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Pre-inoculation of ago2 and
DCL2/4-deficient Nicotiana
benthamiana plants with the
Pepino mosaic virus EU mild
isolate confers complete
protection against superinfection
with the aggressive isolate
Theodore Spanos1, Amira Ghodbane1, Aya Rezazga1,
Márta Ludman2, Károly Fátyol2, Toufic Elbeaino3

and Ioannis Livieratos1*

1Department of Sustainable Agriculture, International Center for Advanced Mediterranean Agronomic
Studies (CIHEAM), Mediterranean Agronomic Institute of Chania (MAICh), Chania, Greece, 2Institute of
Genetics and Biotechnology, Hungarian University of Agriculture and Life Sciences, Gödöllő, Hungary,
3Department of Integrated Pest Management of Fruit Trees and Vegetable Crops, International Center
for Advanced Mediterranean Agronomic Studies (CIHEAM), Mediterranean Agronomic Institute of Bari
(IAMB), Valenzano, Italy
The phenomenon whereby plants infected with amild isolate of a virus are cross-

protected from subsequent “challenge” inoculation with a severe isolate of the

same virus resembles mammalian vaccination and was first described almost 100

years ago. In this study, the ability of wild type (wt), ago2- and DCL2/4-deficient

Nicotiana benthamiana plants “vaccinated” with the mild (Sp13) PepMV isolate to

exert a cross-protective response against “challenge”-inoculation with a severe

(PCH, aggressive) isolate was investigated. Initially in wt and ago2-deficient

plants, two interval-times (5 and 10 days) between inoculations were used and

virus accumulation was analyzed in newly-formed (systemic) leaves. In follow up

experiments, wt and DCL2/4-deficient plants were inoculated using a single

interval-time (5 days) and both inoculated (local) and systemic leaves were

analyzed. In both experiments, leaves were collected 3 days post “challenge”-

inoculation and immunoblot, northern blot and RT-qPCR assays demonstrated

the complete blockage of the PCH aggressive isolate, which remained at

undetectable levels. Using a similar experimental set-up with wt and ago2-

deficient N. benthamiana plants and the genetically distinct Potato virus X as the

“challenge”-inoculum, complete blockage of superinfection was not observed

but instead a significant reduction of PVX RNA levels systemically. Collectively,

our results cannot entirely exclude the complete redundancy of two essential

components of RNA silencing, but clearly suggest the activation of an efficient

and durable superinfection protection mechanism, which is distinct to it.
KEYWORDS

cross-protection, RNA silencing, superinfection exclusion, potexviruses, pepino mosaic
virus, plant virus control
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1 Introduction

Cross-protection (1) is a phenomenon in which infection of

plants with a mild isolate of a virus protects them from subsequent

infection with a severe isolate of the same virus. Cross-protection

can be considered equivalent to mammalian vaccination, and the

terms “pre-immunization” and “vaccination” have been used in

some studies wherein mild, attenuated, or non-symptomatic plant

virus isolates or mutants have acted as “vaccines” (2, 3). Cross-

protection works best when the “vaccine” is genetically very close to

the “challenge” isolate, but its exact mechanism remains elusive (2,

4, 5). In the late 1990s, cross-protection was attributed to RNA

silencing; specifically, infection with a mild isolate activates the

plant surveillance system at the molecular level, and the highly

homologous “challenge” isolate is specifically recognized and

degraded (6, 7). Typically, double-stranded RNAs (dsRNAs) of

the primary virus (i.e., structural regions of the genome and

replication intermediates) are recognized and cleaved by an

RNase III-type enzyme (DCL) to produce small interfering RNAs

(siRNAs) 21–24 nucleotides (nt) in length. siRNAs are then

incorporated into Argonaute (AGO) protein-containing RNA-

induced silencing complexes that guide the recognition and

degradation of the severe genetically homologous “challenge”

virus (reviewed in Hull, 2002). As siRNAs also represent a mobile

systemic signal for the generation of systemic defense responses (8),

this model fits the systemic character of cross-protection.

