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a b s t r a c t

Citrus psorosis virus (CPsV) is the causal agent of psorosis disease of citrus. Pineapple sweet orange plants
were transformed with a hairpin construct derived from the viral 24k gene (lines ihp24K). Contrary to
expectations, these lines did not trigger efficient RNA silencing, and when infected with CPsV they
showed a phenotype of exacerbated symptoms with a persistent and homogeneous infectionwithout the
recovery observed in non-transgenic plants. Ihp24K lines did not behave similarly when challenged with
Citrus tristeza virus. All these results indicate that hypersusceptibility is likely related to the specific
action of 24K-derived hairpin over CPsV multiplication.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Psorosis is a serious and widespread disease affecting most
citrus varieties. It is one of the first described citrus diseases [1],
reported in many countries around the world, mainly in North and
South America and in the Mediterranean Basin [2]. Citrus infected
by psorosis are less productive and typical symptoms in the field
include bark scaling, pustules and gum accumulation on the trunk;
flecking, chlorotic spots, and necrotic shock of young shoots.

The causal agent of psorosis is Citrus psorosis virus (CPsV), the
type member of the genus Ophiovirus, family Ophioviridae [3,4].
CPsV is tripartite and its genome consists of three single-stranded
RNAs of negative polarity. CPsV RNA 1 is the largest and carries
two ORFs; one coding for the RNA-dependent RNA polymerase
(RdRp, 280 kDa), and separated by an intergenic region, a 24 kDa
polypeptide (24K) that we recently reported that interferes in
miRNA biogenesis and function [5]. RNA 2 encodes the movement
protein [6], and RNA 3 encodes the coat protein (CP) [7].

RNA silencing is one of the mechanisms that plants use to
defend themselves against viruses [8,9]. The phenomenon called
arcía).
recovery was described early as a systemic virus infection with
associated symptoms, followed by a decrease and disappearance of
symptoms in young leaves [10], and it has been explained as an
antiviral defense mechanism based on silencing [11,12].

RNA silencing is triggered by the presence of double-stranded
RNA (dsRNA) molecules and causes a sequence-specific shut
down in the expression of genes containing sequences identical or
highly similar to the initiating dsRNA [13e17]. dsRNAmolecules are
cleaved by Dicer-like enzymes (DCLs), resulting in small interfering
RNA (siRNA) of 21e24 nucleotides which are the effector molecules
of the mechanism. Upon processing, one strand of the siRNA du-
plexes generated by DCLs is incorporated into an Argonaute (AGO)-
containing RNA-induced silencing complex (RISC) to guide
sequence-specific inactivation of targeted RNA or DNA [18]. The use
of dsRNA to trigger RNA silencing can be achieved by trans-
formation with sense and antisense sequences separated by an
intron (intron-hairpin constructs). After transcription, the resulting
hairpin RNA acts as a strong inducer of RNA silencing [19,20].

We reported previously the development of highly resistant
transgenic sweet orange plants (Citrus sinensis (L. Osbeck))
expressing hairpin-RNA corresponding to the CPsV coat protein
(ihpCP) [21]. We also reported the generation of C. sinensis plants
expressing hairpin-RNA corresponding to CPsV 24k gene (ihp24K).
In contrast to the ihpCP lines, ihp24K lines did not show RNA
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silencing of the transgene. Even more, CPsV-inoculated ihp24K
plants showed a phenotype of exacerbated symptoms homoge-
neously distributed in the whole plant, with high viral titer. Here
we described the hypersusceptibility phenotype and characterized
its specificity.

2. Materials and methods

2.1. Genetic construct, bacterial strains

The genetic construct used in this study was described by Reyes
[21]. The length of hairpin 24K (ihp24K) fragment is 312 bp. Briefly,
ihp24K fragments were amplified by RT-PCR from CPsV-90-1-1-
infected citrus leaves, using primers hp24k1 and hp24k2, and
inserted in sense and antisense orientations in the pHANNIBAL
vector [22]. The cassette was then sub-cloned into the binary vector
pBin19sgfp [23] for plant transformation.

