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Abstract: Plum pox virus (PPV) infects Prunus trees across the globe, causing the serious Sharka
disease. Breeding programs in the past 20 years have been successful, generating plum varieties
hypersensitive to PPV that show resistance in the field. Recently, a single tree displaying typical
PPV symptoms was detected in an orchard of resistant plums. The tree was eradicated, and infected
material was propagated under controlled conditions to study the new PPV isolate. Performing
overlapping PCR analysis, the viral sequence was reconstructed, cloned and tested for infectivity
in different ‘Jojo’-based resistant plums. The results confirmed that the isolate, named PPV-D
‘Herrenberg’ (PPVD-H), was able to infect all these varieties. Analyses of chimeras between PPVD-H
and a PPV-D standard isolate (PPVD) revealed that the Nla region of PPD-H, carrying three amino
acid changes, was enough to break the resistance of these plums. Experiments with single and double
mutants showed that all changes were essential to preserve the escaping phenotype. Additionally, one
of the changes at the VPg-Nlapro junction suggested the involvement of controlled endopeptidase
cleavage in the viral response. Transient expression experiments in Nicotiana benthamiana confirmed
that Nla cleavage in PPVD-H was reduced, compared to PPVD, linking the observed behavior to an
Nla cleavage modulation.
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1. Introduction

Sharka is one of the most devastating diseases of stone fruit trees in the world [1-4].
First discovered in plum (Prunus domestica) [5], this disease affects, amongst other plants,
many Prunus species such as peach (P. persica) and apricot (P. armeniaca), and it is estimated
that millions of cultivated fruit trees have been infected only in Europe with losses over
the past 50 years of more than EUR 10 billion [6,7]. The virus responsible for this disease is
Plum pox virus (PPV), a positive single-stranded RNA virus of the family Potyviridae, one of
the largest families of plant viruses [8,9]. Its genome, of approximately 10 Kb, is expressed
as one main ORF and two secondary ORFs produced after polymerase slippage [10-13]. All
genomic products of potyviruses are translated as polyproteins that are processed by viral
endopeptidases [14]. PPV encodes two proteases at the 5" end of the genome, the serine
protease P1 and the cysteine protease HCPro [4]. They both act in cis for self-release [15,16].
The rest of the protein products are processed by the 3C-like endopeptidase Nlapro, a
chymotrypsin-like protease present in all viruses of the family that is able to cut in cis
and in trans [17]. Nlapro is produced as a larger product termed Nla, consisting of VPg
and Nlapro. Cleavage of the polyprotein by Nlapro is tightly regulated and involves the

Plants 2023, 12, 1609. https:/ /doi.org/10.3390/plants12081609

https://www.mdpi.com/journal /plants


https://doi.org/10.3390/plants12081609
https://doi.org/10.3390/plants12081609
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0002-6541-2589
https://orcid.org/0000-0002-4861-9609
https://doi.org/10.3390/plants12081609
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants12081609?type=check_update&version=2

Plants 2023, 12, 1609

2 of 14

presence of several intermediate uncleaved products that could be relevant at different
times of infection [18]. Nlapro cleavage has also been related to host adaptation in the case
of PPV-SwC [19]. In addition, NIapro has been described as a pathogenicity determinant
in Pepper mottle virus [20] and Potato virus Y (PVY) in tobacco [21], and it has been
characterized as the elicitor of the Ry-mediated resistance in the case of PVY—potato plants
interaction [22,23].