In some cases, cross-protection has worked in plant mutants

with two or three DCL genes knocked out, implying a mechanism

distinct from RNA silencing (9, 10). Superinfection exclusion (SIE)

has been recently proposed for plants (11, 12). This model

postulates that certain activities of the mild virus engage essential

capacity in the host (i.e., replication complex formation sites,

inhibition of uncoating) to which the “challenge” virus isolate has

been restricted or has no access. In the cases of Citrus tristeza virus

[p33, CTV (13)], Turnip crinkle virus [p28, TCV (14)], and Turnip

mosaic virus [p3 and NIa-Pro; TuMV (15)], specific viral proteins

represent the elicitors and targets of SIE, resulting in restricted

replication of the “challenge” isolate.

The first successful application of cross-protection targeted

severe CTV strains that caused significant economic damage (16).

Other successful examples involved Zucchini mosaic virus (17),

Tomato mosaic virus (18), and Papaya ringspot virus (19).

Additionally, several mild isolates of the mechanically-transmitted

cosmopolitan Pepino mosaic virus (PepMV) were identified and

used successfully for cross-protection in many countries since the

early 2000s (20, 21). However, no tomato varieties resistant to

PepMV are commercially available; therefore, phytosanitary

controls and early destruction of infected plants are the only

alternative control strategies in the field (21). An attenuated

cross-protective PepMV variant was generated by alignment-

guided mutagenesis of the viral coat protein (CP) (22).

PepMV has a 6.4 kb single-stranded (ss) positive-sense RNA

genome with a 5′-methylguanosine cap and a 3′-polyA tail (23).

The PepMV genome contains five open reading frames, flanked by

5′- and 3′- untranslated regions (UTRs) of approximately 86 and 64
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nt, respectively. The RNA-dependent RNA polymerase (RdRp) is

encoded by the genomic RNA, whereas three proteins (triple gene

block proteins 1–3; TGBp1–3) and the CP are encoded by 3′-co-
terminal sgRNAs. TGBp1 is the main silencing suppressor of the

virus, and together with TGBp2 and 3, is required for virus

movement within the plant. CP, apart from coating viral RNA, is

also a mild silencing suppressor (24) and is required for cell-to-cell

movement of the virus. An RNA pseudoknot in the PepMV 3′-UTR
includes part of the polyA tail and is required for virus replication

(25). From the host perspective, the hierarchical roles of several

AGOs in anti-PepMV defense have been reported, with the

predominant contribution of AGO2 (26, 27). Several tomato

proteins interact with PepMV-encoded proteins (28, 29), and the

calcium-permeable channel 4.1 and glutathione S-transferase

SlGSTU38 have recently been fully characterized as susceptibility

factors for PepMV infections (30, 31).

This study investigated the cross-protection of ago2- and DCL2/

4-deficient Nicotiana benthamiana plants against superinfection of

an aggressive PepMV isolate following “vaccination” with a mild

isolate. Protein and RNA analyses of leaves collected at 3 days post

inoculation (dpi) showed that the aggressive isolate was completely

blocked locally and systemically, suggesting that a mechanism other

than RNA silencing is responsible for the observed phenomenon.
2 Materials and methods

2.1 Virus inoculum, plant material,
polyclonal antiserum production, and
experimental set up

Tomato leaves infected with the Spanish PepMV-Sp13 isolate

[EU mild pathotype (23)] were provided by Dr. M. Aranda (CISC,

Murcia, Spain). Tomato leaves infected with PepMV-PCH 06/104

[CH2 aggressive pathotype (32)] were provided by Dr. I. Hanssen

(Scientia Terrae Research Institute, Belgium). Tomato leaves

infected with Potato virus X (PVX) and Bamboo mosaic virus

(BaMV) were provided by Dr. R. Olsthoorn (Leiden Institute of

Chemistry, The Netherlands).

Plant DCL and AGO2 are critical components of the plant RNA

silencing pathway. CRISPR/Cas9-generated ago2 mutant (33) and

DCL2/4-suppressed (34) N. benthamiana seeds were donated by

Dr. K. Fatyol (Agricultural Biotechnology Institute, Gödöllő,

Hungary) and Dr. K. Kalantidis (University of Crete), respectively.