2.2. Plant transformation and regeneration

Pineapple sweet orange seedlings were transformed with
Agrobacterium tumefaciens EHA105 carrying the ihp24K construct
from young internodal stem segments, as previously described
[21,24,25]. Transformed shoot tips were grafted in vitro on Troyer
citrange (Poncirus trifoliata (L.) Raf. x C. sinensis). After 3e4 weeks,
scions were screened for the presence of the transgenes by PCR
using primers 35S/ihp24K1, ihp24K1/pdk2 and ihp24K2/tnos
(Table 1). Transgenic plantlets were then side-grafted on vigorous
6-month-old seedlings of rough lemon (Citrus jambhiri Lush) and
grown in a greenhouse maintained at 18e24 �C.

2.3. Viral isolates

For the infection assays two viruses were used: CPsV isolate 90-
1-1 and Citrus tristeza virus (CTV) isolate 268-2, both belonging to
INTA-Concordia collection (Entre Ríos, Argentina). Citrus transgenic
lines were infected by graft inoculation. Non-transgenic plants of
Pineapple sweet orange (Citrus sinensis (L. Osbeck)) and Key Lime
(Citrus aurantiifolia (Christm. Swingle)) were inoculated as infected
controls.

2.4. Propagation, graft-inoculation, and symptom observation

For challenge assays, 2 sets of 12 propagations were made for
each line and non transgenic control, grafting one bud from sweet
orange (transgenic 6117, 6119 or non-tg) onto 10-12-month-old
rough lemon seedlings. After 10e12 months, replicates of one set
were graft-inoculated on the scion with one piece of infected bark
carrying the CPsV 90-1-1 isolate and the other set with CTV 268-2
isolate. Grafted inoculum piece remained throughout the challenge
Table 1
Primers used.

Primer Sequence

hp24k1 50 AGAATTCGGATCCATGGCTGAATATATAGAAG 30

hp24k2 50 AGGGTACCAAGCTTCTGCGTCACTGCCATCTG 30

24Ks-arg1 50 ATGGCTGAATATATAGAAGT 30

24Kas-arg1 50 TCCAAATTCCTATTATCCTGG 30

CP1c 50GTTTCAAGATGGAGCAAGTTGATGG 30

CP3 50GAGACCCTTGTGTAAAAACCAGCAC 30

ubqt 1 50 CACCTCGTGCTTCGTCTCCG 30

ubqt 2 50 GCGTCCTTCCATCCTCCAGC 30

35S 50 CTATCCTTCGCAAGACCCTT 30

pdk2 50 AATATACAAAGCGCAAGATC 30

tnos 50GACACCGCGCGCGATAATTTATCC 30
period. Symptoms were evaluated on young leaves of CPsV-
inoculated plants for three successive flushes (every 30e40 days),
or adult leaves of CTV-inoculated plants for two successive flushes
(150e180 days for each flush).

A symptom-severity scale for CPsV was defined ranging from 1
to 10. Maximum value was given to the death of all shoots (no
shoots), which is the most severe symptom finally leading to plant
death. Lower scores were assigned to different kinds and intensities
of leaf chlorosis. The scores assigned in the scale were: Mild
flecking, mild variegated and mild spots ¼ 1; moderate flecking,
moderate variegated and moderate spots ¼ 2; severe flecking, se-
vere variegated and severe spots ¼ 3; mild shock ¼ 4; moderate
shock ¼ 5 and severe shock ¼ 6; no shoot (dead shoot) ¼ 10. In the
last case was assigned a value of 10 instead of 7 (which would be
the consecutive number on the scale) in order to ponder this state
of the plant, which is much more drastic than the onset of symp-
toms. The overall sumwas made for each group of plants. No mean
calculation was needed given the same number of individuals
assayed in each group (12). After each observation, leaf tissue was
collected for molecular analysis.

2.5. CPsV TAS-ELISA-HRP assay

Triple sandwich immunoassay-horseradish peroxidase (TAS-
ELISA-HRP, hereinafter TAS-ELISA) was carried out essentially as
described [26e28], with A376 polyclonal antiserum at 1/7500
dilution, monoclonal antibody MAbs 13C5 (IgG) at 1/10,000 dilu-
tion, and conjugated antibody, goat anti-mouse-HRP IgG (HþL) e
Peroxidase (Jackson Immuno Research Laboratories, Inc., West
Grove, PA, USA) at a dilution of 1/2500. Each sample was analysed
in triplicate of the same extract. Samples of infected plants, healthy,
non-transgenic plants, and extraction buffer were taken as positive
and negative controls, respectively. OD values 3 times the average
of the healthy control are considered as positive for detection of
CPsV and diagnosis [26e29]. Data were statistically analysed using
Student's t-test.

