. For viroid quan-
tification, equalized preparations of total nucleic acids were sub-
jected to PAGE in 5% gels containing 1X Tris-borate-EDTA
(TBE) and 8 M urea, electrotransferred to positively charged
nylon membranes (Roche Diagnostics), fixed by UV cross-link-
ing, and hybridized with a digoxigenin (DIG)-labeled full-length
CDVdDNA probe. Northern blot results showed that CDVd titers
in etrog citron were not affected by CTV coinfection (Fig. 3A),
whereas Mexican lime plants coinfected with CTV and CDVd had
considerably higher viroid titers than plants singly infected with
CDVd (Fig. 3B). In addition, nucleic acid preparations of Mexican
lime were subjected to reverse transcription-PCR (RT-PCR) using
a CDVd-specific primer pair (8). Amplicon sequencing revealed
that the CDVd progeny of plants singly infected or coinfected with
CTV were identical to the parental CDVd used as the inoculum,
thus eliminating the possibility that the observed changes in
CDVd titer were due to changes in the composition of the viroid
population.

For CTV quantification, total protein preparations were ana-
lyzed by double-antibody sandwich ELISA (DAS-ELISA) using
the CTV-specific monoclonal antibodies 3DF1 and 3CA5 (9), and
equalized preparations of total nucleic acids were examined by
spot-print quantitative RT-PCR (qRT-PCR) using CTV-specific
primers and TagMan (10, 11). Numerical data were subjected to
one-way ANOVA. Results showed a statistically significant reduc-
tion of CTV accumulation in coinfected Mexican limes compared
to singly infected ones: by DAS-ELISA, the mean difference was
0.15 = 0.05 optical density units (405 nm) (P value, 0.02), and by

Received 11 September 2013 Accepted 8 November 2013

Published ahead of print 13 November 2013

Address correspondence to Nuria Duran-Vila, nduran@ivia.es.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.02619-13

January 2014 Volume 88 Number 2


http://www.ncbi.nlm.nih.gov/nuccore?term=EU934004
http://dx.doi.org/10.1128/JVI.02619-13
http://jvi.asm.org

Etrog citron

80.00
70.00 T
E 60.00 {
S 50.00 -
£ 40.00
‘o 30.00 -
T 20.00 |
10.00
0.00 - . ‘
Non CTV CDVd  CDVd+CTV
innoculated
Mexican lime
45.00
40.00
— 35.00 _T_
£ 30.00 +—
= 25.00 +— T
£ 2000 +—| T L
T 15.00 +— L
T 1000 +—{ -
5.00 +— _—
0.00 1l ‘
Non CTV CDVd  CDVd+CTV
innoculated

FIG 1 Plant height measured 4 months after graft propagation of the scion on
previously infected rootstocks. Bars show the means and standard errors of the
height measured from the grafting point to the shoot tip.

qRT-PCR, the mean difference was 18.53 X 10* = 7.4 X 10*
molecules/pl (P value, 0.04). No statistical differences were found
for etrog citron. Therefore, interactions between the two patho-
gens are host dependent. In Mexican lime, but not in etrog citron,
CTV enhances viroid accumulation while, concomitantly, CDVd
limits the accumulation of CTV. The reduced CTV titer in the

A)

FIG 2 (A and B) Effects observed with etrog citron. Symptomless (A, left),
CTV-induced stem pitting (A, right, arrows), CDVd-induced petiole necrosis
(B, arrows). (C and D) Effects observed with Mexican lime. Symptomless (C,
left), CTV-induced stem pitting (C, right, arrows), CTV-induced vein clearing
(D, arrows).
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FIG 3 Molecular analysis of CDVd and CTV in (A) etrog citron and (B)
Mexican lime. (Row 1) Circular forms of CDVd were tested by Northern blot
hybridization using a DIG-labeled CDVd-specific probe in plants singly inoc-
ulated with CDVd and coinoculated with CDVd and CTV. (Row 2) CDVd-
sRNAs were detected by Northern blot hybridization using a DIG-labeled
CDVd-specific probe (etrog citron) or an a-UTP-radiolabeled riboprobe
(Mexican lime). (Row 3) In all instances, RNA levels (5S and 4S RNAs) were
comparable. (Row 4) CTV infection was confirmed by tissue-print ELISA
using monoclonal antibodies 3DF1 and 3CAS.

presence of CDVd suggests that these pathogens compete for a
common biological factor. However, in spite of this apparent
competition, the higher CDV(d titer in the coinfected plants indi-
cates that CTV provides a beneficial effect for viroid accumula-
tion. Posttranscriptional gene silencing (PTGS) provides a feasible
mechanistic explanation for the latter result.