In all experiments, the third real leaf of three plants of each N.

benthamiana genotype was mechanically inoculated using 1 µg of a

purified potexvirus virion preparation in phosphate buffered saline

(PBS). PepMV-Sp13 (mild), -PCH 06/104 (aggressive), BaMV, and

PVX virions were purified from approximately 50 g of systemically

infected N. benthamiana leaves using the protocol of Abou Haidar

and co-workers (35). To prepare circa 500mg specific anti-mild

PepMV IgG, approximately 1.5 mg of PepMV-Sp13 virions were

purified and intradermally injected into a rabbit (days 1, 7, 14;

Davids Biotechnologie GmbH, Germany). The crude serum was

collected in a final bleed (day 28) and PepMV-Sp13-CP IgGs was
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purified by passage through a protein A column and eluted in 0.1 M

sodium acetate; 0.02% sodium azide, and stored at -20°C.

For single virus infections, three plants from each of the N.

benthamiana genotypes (wild-type [wt], DCL2/4-deficient, NahG,

ago2) were mechanically inoculated with each of the four

potexviruses (PepMV-Sp13, -PCH 06/104, PVX, and BaMV). In

single and double infections in the cross-protection experiments,

three N. benthamiana plants from each genotype (wt, ago2-mutant,

and DCL2/4-deficient) were “vaccinated” with PepMV-Sp13 or PBS

(mock) 5 or 10 days prior to subsequent challenge inoculation.

Systemic and local leaves were collected 3 days after “challenge”

inoculation for protein and RNA analyses.
2.2 RNA extraction and northern blot
analysis

Half of each leaf sample was ground in liquid nitrogen. Total

RNA was extracted using TRIzol reagent (Invitrogen) in accordance

with the manufacturer’s instructions, and the concentration and

RNA quality were assessed using a NanoPhotometer Pearl

(Implen). RNA samples (1 mg) were separated by electrophoresis

on 1% formaldehyde agarose gels and blotted onto Hybond N

membranes (GE Healthcare). Following a previously described

method (24), northern blots were hybridized with a digoxin

(DIG)-labeled riboprobe corresponding to the negative sense of

each viral (PepMV-Sp13, PepMV-PCH 06/104, PVX, and BaMV)

CP gene. Chemiluminescent detection was performed using the

DIG Detection Kit (Roche).
2.3 Protein extraction and immunoblot
analysis

Total proteins were extracted in PBS from collected leaves in

microfuge tubes using liquid nitrogen. Following a short

centrifugation to precipitate the debris, the supernatants were

mixed (1:1 v/v) with protein loading buffer and subjected to SDS-

PAGE. For immunoblot analysis, proteins were transferred onto a

AmershamTM HybondTM P 0.45 PVDF blotting membrane (GE
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Healthcare) and hybridized overnight against the PepMV-Sp13

(generated in this study) or PVX-CP IgGs (Loewe; Germany; Cat.

No. 07037). Following incubation with alkaline phosphatase-

conjugated goat anti-rabbit IgGs diluted (1:7500) in PBS, virus

CPs were visualized using NBT-BCIP substrate (Promega).
2.4 Real-time qPCR

Approximately 500 ng of total RNA was treated with DNase I

(Thermo Scientific) to remove any genomic DNA contamination

before complementary DNA (cDNA) synthesis was performed with

an oligo (dT18) primer using PrimeScript reverse transcriptase

(Takara) in accordance with the manufacturer’s instructions.

qPCRwas performed using a SaCycler-96 Real-Time PCR system

(Sacace Biotechnologies, Italy). The 10 mL PCR mix consisted of 1×

KAPA SYBR Fast qPCR Master Mix (Kapa Biosystems), 200 nM

gene-specific primers, and 5 ng cDNA template. An initial

denaturation step at 95°C for 3 min was followed by 40 cycles of

denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and

extension at 72°C for 20 s. A melting curve analysis protocol was

executed in the temperature range of 60 to 95°C. Oligonucleotide

primers for qPCR (Table 1) were designed using PRIMER3 software

(Whitehead Institute for Biomedical Research, https://www-

genome.wi.mit.edu/cgi-bin/primer/primer3.cgi/).