2.6. CTV TAS-ELISA-AP assay

This procedure is similar to the described for CPsV but using
polyclonal antibody G 604 at a dilution of 1/1000 in carbonate-
coating buffer and incubated overnight at 4 �C; 100 ml of sample
extraction and incubated overnight again at 4 �C; 100 ml of a 1/2000
dilution of a mix of monoclonal antibodies (IgG) 3CA5 þ DF1 [30]
for 2 h at 37 �C; conjugated antibody goat anti-mouseealkaline
phosphatase enzyme (Agdia, Inc., Elkhart, IN, USA); and detected
with PNP substrate according to the steps indicated by the manu-
facturer. Optical density wasmeasured at 405 nm. TAS-ELISA values
were expressed as a ratio of the OD of inoculated replicates (I) to the
healthy, non-inoculated controls (H). Samples are considered pos-
itive when OD values are twice the average of the healthy control
[30,31]. Data were statistically analysed using Student's t-test.

2.7. RNA preparation

Total RNAwas prepared from 200 mg of fresh leaf ground tissue
with 1 ml of TRI Reagent (Molecular Research Center, Cincinnati,
OH, USA) and processed according to the manufacturer's in-
structions. RNA extracts were resuspended in 25 ml of RNase-free
water and quantified using a spectrophotometer at 260 nm.

2.8. siRNA isolation and detection

The abundance of siRNA was monitored by Northern blot
analysis. Total RNA was extracted from 1 g of citrus leaves pooled
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from all replicates. One hundred micrograms of RNA from each
sample were separated in 17% polyacrylamide gels containing 7 M
urea and 0.5X TBE buffer, transferred to a positively charged nylon
membrane (Roche Diagnostics Corporation, Indianapolis, IN, USA)
by a Bio-Rad (Hercules CA, USA) transfer unit and chemically
fixated according to Pall and Hamilton [32]. AmpliScribe™ T7-
Flash™ Transcription Kit (Epicentre Biotechnologies, Madison, WI,
USA) was used to generate the 32P-labelled riboprobe from the
hairpin construct ihp24K complementary to negative viral RNA.
Hybridization was performed at 45 �C overnight and signals were
detected by autoradiography.

2.9. RT-qPCR assay

For RT-qPCR, we synthesized first-strand cDNA from total
DNAse treated RNA by using oligodT (Promega, Madison, WI, USA)
and M-MLV Reverse Transcriptase (Promega) for transgene tran-
script determination or cp mRNA accumulation. cDNA was used as
template for PCR. PCR was performed in the Fluorescent Quanti-
tative Detection System FQD- 48A (BIOER, Hangzhou, China), in a
total volume of 20 ml using 5x HOT FIREPol® EvaGreen® qPCR Mix
(SOLIS Biodyne, Tartu, Estonia) and the corresponding pair of
primers. The conditions used for PCR were 95 �C for 5 min; 44
cycles of 20 s at 95 �C, 30 s at 55 �C, and 20 s at 72 �C; followed by
10 min at 72 �C. Gene-specific primers are 24Ks-arg1/24Kas-arg1
for hairpin transcript and CP1c/CP3 for cp mRNA. Their sequences
are indicated in Table 1. The presence of a unique product of the
expected size was verified on ethidium-bromide-stained agarose
gels. The absence of contaminant genomic DNA was confirmed in
reactions with DNAse-treated RNA as the template. Control cDNA
synthesis without primers was also performed. Ubiquitin from
C. sinensis (GU362416.1) was used as an internal control to
normalize the amount of template cDNA [33,34], which was pre-
viously tested and resulted stable under CPsV infection [28]. Each
sample was treated in technical triplicate and their fluorescence
values were averaged. Data were statistically analysed using Stu-
dent's t-test.

3. Results

3.1. Sweet orange plants expressing ihp24K inoculated with CPsV
manifested a hypersusceptible phenotype without recovery

Two transgenic lines of sweet orange (Citrus sinensis) expressing
ihp24K, designated 6117 and 6119, were previously challenged with
CPsV in two independent assays (Reyes et al., 2011). Although both
non-infected transgenic lines were phenotypically indistinguish-
able from non-transgenic sweet orange, the inoculated replicates
showedmore severe symptomswith respect to the inoculated non-
transgenic (non tg) plants in the first two flushes analysed [21].