PPV is transmitted by aphids in a non-persistent manner [24-26], and up to date nine
strains of the virus have been identified, with D, M and Rec being the most prevalent [3,27].
Isolates of the PPV-D strain infect, among other species, European plum and cause strong
chlorosis in the leaves and deformation in fruits, originating epidermal necrotic tissue
of undesirable flavor and sometimes, premature drop [28]. Extensive efforts have been
dedicated in the past 30 years towards breeding varieties that could be resistant to PPV in
the field. ‘Jojo’, a plum variety derived from a progeny ‘Ortenauer’ x ‘Stanley’, displays
strong hypersensitive response (HR) upon artificial PPV infection by grafting [29-32]. It
displays necrosis in leaves and bark and death of new sprouts when tested experimentally
with PPV-D, -M, -Rec, -EA and -W strains. On the other hand, under natural conditions,
it is able to stop viral spread at the point of entry, making these trees resistant to PPV
in the field. ‘Jojo” has been used as a source for breeding different resistance-generating
varieties, such as ‘Jofela’, ‘Moni’ or the interspecific hybrids ‘Docera 6' (= ‘Dhypres6/,
P. domestica x P. cerasifera) and ‘Dospina 235’ (= ‘Dhprs2’, P. domestica x P. spinosa), all
displaying similar HR. Studies have been conducted in an attempt to identify the genes
responsible for this resistance, but the key factors are still unknown [33].

Recently, in an orchard of ‘Jojo’ trees near the city of Herrenberg in Germany, a single
tree was found displaying typical PPV symptoms such as leaf curling, chlorosis and fruit
damage. The corresponding ‘Jojo’ tree was grafted onto a PPV-sensitive rootstock. The tree
was immediately eradicated in order to avoid the escape of a putative resistance-breaking
PPV isolate, but some branches were used for controlled propagation of the viral isolate for
further study. We report here the use of the propagated infected tissue for amplification by
PCR of the consensus viral sequence to clone the new isolate termed PPV-D ‘Herrenberg/,
or PPVD-H. This isolate was tested in different resistant plum varieties for its ability to
infect avoiding the HR, confirming that in all cases, it could spread in Prunus trees, causing
standard PPV symptomatology. We also engineered different viral chimeras and identified
three amino acids in the Nla region responsible for the evading phenotype. One of those
amino acids was involved in proteolytic processing, suggesting cleavage modulation was
important to develop the HR-escaping response.

2. Results
2.1. Genome Sequence Analysis of the HR-Escaping PPV Isolate

As mentioned earlier, in an orchard in Germany in which ‘Jojo” trees were used
as scions, a tree was found showing typical PPV symptomatology. Initial ELISA tests
confirmed it was infected by a PPV virus of the D strain. The tree was rapidly removed and
some tissue was kept for further inoculation and study. No ‘Jojo” trees were available at the
time to be used as rootstock, so a susceptible variety, a seedling of Prunus cerasifera, was used
instead for viral propagation. Infected tissue of this tree was employed to start cloning of the
specific isolate. We considered using deep sequencing analysis to identify viral consensus
but decided to follow the scheme depicted in Figure 1a. This approach allowed us to read a
reliable sequence performing PCR amplifications of cDNA fragments smaller than 3.5 Kb
and to generate viral chimeras to define the amino acids relevant for escape of the HR.
Each fragment was amplified in two independent PCRs to discern changes in the sequence
from possible PCR mistakes. Fragments were cloned into intermediate vectors. We started
with the two smallest fragments (PCR2 and PCR5) and compared the obtained sequences
with the sequences of a PPV-D isolate available in the laboratory, termed hereinafter PPVD
(Accession EF569214) [34]. There were seven nucleotide changes in total, all synonymous,
which suggested they were not involved in the observed phenotype. Before we continued,
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(b)