Total RNA extraction, cDNA synthesis, and qPCR were

performed using materials from individual N. benthamiana plants,

each representing a single biological replicate, to generate three

distinct technical values. Data were analyzed using the 2−DDCt

method (36) and presented as relative levels of gene expression.

The geometric means of the reference genes PP2a and F-box were

used to normalize the qPCR data. Statistical analysis was performed

using the SPSS software (version 19; IBM). Data were presented as

means ± SEM (Standard Error of the Mean). One-way analysis of

variance (ANOVA) was employed to test the effect of plant genotype

on virus accumulation and two-way ANOVA was conducted to

assess the combined treatment of cross protection and plant genotype

on virus accumulation. Differences were considered to be significant

when the p-value was <0.05. Means were ranked by using Tukey’s

HSD post hoc test at the 5% level of significance.
TABLE 1 Details for the genes and primers used in the study.

Gene GeneBank Acc. No. Primer name Primer sequence 5’ - 3’ Amplicon size (bp)

Nb-PP2A Niben101Scf09716g01002.1 Nb-PP2A-qF
Nb-PP2A-qR

AGCTGAAGACCCTGATGTTGAT
CCTACCAAAGAGGGATTTGAAGA

139

NbF-box Nbv6.1trP36478 NbF-box-qF
NbF-box-qR

GGCACTCACAAACGTCTATTTCT
TCCTGCTTATCTCAACCCAGAT

115

PepMV-Sp13-RdRp AF484251 PepMVsp13-RdRp-qF
PepMVsp13-RdRp-qR

CCCAAGTGGACTGCGTTACT
TCATTGCAGGGTATATGACTGCT

112

PepMV-PCH-CP FJ457097 PepMV-PCH-CP-qF
PepMV-PCH-CP-qR

ATGGAAAACCAACCTACAGCTTCTA
CGTGGCAACTGAAGTGACAA

162

PVX-RdRp NC_011620 PVX-RdRp-qF
PVX-RdRp-qR

GGTCAAACCATAGCAGCCTTT
TCTTCTGGCGTAGTCTCACAGTT

131
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3 Results

3.1 Differentiation of PepMV isolates

For the needs of our study, PepMV-Sp13 virions were purified

to serve both as inoculum for subsequent “vaccinations” and the

production of a polyclonal antiserum. Purified PepMV-PCH 06/104

and PVX virions served as inoculum for “challenge” mechanical

inoculations. Their SDS-PAGE analysis showed that despite their

nearly identical estimated molecular weights (25.13 and 25 kDa),

the CP of the aggressive isolate PCH consistently run distinctly

higher than its mild homolog. This property can be used to

distinguish the two (Supplementary Figure 1A). Western blot

analysis of single virus-infected leaf extracts showed no apparent

cross-reactivity of the IgGs produced with plant proteins, PVX-

infected plant extracts, or PVX virions (Supplementary Figure 1B).

Commercially available PVX CP polyclonal antiserum reacted

positively only with PVX-purified virions and infected plant

extracts (Supplementary Figure 1B).

The specificity of four DIG-labeled RNA probes synthesized

from the PepMV-Sp13, -PCH 06/104, PVX, and BaMV CP genes

was examined by northern blot hybridization (Figure 1) against

total RNAs extracted from systemically infected leaves of four N.

benthamiana genotypes (wt, NahG, DCL2/4, and ago2). Each probe

was hybridized with the genomic and subgenomic RNAs of the

homologous potexvirus isolate with no apparent cross-reactions

with the RNA extracts from mock-inoculated plants or plants

infected with any of the other three potexviruses (Figure 1). In

the case of the two PepMV isolates, this observation may be

explained considering the degree of the nucleotide identity

(77.9%) between their CP genes with the highest variability

localized at the 5′-terminus. Finally, two pairs of oligonucleotide

primers (Table 1), which exhibited specificity in their ability to

amplify each PepMV isolate (Supplementary Figure 1C), were

tested using RT-qPCR. Overall, several diagnostic tools and

methods were generated to distinguish between the two PepMV

isolates in subsequent mixed infections.

in cross-protection studies, the time-interval between

“vaccination” and “challenge” inoculation is important (4, 5, 21).