A set of 12 new propagations of both transgenic lines and the
non tg control were generated. Ten of each group (6117, 6119, and
non tg) were challenged by grafting with the Argentine CPsV 90-1-
1 isolate and two individuals were not inoculated (non-inoculated
controls). After each of three successive flushes, characteristic
symptoms were observed. Observations spanned a range of
symptoms from chlorosis parallel to the leaf veins (flecking), var-
iegated chlorosis and spots (Fig.1a) to necrosis of very young shoots
(shock) (Fig. 1b). The intensity of each symptom was markedly
higher in the transgenic lines than in the non tg control plants
(Fig. 1). A greater number of spots and larger flecking areas were
manifested in 6117 and 6119 inoculated propagations. Shock re-
actions were found in almost all of the new ihp24K shoots and
maintained throughout three flushes. Non tg plants showed shock
only in the first flush of some shoots and recovered later. Normally,
systemic psorosis infection is clearly observed in the first flush
(young leaves). However, in the second flush and even more
notably in the third flush, the non tg plant recovers, showing mild
symptoms, and lower virus titers. Besides, the CPsV distribution is
heterogeneous, with some branches expressing marked psorosis
symptoms while others remain completely asymptomatic, even in
seedlings under greenhouse conditions as previously reported [35].
These transgenic ihp24K lines showed increased intensity and
expansion of symptoms and also showed a more homogeneous
symptom distribution throughout the whole plant. The different
distribution between transgenic and non-transgenic plants was
observed for each kind of symptoms and in every replicate plants
(See Fig. 1b for shock distribution and Supplementary Fig. 1 for
foliar symptom distribution). Table 2 shows the symptoms
observed in the transgenic and non tg plants. To compare the
overall symptom behavior of these lines a symptom-severity scale
was applied to each individual of transgenic and non tg plant
described in Table 2. The overall sum was made and the results are
shown in Fig. 2.

Recovery from infection was also evaluated as an indicator of
plant response [36]. Recovery rate was determined, using the ratio
between the score of the first flush and the second or third flush.
Non tg plants showed symptom scores of 30 for the first, 14 for
second and 11 for the third flush, displaying a recovery rate of 2.1
and 2.7 for second and third flushes respectively, thus the plants
recovered from infection (Fig. 2). Line 6117 was the most drastically
affected in the three flushes (symptom scores of 59, 65 and 53
respectively) compared to line 6119 (42, 34 and 39 for the three
flushes respectively). Both showedmore severe symptoms than the
infected non tg control and did not recover (recovery ratios about 1)
(Fig. 2).

3.2. ihp24K lines showed higher CPsV titers

To obtain quantitative measures of CPsV multiplication in new
leaves, CP protein and cp mRNA levels were determined. CP accu-
mulation was quantified by TAS-ELISA in every replicate of the two
transgenic lines during two successive flushes separated by two
months. TAS-ELISA values were expressed as a ratio of the optical
density (OD) obtained for inoculated replicates (I) to healthy, non-
inoculated controls (H). The average of the replicates for each
transgenic line for the two flushes are shown in Fig. 3a and b. OD
ratios for the 6117 line in the first flush was about 6 and 4 in the
second flush. For line 6119, OD ratios were lower than 6117 for both
flushes (about 5 in the first and less than 4 in the second). Both lines
showed viral accumulation higher than the non tg control. It was
significantly different in the first and second flush for 6117 and in
the second flush for 6119. These results correlated with the previ-
ously described symptom scores.

In order to confirm these results and determine if there is also an
alteration in the accumulation of viral mRNA, RT-qPCR for cpmRNA
in transgenic and non-transgenic plants were performed using
specific primers and ubiquitin as an internal control (Fig. 4). An
increment in cp mRNA was observed in both transgenic lines with
significant differences compared to non tg controls, correlating
with CP accumulation and symptom scores.