ungrafted, rooted ‘Jojo” plants were inoculated with P. cerasifera-infected tissue to make
sure the mutations that facilitated escape from HR were not lost during virus propagation
in a susceptible host. Inoculated “Jojo” showed typical PPV symptomatology and we used
this tissue to amplify genome regions covered by PCR1, PCR3 and PCR4. Comparison of
these regions with PPVD resulted in 76 nucleotide changes, 17 being non-synonymous. We
reconstructed in silico the sequence of the isolate, which was termed PPV-D ‘Herrenberg’
or PPVD-H (Accession OQ389521). To evaluate the amino acid variations found in the
latter regions sequenced, we aligned sequences from 84 PPV-D isolates from the SharCo
Database [35] and compared them with the PPVD-H sequence (File S1). We identified
11 amino acids that were present in less than 15% of the compared sequences, seven of
them being unique in the case of PPVD-H. Results are depicted in Figure 1b. We then
used the intermediate clones to prepare viral chimeras containing PCR1 (PPVD-1H), PCR3
(PPVD-3H), PCR4 (PPVD-4H) or the three regions at once that would correspond to the
newly identified isolate (PPVD-H). Later on, we included another chimera carrying the Nla
region of PPVD-H (PPVD-NIaH) (Figure 1c).
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Figure 1. Cloning of PPVD-H and its comparison with other PPV-D isolates. (a) Schematic repre-
sentation of different PCR products amplified for the cloning of PPVD-H. Unique restriction sites
present in the PPV sequence are marked with triangles. (b) Differences observed between PPVD-H
and the standard PPVD isolate. Nucleotide changes are shown on top of the genome as small gray
lines; amino acid changes are shown as large lines: common changes are depicted in gray below
the genome and rare changes are depicted in blue on top of the genome; amino acid number is
indicated, as well as its identity in the two variants PPVD (left) and PPVD-H (right); number of
times the amino acid of PPVD-H appears in the 84 PPV-D isolates of SharCo Database is shown in
parenthesis. (c) Scheme of the viral chimeras generated for characterization of PPVD-H isolate; PPVD
and PPVD-H sequences are shown in white and in blue, respectively.

2.2. PPVD-H Escapes the Hypersensitive Response of Resistant Plum Causing Typical
PPV Symptomatology

Identification of the genome sequence of the PPV isolate involved in the HR evasion
was followed by testing the corresponding cDNA construct, PPVD-H, in a plant inoculation
experiment. ‘Docera 6’ plants were used for biolistic inoculation using PPVD as control and
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including PPVD-1H to advance in the identification of the possible amino acids responsible
for the escaping phenotype. Eight plants were inoculated with each construct and infection
was monitored over time. At 14 days post-inoculation (dpi), chlorosis and curling were
apparent in upper non-inoculated leaves in most plants (6/8) treated with PPVD-H. In
contrast, plants inoculated with PPVD-1H (6/8) presented necrotic spots in upper non-
inoculated leaves. PPVD-inoculated plants also presented necrotic spots. In this case,
symptoms were observed in half of the plants (4/8) and, at this time of infection, appeared
to be milder compared to those of PPVD-1H (Figure 2a, upper panel). At 18 dpi, all plants
inoculated with PPVD-H presented typical PPV symptoms in upper leaves. All PPVD-1H-
treated plants also presented symptoms, but in this case, they consisted of the appearance
of necrotic spots or the spread of the previously detected necrotic foci followed by the
fall of the inoculated leaves. Similar results were observed in 5/8 plants inoculated with
PPVD with the appearance or spread of necrotic foci on the upper systemic leaves. In
addition, plants presenting necrotic spots showed stunting and growth arrest. At 25 dpi,
progression of the symptoms in newly born leaves could be observed in plants inoculated
with PPVD-H. On the other hand, the apical part of all plants inoculated with PPVD-1H
and plants inoculated with PPVD that showed necrotic lesions started to dry and leaves
began to fall (Figure 2a, lower panel). This phenotype was similar to the one observed in the
grafting experiments with ‘Jojo” plants and several PPV strains [29-32]. Three of the plants
inoculated with PPVD (plants 4, 6 and 8) remained symptomless throughout the process.
Immunoblot analysis of upper leaves was used to correlate the presence of symptoms with
the expression in these leaves of the CP protein of PPV (Figure 2b). Western blot analysis of
the inoculated leaves confirmed the presence of CP in all plants indicating that virus was
inoculated but did not progress systemically in all cases (Figure S1a). RT-PCR analysis of
one plant from each construct was used to verify the viral sequences used in each case.