Single infections using purified virions of PepMV-Sp13, -PCH 06/

104, and PVX on four genetically distinct N. benthamiana plant

genotypes, unlike BaMV, showed that they reached high RNA levels

at 5 dpi but significantly decreased at 10 dpi (Figure 1). During this

short period, no alterations on the induced symptomatology were

observed (Supplementary Figure 2), but the significant drop of the

viral RNA levels resembles the “recovery” phenomenon first

described in tobamoviruses (37) and later connected with RNA

silencing and cross-protection (6). As our experimental plant

growth conditions typically induced flowering in N. benthamiana

plants no later than 15 dpi, two time-intervals (5 and 10 days) were

adapted in the cross-protection experiments. As BaMV infection

was detectable after 10 dpi (Figure 1), it was decided that no

“challenge” inoculations would be carried out with this virus.
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3.2 PepMV cross-protection in ago2 plants
blocks superinfection with the aggressive
isolate systemically

The potential involvement of RNA silencing in cross-protection

was initially investigated in N. benthamiana ago2-mutant plants

because of the dominant role of this protein in anti-PepMV

defense (26, 27). In all superinfected plants, both PepMV-Sp13 CP

and RNAs were detected systemically, unlike the “challenge” PepMV

aggressive isolate (Figures 2, 3). Protein sequencing analysis revealed

that the systemic leaf samples contained only the PepMV mild CP

and not the aggressive one (data not shown). Overall, protein and

RNA analyses failed to detect any PepMV-PCH 06/104 accumulation

in newly formed leaves of all “vaccinated” plants. A second set of

experiments (time interval: 10 days) generated identical results to

those described above (data not shown) and collectively indicated the

existence of a protective mechanism that efficiently targets the

“challenge” virus isolate in newly formed leaves for several days.

RT-qPCR quantification of RNAs from both PepMV isolates in

the “vaccinated” and mock-inoculated (control) groups of plants

was also performed. As shown in Figure 4, the RNAs of the PepMV-

PCH 06/104 isolate remained undetectable in both wt and ago2

plants pre-inoculated with Sp13 but reached high levels in the

control group (mock-pre-inoculated). The highest RNA levels of

PepMV-PCH 06/104 were observed in the N. benthamiana ago2

plants (time interval: 5 days; Figure 4A), a result consistent with the

predominant role of AGO2 in anti-PepMV defense (26, 27). RT-

qPCR confirmed the results of western and northern blots, which

revealed the presence of the PepMV-Sp13 isolate RNAs in both wt

and ago2 plants (data not shown) and showed that “vaccination”

with the mild PepMV isolate induces an efficient and active

protective mechanism for several days, completely restricting the

aggressive PepMV isolate from newly formed leaves. Previous

PepMV studies showed that the anti-PepMV activities of

AGO1A, AGO5, and AGO10 become apparent only when AGO2

is mutated (27) and as a result, the involvement of RNA silencing

cannot be entirely excluded from the observed phenomenon.
3.3 PVX superinfection is not efficiently
arrested in ago2 plants

To better comprehend the nature of the cross-protection

mechanism induced by PepMV-Sp13 pre-inoculation, we

examined its efficiency and specificity against an alternative

“challenge” virus, PVX, the prototype potexvirus and a candidate

virus in mixed infections on tomato plants in the field. As above,

PepMV mild isolate RNAs from systemic leaves of the “vaccinated”

plants were verified using the homologous CP RNA probe, but PVX

RNAs were detectable only after long exposures with greatly

decreased levels when compared with extracts from mock-pre-

inoculated plants (control, Figure 5). The presence of PVX CPs in

western blots indicated sporadic PVX infections in some PepMV-
frontiersin.org
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FIGURE 1