3.3. ihp24K lines did not show exacerbated CTV infection

To characterize the specificity of the hypersusceptibility phe-
nomenon observed in the sweet orange ihp24K plants, another set
of 12 propagations of each line (6117 and 6119) and non tg control
were generated and challenged with CTV. Citrus species infected
with CTV do not always produce visible symptoms since expression
depends on virus strain, citrus cultivar and environmental



Fig. 1. Symptoms observed in representative leaves of inoculated Citrus sinensis ihp24K transgenic lines (6117 and 6119) and control (non transgenic) plants. (a) flecking (F),
variegated chlorosis (V) and spots (Sp). (b) necrosis of very young shoots (shock; S).
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conditions. Ten individuals of each group were graft-inoculated
with the Argentinian CTV isolate 268-2 [37], which was previ-
ously described as inducing vein-clearing in Pineapple sweet or-
ange (N. Costa, INTA Concordia, personal communication). Two
individuals were the non-inoculated controls. Key Lime plants
(Citrus aurantiifolia), were also included as CTV indicator and as
inoculum control. Characteristic tristeza symptoms were observed
Table 2
Symptom observation in transgenic lines 6117 and 6119 and non transgenic (Non tg)
control plants during three successive flushes. Numbers correspond to individual
plants.

Plant# First flush Second flush Third flush

Non tg 6117 6119 Non tg 6117 6119 Non tg 6117 6119

1 Fþ Sþ Sþþþ Fþ Sþ ns Fþ Sþ ns
2 Fþþ

Vþþ
Fþ
Vþþ
Sþ

Fþþ
Spþþ

Vþ Vþ Sþþ Fþ Vþ Fþ

3 Vþþ Fþþ
Sþ

Spþ
Sþþ

Vþ
Spþ

Fþ
Sþ

Spþ Spþ Fþ Spþ

4 Vþþ
Sþþ

Fþ
Sþþ

Fþ
Vþþ

Fþ
Spþ

Sþ Fþþ Spþ Spþ
Sþ

Vþþ

5 Vþþ Sþþ Sþþ Spþ Fþ
Spþ
Sþþ

Spþ Spþ ns Spþ

6 Fþþ
Vþþ

ns Fþþ
Spþ

Fþþ ns Spþ Spþþ ns Vþþ

7 Fþþ
Vþþ

Sþþ Fþþ
Spþ
Sþ

Fþþ ns Spþ Spþ Spþ
Sþþ

Vþ

8 Fþ
Vþþ

Sþ Vþþ Spþ ns Fþþ Spþ Spþ ns

9 Vþþ
Sþþ

Sþ Fþ Spþ Spþ ns Spþ Spþ
Sþ

ns

10 Vþþ Sþþ Fþ
Vþ

Fþ ns Fþ Spþ ns Spþ

11* H H H H H H H H H
12* H H H H H H H H H

F: flecking; V: variegated; Sp: spotted; S: shock; H: healthy; Ns: no shoot (dead
shoot); * non inoculated control. Symptom Intensity:þ: mild; þþ: moderate; þþþ:
severe.
after two successive flushes. Inoculated 6117 and 6119 lines and non
tg inoculated controls showed very mild vein clearing, with no
difference between transgenic and controls. Key Lime showed
characteristic tristeza symptoms including vein-clearing and leaf
cupping.

CTV accumulation was also evaluated by TAS-ELISA in new
leaves of every replicate after two flushes of sixmonths. Averages of
the replicates for each transgenic line for the two flushes are shown
in Fig. 5a and b. Neither line 6117 nor line 6119 showed significant
differences in virus accumulation with respect to the non-tg inoc-
ulated sweet orange plants.
3.4. ihp24K lines did not show detectable RNA silencing of the
transgene

Hairpin transcripts are well-known as strong inducers of RNA
Fig. 2. Symptom scores and recovery ratios of transgenic 6117 and 6119 lines and non
transgenic (non tg) control plants. Each individual plant was scored along three suc-
cessive flushes. Symptom-severity scale: Mild flecking, mild variegated and mild
spots ¼ 1; moderate flecking, moderate variegated and moderate spots ¼ 2; severe
flecking, severe variegated and severe spots ¼ 3; mild shock ¼ 4; moderate shock ¼ 5
and severe shock ¼ 6; no shoot (dead shoot) ¼ 10. Numbers above bars indicate re-
covery ratios of second or third flushes with respect to the first flush.



Fig. 3. ELISA evaluations of transgenic lines (6117 and 6119) and non transgenic control
(non tg) challenged with CPsV in two successive flushes (a) and (b). The ELISA ratio
plotted is the average of the ELISA readings of triplicates of all the inoculated in-
dividuals divided by the average ELISA reading of the healthy control (I/H). A plant is
considered CPsV infected when the OD is 3 times that of the healthy control. *, **
indicates significant differences with the non tg sample at P < 0.05 and P < 0.01
respectively using a two-tailed paired t-test.