Additionally, five plants inoculated with each construct (1-3, 7, 8 for PPVD; 1-3, 5, 6
for PPVD-1H; 1-5 for PPVD-H) were used for one vernalization cycle. At 10 days post-
vernalization (dpv), new leaves started to grow in all plants, and at 20 dpv, symptoms
appeared. They were similar to those before, with curling and chlorosis of leaves in PPVD-
H-inoculated plants and necrotic lesions in the case of PPVD and PPVD-1H-inoculated
plants. Plant 8, inoculated with PPVD, remained asymptomatic throughout the process.
At 31 dpv, tissue was collected from three of the plants from each construct, and Western
blot analysis confirmed the presence of PPV CP in these leaves (Figure S1b). These results
show that PPVD-H is able to systemically infect the resistant plum, displaying a phenotype
similar to the one observed in the German orchard ‘Jojo” tree, compared to the death
phenotype caused by PPVD. Moreover, PPVD-1H results show that the 1H region alone is
not responsible for the HR escaping phenotype.

2.3. The Nla Region of PPV D-H Is Sufficient to Avoid the Hypersensitive Response of
Resistant Plum

Once it was confirmed that the PPVD-H isolate avoided HR in ‘Jojo’-based resistant
plants, we continued identification of the key regions involved in this escape by testing
PPVD-3H and PPVD-4H in ‘Docera 6’ plants. We included a PPVD chimera carrying Nla
from PPVD-H (PPVD-NIaH), which is the region presenting unique amino acid changes
yet to be tested. We used six plants for each construct. We also used PPVD-H and PPVD
as controls, inoculating in this case three resistant (‘Docera 6’) and three susceptible (two
‘Weiwa’ (Prunus domestica “‘Wangenheims’) and one "Hz’ (P. domestica ‘Hauszwetsche’))
plants which had been propagated in vitro.
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Figure 2. Testing of PPVD, PPVD-1H and PPVD-H in ‘Docera 6’ resistant plants. (a) Images were
taken at 14 dpi (upper part) from leaves showing different symptoms depending on the inocu-
lated virus; number following the viral name indicates the number of the plant; small scheme of
the viral constructs is depicted: PPVD and PPVD-H sequences are shown in white and in blue,
respectively; white arrows mark the observed symptoms; the image in the lower part was taken
at 25 dpi. (b) Anti-CP immunoblots of protein extracts from tissue collected at 21 dpi from upper
non-inoculated leaves of the different plants; the numbers on top of each lane correspond to the
number of the plant; a sample from PPVD-H or PPVD was loaded in each gel as control; negative
control, marked with (—), corresponds to a healthy ‘Docera 6’ plant; a Ponceau red-stained blot (RbcL)
is shown below each membrane as loading control.

At 13 dpi, symptoms were already apparent in some of the plants. In the case of the
controls, susceptible plants showed mild symptomatology with some chlorosis in upper
non-inoculated leaves. This chlorosis was more intense and covered larger parts of the
leaf blade in resistant plants inoculated with PPVD-H, while resistant plants inoculated
with PPVD developed necrotic spots. General fall of the leaves accompanied by growth
arrest and death of the apical part was observed at later times in these plants. The same
HR phenotype was observed in ‘Docera 6’ plants inoculated with PPVD-4H, but plants
inoculated with PPVD-3H or PPVD-NIaH displayed leaf curling and chlorosis similar to
PPVD-H-treated controls (Figure 3a). Western blot analysis confirmed the presence of
CP in symptomatic leaves (Figure 3b) and RT-PCR amplification of appropriate cDNA
fragments verified the corresponding viral sequences. These results discard the PCR4
region as relevant to avoiding HR and signal Nla with its three amino acid changes as
sufficient for developing standard PPV symptomatology.
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Figure 3. Testing of PPVD-3H, PPVD-NIaH and PPVD-4H in ‘Docera 6'-resistant plants. (a) Images
taken at 14 dpi from leaves showing different symptoms depending on the inoculated virus; Doc6, Ww