Northern blot hybridization analyses of total RNA extracts from four Nicotiana benthamiana genotypes (wt, DCL2/4, NahG, and ago2) infected with
each of the following potexviruses: (A) Pepino mosaic virus mild (PepMV-Sp13), aggressive isolate (PepMV-PCH), (B) Potato virus X (PVX), and
Bamboo mosaic virus (BaMV). Three plants from each genotype were mechanically inoculated with mock (0.1 M Tris-borate buffer) or purified
virions (20 mgr). Newly formed leaves were collected at 5 or 10 dpi, and total RNA was extracted, pooled, and Northern blot analyzed using DIG-
labeled negative (-)-stranded RNA probes from the full-length CP gene of each virus. For PepMV, 1 mg of total RNA was used; for PVX and BaMV, 5
mg of total RNA was used.
Frontiers in Virology frontiersin.org05
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FIGURE 2

Western blot analysis of total leaf plant proteins using the a-PepMV-Sp13 polyclonal antiserum (dilution: 1:3000; this study). Nicotiana benthamiana
wt and ago2-mutant plants were either mock- or PepMV mild (Sp13) isolate mechanically inoculated and then “challenge”-inoculated with the
aggressive (PCH) isolate after 5 days. Newly formed leaves were collected 3 days post “challenge” inoculation for analysis. Coomassie Brilliant Blue
R-250 staining of the rubisco large subunit was used as a protein loading control (LC).
FIGURE 3

Northern blot analysis of total RNAs extracted from newly formed leaves of Nicotiana benthamiana (wt and ago2-mutant) plants that were either
mock- or PepMV-Sp13 (mild) isolate “vaccinated” prior to “challenge” inoculation with the PepMV-PCH (aggressive) isolate (5 days later). Total RNAs
were hybridized against negative-stranded DIG-labeled RNA probes from (A) the mild or (B) aggressive PepMV isolate CP genes.
Frontiers in Virology frontiersin.org06
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Sp13 pre-inoculated wt and ago2 N. benthamiana plants (Figure 6)

but RT-qPCR analysis provided additional support that PVX RNA

levels were significantly reduced when compared to mock-pre-

inoculated plants (Figure 7). These results indicate that also for

the PepMV-PVX combination, a cross-protective mechanism is

initiated, which nevertheless does not completely block

superinfection possibly because of the genetically distant nature of

the “challenge” virus.
3.4 Pre-inoculated DCL2/4-suppressed N.
benthamiana plants with the PepMV mild
isolate completely restrict severe isolate
superinfection in inoculated and newly
formed leaves

Dicers are essential for RNA silencing in plants and are

responsible for the recognition and cleavage of dsRNA-producing

siRNAs as part of the antiviral defense system. We used N.

benthamiana DCL2/4-deficient plants to examine whether pre-

inoculation with the PepMV mild isolate protects plants from

superinfection with the aggressive isolate. Similar to the ago2

mutants, cross-protection was activated, exhibiting “immunity”

throughout the experimentation. Both western and hybridization

analyses showed no detectable levels of CP and RNA of the PepMV

aggressive isolate in the systemic and also local leaves (Figures 8, 9).
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These results were confirmed by RT-qPCR analyses (Figure 10),

where the “challenge” virus isolate remained (unlike the “vaccine”;

data not shown) undetectable at 8 days post “vaccination”. Overall,

the generated data are more in line with a model that does not

require triggering of a defense response and rather suggest the

“exclusion” of the aggressive isolate from sites or resources.

Interpreting these results cannot entirely exclude the complete

redundancy of AGO2 and DCL2/4, but additional reasoning for

the non-involvement of RNA silencing as a prime mechanism for

the observed “immunity” has been generated.
4 Discussion

Plant viruses pose a serious threat to food crops and cause

significant annual economic losses. The identification of sustainable

control measures for plant viruses is a key challenge in modern

agriculture. The consequences of plant viral infections are frequently

exacerbated by the impact of climate change on hosts and vectors,

and by the mobility of symptomless infected plant propagative

material worldwide. The production of virus-resistant cultivars by

conventional breeding is a long and costly procedure; however,

promising technologically advanced genetic approaches are not well

accepted by consumers. Cross-protection, which shares similarities to

mammalian “vaccination”, has successfully been employed in some

cases but remains underexploited partly because of the lack of a
frontiersin.or
FIGURE 4