Fig. 5. ELISA evaluations of transgenic lines (6117 and 6119) and non transgenic control
(non tg) challenged with CTV in two successive flushes (a) and (b). The ELISA ratio
plotted is the average of the ELISA readings of triplicates of all the inoculated in-
dividuals divided by the average ELISA reading of the healthy control (I/H). A plant is
considered CPsV infected when the OD is twice that of the healthy control.
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silencing. To determine whether RNA silencing was triggered in
these ihp24K transgenic lines, the accumulation of ihp24K-
transcript and ihp24K-derived siRNAs were analysed. Total RNA
was extracted from a pool of leaves collected from all the replicates
of non tg, 6117 and 6119 lines. To assess the accumulation of the
ihp24K-transcript, polyadenylated ihp24K-mRNA was evaluated by
RT-qPCR, as shown in Fig. 6a. This transcript was detectable in both
lines, with a greater accumulation in line 6119 than in 6117.

siRNAs derived from the ihp24K-transcript were analysed by
Northern blot in both the transgenic lines and non tg control
(Fig. 6b). None of the lines accumulated detectable levels of siRNA
Fig. 4. Evaluation of accumulation of CPsV cp mRNA in transgenic 6117 and 6119 lines
and non transgenic (non tg) control by RT-qPCR. Ubiquitin transcript was used as in-
ternal control. *, indicates significant differences with the non tg sample at P < 0.05
using a two-tailed paired t-test.
derived from the transgene, even though very low accumulation
cannot be excluded. This fact together with the mentioned accu-
mulation of the full-length ihp24K-transcript indicate that the 24K
hairpin is not efficiently processed nor was RNA silencing triggered
in these lines. When lines 6117 and 6119 were inoculated, a high
level of virus-derived small RNAs (vsRNAs) was detected. Further-
more, these transgenic lines showed higher vsRNA accumulation
Fig. 6. Molecular analysis of ihp24K transgenic lines and non transgenic control (non
tg). (a) ihp24K transcript accumulation by RT-qPCR. Ubiquitin transcript was used as
internal control. (b) siRNA accumulation by Northern blot. RNA was extracted from
CPsV-inoculated (i) and non inoculated (ni) ihp24K lines and control (non tg). DNA
oligomers (20 mer and 30 mer) used as size markers are indicated. Ethidium-bromide-
stained rRNA is shown as a loading control.
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than the inoculated non tg control (Fig. 6b), in agreement with the
increased viral accumulation shown by TAS-ELISA and RT-qPCR
assays and the exacerbated symptoms.

4. Discussion

Transgenic plants expressing a hairpin derived from CPsV se-
quences did not produce resistance to the virus as expected but
manifested a hypersusceptibility phenotype. Ihp24K lines did not
show efficient RNA silencing since siRNAs were not detected in
non-inoculated plants whereas the ihp24K-transcript did accu-
mulate in both lines, displaying no degradation.

The kind of symptoms spanned in the hypersusceptibility
phenotype was not different from the normal infection, but
symptom intensity and distribution in the plant did change. Instead
of the heterogeneous symptom distribution throughout the non-
transgenic citrus plants, the virus could invade the whole ihp24K
plants. The heterogeneous distribution of CPsV, particularly of
psorosis A isolates (CPsV 90-1-1), in non-transgenic plants was
extensively described [2,26,38]. Virus distribution of this kind of
psorosis isolates covers only main branches. Symptoms in ihp24K
infected lines were distributed in main and secondary branches
covering almost the whole plant and including all leaves. In addi-
tion, ihp24K lines did not show symptom recovery as do the non tg
orange plants. The persistent shock reaction in the second and third
flushes, which is only observed in the first flush in non tg plants, is
also a strong indication of the no recovery phenotype of these lines,
and how sustained and invasive is CPsV infection.

It has been extensively reported that downregulation of plant
genes coding for components of gene silencing machinery such as
DCLs, AGO1, RDRs and SDE5 is associated with viral hypersuscep-
tibility phenomenon [39e41]. The fact that only CPsV- and not
CTV-inoculated plants showed the increase in viral titers and
symptoms compared to non tg control suggests that some 24K-
derived siRNAs do not operate over plant transcripts in a so-called
nonspecific off-targeting against the silencing machinery but it is a
specific CPsV mechanism. Moreover ihp24k sequence was verified
in sílico for putative siRNA generation and off-targeting against
C. sinensis databases (http://citrus.hzau.edu.cn/orange/ and http://
www.citrusgenomedb.org/species/sinensis) using two siRNAs pre-
diction tools (siRNA design (http://jura.wi.mit.edu/bioc/siRNAext/))
and (Block-iT™ RNAi designer (https://rnaidesigner.invitrogen.
com/rnaiexpress/)). No relevant match of ihp24k sequence to any
component of the silencingmachinerywas found (data not shown).