RbcL

and Hz correspond to ‘Docera 6’ (resistant) and ‘Weiwa’ and ‘Hz’ (susceptible) plants, respectively;
number following the type of plant indicates the number of the plant; small scheme of the viral
constructs is depicted: PPVD and PPVD-H sequences are shown in white and in blue, respectively;
white arrows mark the observed symptoms. (b) Anti-CP immunoblots of protein extracts from tissue
collected at 20 dpi from the upper non-inoculated leaves of the different plants; numbers on top of
each lane correspond to the number of the plant; negative control, marked with (—), corresponds
to a healthy ‘Docera 6’ plant; a Ponceau red-stained blot (RbcL) is shown below each membrane as
loading control.

2.4. All Three Amino Acid Changes Found in PPVD-H Nla Are Necessary to Escape the
Hypersensitive Response of Resistant Plum

Following identification of Nla as the region responsible for the HR evasion, we
intended to evaluate which of these amino acid changes were essential. We engineered
single mutants on a PPVD background (PPVD-VPgH, PPVD-NIalH and PPVD-NIa2H) and
a double mutant carrying the two mutations present in Nlapro (PPVD-NIa12H). We tested
these mutants on a different variety of ‘Jojo’-derived resistant plants, ‘Dospina 235', using
four plants for each construct. We also inoculated in each case two plants of susceptible
‘Weiwa’ to verify that HR was only elicited in the resistant plants. As control, we used in
this case PPVD, PPVD-H and PPVD-NIaH.

At 16 dpi, symptomatology in the case of PPVD-H- and PPVD-NIaH-inoculated
resistant plants was similar to before, with chlorosis and curling in the upper non-inoculated
leaves. HR in ‘Dospina 235’ plants inoculated with PPVD was a little different from ‘Docera
6’ and instead of necrotic spots, vein necrosis was observed followed by partial necrosis
of a large area in the leaf before falling. All single mutants tested behaved similarly to
PPVD, indicating that these amino acid changes alone were not enough to escape the HR
of the plant. PPVD-NIal2H-inoculated plants displayed a different phenotype early on,
somewhat intermediate between PPVD and PPVD-H, starting with curling of the leaves
and chlorosis but then turning into necrosis and death of the leaves (Figure 4a). “Weiwa’
control plants inoculated with the different constructs showed systemic infection with the
same mild symptomatology in all cases without any signs of HR. Additionally, we observed
the plants for longer time after viral inoculation and the phenotype at 134 dpi was quite
clear with plants inoculated with PPVD-H and PPVD-NIaH still alive and presenting some
leaves with symptoms and death of the rest of the plants (Figure 4b).
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Figure 4. Testing of single and double mutants of PPVD-NIaH in ‘Dospina 235'-resistant and ‘Weiwa'-
susceptible plants. (a) Images taken at 21 dpi from leaves showing different symptoms depending
on the inoculated virus; all images correspond to ‘Dospina 235 plants; the number following the
viral name indicates the number of the plant; small scheme of the viral constructs is depicted: PPVD
and PPVD-H sequences are shown in white and in blue, respectively; mutations in VPg, NIalH and
NIa2H are shown in purple, red and green, respectively; white arrows mark the observed symptom:s.
(b) Image of full plants taken at 134 dpi.