Relative RNA transcript levels of the PepMV-PCH (aggressive) isolate in cross-protection experiments using two Nicotiana benthamiana genotypes
(wt and ago2). Plants were either mock- or PepMV-Sp13-”vaccinated” and then “challenge”-inoculated with the aggressive PepMV isolate after 5 or
10 days (A, B), respectively. Newly formed leaves were collected 3 days after “challenge” inoculation and analysed. qPCR data were normalized to
the geometric mean of the reference genes PP2a and F-box. Graphical data are presented as mean ± standard error of the mean (s.e.m.), with n = 3
biological replicates. Letters indicate statistical significance based on a two-way ANOVA with Tukey’s HSD post hoc analysis (p < 0.05); samples
sharing letters are not significantly different.
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convincing explanation for its mechanism (4, 5).

In our preliminary experiments, PepMV-Sp13, -PCH 06/104, or

PVX infections (but not BaMV, which shares distinct biological

properties) in newly formed leaves were associated with high viral

RNA loads at 5 dpi, which were lower at 10 dpi. Although these

alterations did not correspond with differential symptomatology

(e.g., “dark green islands”), the lowered viral loads were reported in

the 1990s as “recovery” and were also later associated with RNA-

mediated cross-protection (6, 38). This observation helped to

determine two specific post-infection points (5 and 10 dpi) to be

followed in subsequent cross-protection experiments and indicated

the activation of RNA silencing following primary inoculations. The

results of the hybridization experiments were somewhat surprising,

as both PepMV CP RNA probes were hybridized exclusively to their

own isolates possibly due to the relatively low degree of nucleotide

identity between the CP genes. Overall, several useful methods and
Frontiers in Virology 08
tools were initially developed to discriminate between the two

PepMV isolates.

Both PepMV-PCH and PVX accumulated at higher levels in

mock-”vaccinated” N. benthamiana plants, in which elements of

the RNA silencing mechanism had been compromised, when

compared with wt plants, demonstrating the importance of both

factors (AGO2 and DCL2/4) in RNA silencing and anti-viral

defense upon infection. In the actual cross-protection

experiments, similar to those conducted by Alcaide et al. (39) on

tomatoes (cv. Moneymaker), “vaccination” with the PepMV mild

isolate conferred protection against the aggressive isolate.

Specifically in our case, superinfection was completely blocked in

wt and in ago2 and DCL2/4-deficient N. benthamiana plants. As

leaves were collected and analyzed at 8 and 13 days after

“vaccination,” the arrest of the challenge isolate infection seems

absolute in inoculated (wt, DCL2/4) and systemic (wt, ago2, DCL2/
FIGURE 5

Northern blot analysis of total RNAs extracted from newly formed leaves of Nicotiana benthamiana (wt and ago2-mutant) plants that were either mock-
or PepMV-Sp13 (mild) isolate “vaccinated” and then “challenge” PVX-inoculated after 5 days. Newly formed leaves were collected 3 days after “challenge”
inoculation. RNAs were hybridized against negative-stranded DIG-labeled RNA probes from (A) the PepMV mild isolate or (B) PVX CP genes.
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4) leaves. This result indicates the early activation and maintenance

of an efficient systemic protection mechanism over approximately

2 weeks.
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In general (4, 5), cross-protection works better against two

genetically related viruses. To examine this, we also used PVX as a

challenge virus, considering that numerous studies have reported

that a pre-inoculated virus may also protect from superinfection by

a genetically distinct “challenge” virus species. For example, pre-

inoculation with Arabis mosaic virus-S protects Chenopodium

quinoa from Grapevine fanleaf virus-F13 superinfection (40), and

pre-inoculation with Soilborne mosaic virus protects sugar beet

against subsequent Beet necrotic yellow vein virus infection (41). In

the present study, a PepMV-PVX cross-protective mechanism was

also induced in wt and ago2 plants that significantly reduced PVX

RNA levels but did not completely block infection.