The use of dsRNA to trigger RNA silencing has been generally
successful to trigger viral resistance through transgenic expression.
However, there are some reports where hairpin transcription does
not necessarily lead to efficient triggering of the RNA silencing
pathway [42e44]. Parameters, such as the integration locus of a
transgene as well as inherent characteristics of the transcript,
transgene localization, its intermediate processing and interaction
with various proteins of competing processing and degradation
machineries may be critical in determining the fate of hairpin
transcripts and efficient triggering of RNA silencing [42]. A trans-
gene localization (position effect) of the ihp24K transgene leading
to a defective defense phenotypewould be unlikely since both lines
were independent transformation events. Inherent characteristics
of the hairpin are the same for ihpCP, which efficiently triggers RNA
silencing [21], and ihp24K. Therefore, this is not likely to be the
reason for unsuccessful RNA silencing and siRNA accumulation.
ihp24K-transcript, may contain structural features or recalcitrant
intermediate processing intermediates that make it less suitable as
a substrate for DCL proteins and that could be one of the reasons for
non-detectable levels of siRNAs.

Besides, we demonstrate that ihp24K transcript accumulate in
transgenic plants. Transcription is indeed essential but not suffi-
cient for triggering RNA silencing and siRNA accumulation. It is
likely that transcription exceeding a certain threshold level is
necessary for efficient induction of RNA silencing [45]. In addition,
both exo- and endo-nucleolytic RNA degradation pathways exist in
plants. These RNA decay processes must be under tight control to
enable a dynamic regulation of the RNA silencing threshold.
Perhaps, ihp24K did not reach that threshold and it is degraded
before inducing efficient RNA silencing.

The 50 and 30-terminal regions of viral RNAs play a key role in
their translation and replication processes as well as pathogenicity
and symptom expression [46]. Petty et al. [47], observed a clear
correlation between alterations in the 50-terminal region and viral
movement, which significantly conditioned the pathogenic pro-
cess. There is also evidence that the 30-terminal region plays an
important role in viral pathogenicity as shown for Tobacco vein
mottling virus [48], and Melon necrotic spot virus [49]. In addition,
Albiach-marti et al. [50], reported that pathogenicity determinant
of CTV maps at the 30-terminal region of the viral genome. As CTV
p23 is a suppressor of RNA-mediated gene silencing, it potentially
could disrupt micro-RNA metabolism [51,52], thus inducing
symptoms. Besides, several viral suppressors of RNAmediated gene
silencing have been identified as pathogenicity determinants. This
could be the case of CPsV, since 24K sequence is also located at the
30-terminal region of genomic RNA1 and is involved in silencing
suppression and miRNA misregulation [5]. Therefore, over-
expression of part of 24K transcript in hairpin construct could,
someway favors virus replication and/or symptom expression.

A wide variety of RNA elements that regulate fundamental
processes of viral life cycles were reported in viral genomes. These
elements function as promoters, enhancers, and repressors of viral
translation, transcription, genome replication, and encapsidation
[53,54]. Viral RNA can adopt different conformations in the infected
cell, which can be affected by cis or trans-acting elements present
in the genome sequence. As an example, Villordo et al. [54], found
that cyclization of the positive strand RNA of dengue virus was
facilitated by hybridization with a sequence involved in a local
dumbbell structure at the viral 30 untranslated region. The author
demonstrates that this cis-acting interaction differentially en-
hances viral replication in mosquito and mammalian cells. Regu-
lation mechanisms of negative-strand viral genomes are less
characterized, and particularly the way CPsV controls its genome
replication or expression is still largely unknown. We can hypoth-
esize that the presence of the ihp24K hairpin-transcript in the plant
cell could alter the viral genome expression or its replication
mediated by RNA-RNA interactions with its homologous 24K
sequence or with another CPsV genome region, leading to the hy-
persusceptibility phenotype.
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