2.5. Cleavage between Vpg and Nlapro Is Modulated by the Amino Acid Changes Found in Nla

Proteolytic processing is a tightly regulated mechanism during viral infection [36],
involved in host adaptation [37], replication [38] and viral spread [18]. The potyviral
endopeptidase Nlapro from PPV recognizes a conserved sequence of seven amino acids,
[EQN]xVxH[QE]/[STGA], in which ‘x” is any amino acid, and cleavage occurs between
the P1’and P1 positions, indicated as ‘/’ [39]. Changes in any of the conserved positions
could have deep effects on cleavage and consequently, on infection. The three amino acid
changes between PPVD and the HR-escaping isolate PPVD-H found in Nla are depicted
schematically in red, green and purple in Figure 5a and marked with the same colors in
the model of PPVD Nla (NIaD) and PPVD-H Nla (NIaD-H) generated with alphafold
(Figure 5b) [40]. Amino acid changes in Nlapro (Figure 5a,b, marked in red and green) are
located at the C-terminal half of the protein and in the model can be seen in the outside
region, away from the catalytic triad (Figure 5b, marked in blue). On the other hand, the ‘G’
found in VPg of PPVD-H (Figure 5a,b, marked in purple) is located in the loop between
both proteins, as observed in the model, and specifically, in the P6 “position of the cleavage
site, altering the conserved amino acids [EQN]. This in silico observation suggested that
the proteolytic processing of Nla could have been modified. To verify this, we generated
different constructs for transient expression in Nicotiana benthamiana, pPGWB718-NIaD and
pGWB718-NlaDH, in which NIaD and NIaD-H, respectively, were fused at the N-terminal
part to a myc tag that would allow detection of the uncleaved myc-Nla protein and the
corresponding myc-VPg product by Western blot analysis. We used two independent clones
from each construct and inoculated three plants per clone. Plants were co-inoculated with
tombusviral RNA silencing suppressor P19. Samples were collected at 5 dpi. Immunoblot
analysis is shown in Figure 5¢, middle panel. Quantification of the percentage of cleaved
myc-VPg compared to the uncleaved product (Figure 5¢c, lower panel) revealed a significant
reduction in cleavage in NIaD-H compared to NIaD. This experiment was repeated a second
time, obtaining similar significant reduction. A construction using the single mutation
present in VPg was also tested, but unfortunately, expression levels were very low, and the
cleavage product was undetectable for quantification.
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Figure 5. Study of individual mutations in Nla. (a) Schematic representation of Nla; mutations
in PPVD-VPg, PPVD-NIalH and PPVD-NIa2H are shown in purple, red and green, respectively;
details on the sequence of the proteolytic cleavage site are shown in the case of the VPg change.
(b) Comparison of the model of NIaD (gray) and NlIaD-H (yellow) generated by Alphafold; amino
acid changes are marked as sticks following the colors in (a); amino acids of the catalytic triad are
shown as sticks and colored in blue. (c¢) Transient expression experiment of NIaD and NlaD-H;
scheme of the expressed constructs with the corresponding sizes of each product in KDa is shown
in the upper part; in the middle part, anti-myc immunoblot of protein extracts from tissue collected
at 5 dpi from the different plants; numbers on top of each lane correspond to the number of the
plant; C1 and C2 correspond to clonel and clone 2, respectively; negative control, marked with (—),
corresponds to a healthy N. benthamiana plant; estimated processed (in Roman text) and unprocessed
(in italics) products are marked on the right with solid and dotted arrows, respectively; molecular
weight markers are indicated (left; in KDa); a Ponceau red-stained blot (RbcL) is shown below each
membrane as loading control; the lower part shows the quantification of the processing ratio from
the immunoblot; the difference is statistically significant (p < 0.01) by Student s t-test (n = 6).