Previous PepMV studies have shown that the anti-PepMV

activities of AGO1A, AGO5, and AGO10 become apparent only

when AGO2 is mutated (27) and thus, the high multilevel

redundancy of the AGO2 and DCL2/4 components cannot be

excluded in our experimental set up. Ma et al. [2015 (42),]

reported that AGO2 and AGO4 mutant plants can recover from

Tobacco rattle virus-GFP inoculations and proposed an alternative

theory involving translational repression of viral transcripts. In

DCL1, DCL2, and DCL3 mutants, various Dicer functions appear

redundant, as assessed by measuring Cucumber mosaic virus and

TuMV titers and siRNA levels (9). Our results including the

observed cross protection of the genetically distant PepMV-PVX

seem to be more in line with a model that does not require the

triggering of a sequence-specific defense response and rather

suggest the “exclusion” of the “challenge” virus from essential

sites or resources for infection. According to the SIE theory,

related viral strains compete with each other to reach vital host-

cell sites and resources and, once established, cannot be displaced by

the competing strain. Previous studies on CTV, TCV, and TuMV
FIGURE 6

Western blot analysis of total leaf plant proteins collected from cross-protection experiments in N. benthamiana (wt and ago2-mutant) plants using
PepMV mild and PVX virions. The plants were either mock- or PepMV-Sp13 “vaccinated” and then “challenge” inoculated using PVX virions after 5
days. Newly formed leaves were collected 3 days after “challenge” inoculation, and protein extracts were separated in 12% SDS-PAGE, membrane
blotted, and hybridized against the PVX polyclonal antiserum (dilution 1:2000; Loewe Biochemica). Coomassie Brilliant Blue R-250 staining of the
rubisco large subunit was used as a protein loading control (LC).
FIGURE 7

Relative RNA transcript levels of PVX in cross-protection
experiments in two Nicotiana benthamiana genotypes (wt and
ago2). Plants were either mock- or PepMV-Sp13-”vaccinated” and
after 5 days “challenge”-inoculated with PVX virions. Newly-formed
leaves were collected 3 days after “challenge” inoculation and
analysed. qPCR data were normalized to the geometric mean of the
reference genes PP2a and F-box. Graphical data are presented as
mean ± standard error of the mean (s.e.m.), with n = 3 biological
replicates. Letters indicate statistical significance based on a two-
way ANOVA with Tukey’s HSD post hoc analysis (p < 0.05); samples
sharing letters are not significantly different.
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FIGURE 8

Western blot analysis of total leaf plant proteins collected from cross-protection experiments using PepMV mild and severe isolates to inoculate N.
benthamiana (wt and DCL2/4-suppressed) plants. The plants were either mock- or PepMV-Sp13 “vaccinated” and 5 days later “challenge”-inoculated
with the aggressive PepMV-PCH isolate. Inoculated leaves were collected 3 days after “challenge” inoculation, and protein extracts were separated in
12% SDS-PAGE, membrane blotted, and hybridized against the a-PepMV-Sp13 polyclonal antiserum (dilution 1:3000; this study). Coomassie Brilliant
Blue R-250 staining of the rubisco large subunit was used as a protein loading control (LC).
FIGURE 9

Northern blot analysis of total RNAs extracted from newly formed leaves of N. benthamiana (wt and DCL2/4 mutant) plants used in cross-protection
experiments. The plants were either mock- or PepMV-Sp13 “vaccinated” and then “challenge” inoculated with PepMV-PCH virions after 5 days.
Newly formed leaves were collected 3 days after “challenge” inoculation. RNAs were hybridized against negative-stranded DIG-labeled RNA probes
from (A) PepMV-Sp13 or (B) -PCH isolate CP genes.
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(13–15) found that virus-encoded proteins (p33, p28, p3, and NIa-

Pro) are involved in the role(s) of elicitors and targets of SIE as the

primary mechanism for the observed protection. Relevant

hypotheses need to be addressed for PepMV in the near future.

In conclusion, “vaccination” with the PepMV mild isolate

completely blocks the aggressive isolate and significantly reduces

PVX superinfection in RNA silencing-compromised N.

benthamiana mutant plants, suggesting a prime protection

mechanism other than RNA silencing.
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