PTGS involves 21- to 24-nt small RNAs (sSRNAs) that guide the
RNA-induced silencing complex (RISC) to complementary viral
or endogenous mRNAs, mediating their degradation or repress-
ing their translation (12). sRNAs are generated from double-
stranded RNAs (dsRNAs) or structured single-stranded RNAs
(ssRNAs) by DICER enzymes (DICER-like in plants) of the RNase
111 class (13). In infected tissues, dSRNAs and structured ssRNAs
from viruses and viroids serve as precursors of the virus- and
viroid-derived small RNAs, involved in host defense (14, 15). Sim-
ilarly, there is evidence supporting the hypothesis that viroids are
elicitors (16 to 19) and targets (20, 21) of the RNA silencing ma-
chinery. As a counterdefense strategy, viruses encode RNA silenc-
ing suppressor (RSS) proteins, which inhibit certain steps of this
process (22). Since CTV codes for three RSSs (p23, p20, and p25)
that have been characterized for Nicotiana benthamiana (23),
their potential role in the accumulation of viroid sSRNAs in plants
coinfected with CTV and CDVd was addressed. Briefly, RNAs
from equalized nucleic acid preparations were separated by PAGE
in 15% gels containing 1X TBE and 8 M urea and examined by
Northern blot hybridization with a full-length CDVd-specific
RNA probe. In etrog citron, CDVd-sRNAs were detected at simi-
lar concentrations regardless of whether the plants were singly
infected with CDVd or coinfected with CDVd and CTV, thus in-
dicating that, as with the accumulation of genomic CDVd (Fig.
3A), CTV did not have any effect on the accumulation of CDVd-
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FIG 4 Molecular analysis of CDVd and CTV in wild-type Mexican lime singly
infected with CDVd or coinfected with CTV and CDVd and transgenic Mex-
ican lime lines expressing p23, p20, and p25 singly infected with CDVd. (Row
1) Circular forms of CDVd were tested by Northern blot hybridization using a
DIG-labeled CDVd-specific probe. (Row 2) CDVd-sRNAs were detected by
Northern blot hybridization using a a-UTP-radiolabeled riboprobe. (Row 3)
In all instances, RNA levels (5S and 4S RNAs) were comparable. (Row 4) CTV
infection was confirmed by tissue-print ELISA using monoclonal antibodies
3DFI and 3CA5.

sRNAs. In Mexican lime, in which the accumulation of circular
and linear CDVd forms was enhanced in the presence of CTV,
CDVd-sRNAs were detected only in doubly infected plants (Fig.
3B). Therefore, a positive correlation between the titers of the
viroid genomic RNA and sRNAs was consistently observed. A
similar correlation has been found for other viroid-host combina-
tions (20, 24).

To gain an insight into the possible implication of PTGS in the
enhancement of viroid titer by CTV, an assay was performed using
transgenic Mexican limes expressing p23, p20, or p25 (25, 26; L.
Pena, unpublished data), propagated on CDVd-infected Volka-
mer lemon; nontransgenic Mexican limes propagated on the same
rootstock infected with CDVd, or coinfected with CDVd and
CTV, served as controls. As described previously, transgenic
plants expressing p23 displayed vein clearing and epinasty, and
transgenic plants expressing p20 exhibited aberrations in develop-
ment; transgenic plants expressing p25 were symptomless and
phenotypically identical to the nontransformed controls. Exami-
nation of equalized nucleic acid preparations by Northern blot
hybridization (Fig. 4) showed that (i) CTV infection enhanced
CDVd titer in nontransgenic controls, corroborating the results
presented above, (ii) transgenic lines expressing p23 displayed an
enhanced CDV( titer similar to that of nontransformed controls
coinfected with CTV, (iii) transgenic lines expressing p20 had a
viroid titer similar to that of nontransformed controls singly in-
fected with CDVd, and (iv) transgenic plants expressing p25 had a
CDVd titer slightly higher than that of the singly infected non-
transformed controls. Sequencing of RT-PCR amplicons from
CDVd-infected plants indicated that the CDVd used as inoculum
remained stable in all the treatments. The presence of p23, p20,
and p25 was confirmed in equalized protein extracts of the trans-
genic lines, as well as in singly infected and coinfected nontrans-
formed controls, by SDS-PAGE and Western blot analysis with
p23 and p20 antisera (27) (Twentyfirst Century Biochemicals,
Inc.) and with a mixture of 3DF1 and 3CA5 antibodies for detect-
ing p25 (data not shown). Northern blot hybridization only de-
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tected the CDVd-sRNAs in transgenic lines expressing p23 (Fig.
4), thus confirming the correlation between the accumulation of
the viroid genomic RNA and sRNAs.

Therefore, p23 and, to a lesser extent, p25 appear responsible
for the enhancement of CDVd accumulation, suggesting the in-
volvement of an RNA silencing mechanism via sequestration of
the viroid sSRNAs or inactivation of some of the protein-mediated
steps, including those involving members of the Argonaute fam-
ily. In this context, it is worth pointing out that the ectopic expres-
sion of RSSs enhances the accumulation of some viruses (28-30),
most likely by suppressing the host antiviral RNA silencing. Con-
sistent with this view, CTV also accumulates when p23 is ectopi-
cally expressed in sour orange (27). In contrast, expression of
some RSSs has no effect on viroid accumulation in PSTVd-in-
fected N. benthamiana (17). However, our results show that the
effect of p23 on viroid accumulation is host dependent, with the
interaction between CTV and CDVd being perceptible in Mexican
lime but not in etrog citron; this difference may result from the
number of infected cells in each host or from distinct regulation of
the replication/degradation pathways. Interestingly, the ectopic
expression of p23 enhances CTV accumulation in sour orange
(27) but not in Mexican lime (25), where the virus reaches low and
high accumulation levels, respectively (31). Altogether, these data
suggest that hosts in which the pathogen reaches high titers are not
appropriate to study the effects of RSS. Finally, since p23 is an
RNA-binding protein (32) with nucleolar (and plasmodesmatal)
localization (33), which besides acting as an RSS also regulates
viral plus-minus-strand accumulation (34) and movement (27),
we cannot eliminate the possibility that some of these functions
may also influence the observed effect on viroid accumulation.
Intriguingly, Gambino et al. found that Grapevine yellow speckle
viroid 1, another viroid of the same genus, also accumulates in the
nucleus and possibly in the nucleolus (35), although the plants in
their study were not directly examined for CDVd.

To summarize, the present study shows the existence of an
interaction between CDVd and CTV that affects accumulation
but not symptom expression. This interaction is discernible in
Mexican lime, wherein CTV infection enhances CDVd accumu-
lation through the expression of the RSSs p23 and, to a lesser
extent, p25. In addition, CDVd infection causes a gentle but sta-
tistically significant drop in CTV titer.
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