2.6. PPVD-H Outcompetes PPVD in Resistant Plants

Appearance of new viral isolates able to break established resistance is of great concern,
and it is important to assess the likelihood of the appearance of these variants and their
spread in nature, where competition with other viral species would take place. Answering
this question is complicated, but classical competition experiments could help to elucidate
the behavior of a newly identified isolate in a more complex scenario. We prepared
cartridges mixing PPVD and PPVD-H cDNA in a 1.1:1 ratio and inoculated three resistant
‘Dospina 235" and three susceptible ‘Weiwa’ plants. We observed symptomatology and
collected inoculated leaves at 11 dpi and upper leaves at 23 dpi. We performed RT-PCR from
this tissue and amplified a region spanning over part of VPg and Nlapro that presented
five nucleotide differences between the two viral isolates, including the one resulting in
the amino acid change found in VPg. Sequencing of the PCR products allowed us to
estimate the ratios of the different variants present in the samples. We also used one
of the cartridges as a template for PCR amplification and sequencing to verify how the
peaks of the electropherograms reflected the starting viral cDNA input ratios. Results are
summarized in Figure 6 and images of the actual electropherograms can be seen in Figure
S2. In the case of resistant “Dospina 235’ plants, symptoms in the doubly inoculated plants
resembled those caused by PPVD-H with chlorosis and curling of the leaves, although
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growth arrest could also be observed. Sequence analysis was in agreement with this
observation. PPVD-H was already imposing on PPVD in all three plants in the inoculated
leaves at 11 dpi. In the systemically infected tissue of these plants, collected at 23 dpi, no
picks corresponding to PPVD could be observed in any of the five variable positions. The
situation in susceptible “Weiwa” plants was different in terms of competition. In one of the
plants, plant 3, PPVD-H was the only virus observed in the inoculated or the systemically
infected tissue. In another plant, plant 1, PPVD and PPVD-H were present at the inoculated
level, but PPVD was absent from the systemically infected leaves. Plant 2, on the other
hand, showed greater presence of PPVD in both kinds of leaves. These results suggest that
PPVD-H, although more fitted than PPVD, is not a clear dominant species in a non-resistant
environment. This is supported by the result obtained with a plant inoculated with PPVD
and PPVD-H at a 2:1 ratio in which PPVD was the only viral species detected at 23 dpi.

‘Dospina 235’ ‘Weiwa’

\if‘” 6228 6248 6254 6277 6326 1&"’ 6228 6248 6254 6277 6326
§ (1.1:1) fveg Niapro § (1.1:1) ivpg H Niapro |
& o : I ) : & o I :
6 H I H H s H H H H

WEH 6 MG § G PUOH 6 AG G G
- INO 11dpi G A G G G - INO 11dpi G A G G G
- W 23dpi G AG G G 2l |os 23dpi G AG G
E INO 11dpi (:; A G G G E INO 11dpi ? A (-5 g G
2 svs o G AG @G G 2 svsoade G A
. INo11dpi G A G G G w  INO11dpi G AG G G
2 svsou G A G G G 2 svsoad G A G G G

Figure 6. Analysis of the competition experiment between PPVD and PPVD-H in resistant and
susceptible plants. Sequencing results with ‘Dospina 235'-resistant plants are shown on the left
and results with “Weiwa’-susceptible plants are shown on the right; nucleotides in the variable
positions are indicated in orange and blue for PPVD and PPVD-H, respectively; the result of the PCR
amplification using one of the cartridges as template is shown in the upper part; cartridges were
prepared following a PPVD:PPVD-H ratio of 1.1:1; three resistant and three susceptible plants were
inoculated; samples for RT-PCR analysis were collected at 11 dpi in the case of the inoculated leaves
and at 23 dpi in the case of upper systemic leaves.

3. Discussion

Plant viruses represent one of the largest threats to agriculture worldwide, enhanced
by international trade, population increase and climate change [41]. Control measurements
that rely on eradication of the infected material or extensive use of pesticides entail environ-
mental damage and economic losses. The use of resistant crops is an alternative strategy
that overcomes these limitations [42]. Breeding programs on European plum were suc-
cessfully implemented in the past three decades generating several PPV-resistant varieties
based on the hypersensitive Prunus domestica cv. ‘Jojo’. The appearance of a resistant-
breaking isolate poses a threat on the ongoing breeding programs and its characterization
is imperative to evaluating the standing risk. At the same time, it offers a great opportunity
to study the mechanism of the hypersensitive response to PPV in Prunus trees.

The strategy followed for the identification of the new isolate, PPVD-H, was classical
overlapping PCR amplification following unique restriction sites for further cloning of the
fragments into the PPVD backbone (Figure 1a). Sequencing of each fragment allowed us
to build the theoretical sequence of PPVD-H, and comparison with other PPVD isolates
showed the amino acids most likely to be responsible for the HR escaping phenotype
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(Figure 1b). This amplification method in different genome fragments led to the generation
of intermediate viral chimeras that were especially useful in further analyses (Figure 1c).
Biolistic inoculation of PPVD-H into resistant ‘Docera 6 plants had already revealed the
unique phenotype displayed by this isolate. Resistant plants infected by PPVD showed
necrotic lesions that spread over time, growth arrest, fall of the leaves and eventual death.
On the other hand, PPVD-H-infected plants presented classical PPV symptomatology
with chlorosis and curling of the leaves (Figure 2). Progression of infection in the plant
and resurgence of the virus after a vernalization cycle also reproduced PPV behavior in
this type of experiment with susceptible plants (Figure S1b). These results validated the
obtained viral sequence and gave us a chance to start characterization of this anomalous
response. Analyses of the different viral chimeras carrying fragments of PPVD-H over a
PPVD background showed that the three amino acid changes present in the Nla region were
sufficient to develop an HR escaping phenotype (Figures 2 and 3). Further experiments
with single and double mutants confirmed that all three variants were necessary to avoid
HR (Figure 4).

Details on how this defensive mechanism works were obtained by studying these
amino acid changes at the structural level. VPg change is located at the P6 “position of the
Nlapro cleavage site, an E to G variation that likely affects the proteolytic cleavage of the
viral endopeptidase (Figure 5a). This is supported by transient expression experiments
carried out in planta that showed reduced cleavage of NIaD-H compared to NIaD (Figure 5c).
On the other hand, in silico modeling of NIaD and NlIaD-H using Alphafold positioned
the changes on Nlapro in a region that appeared to be independent of this processing site
and not involved either with the catalytic triad (Figure 5b). Instead, changes were located
in a surface region in flexible loops that could be involved in protein—protein interaction,
as was described in the case of Tobacco etch virus Nla [43]. These seemingly separated
functions suggest a dual mechanism that could be complementary. On the one hand, amino
acid mutations in Nlapro could be changing the interaction network of this protein or the
uncleaved Nla with other viral products or with host factors involved in the response.
This, nonetheless, would not be sufficient for the virus to escape the HR, as shown by
the intermediate phenotype observed in the case of the virus carrying the Nlapro double
mutant (PPVD-NIal2H) (Figure 4). Further modulation on the presence of cleaved and
uncleaved products appears to be essential and that would be achieved by the additional
VPg change in the Nla processing region.

These analyses, however, raise another question: is there a role for the catalytic activity
of the protease in the HR beyond the proteolytic processing of Nla? This would imply
cleavage of host proteins by the viral endopeptidase and, although an example of this has
yet to be reported, a recent work suggests this could be the case [44]. The multiple reports
of processing of host proteins by the closely related 3C protease of picornaviruses also
support this idea [45]. In addition, there are other examples that follow this hypothesis,
such as the bacterial effector AvrPphB that activates the resistance response after cleavage
of PBS1 in Arabidopsis plants [46,47] or the homologous PVY Nlapro that was described
as the elicitor of the HR in Ry-mediated resistance in potato plants. In this second case,
the proteolytic activity was necessary but not sufficient to elicit the response [22,23]. In
the case of Prunus-resistant trees, the role of PPV Nlapro proteolytic activity in the escape
of the resistance beyond the processing of Nla is unknown, as it is also undetermined
whether the amino acid changes observed in the protease allowed for an active or a passive
escape of the HR by altering the interaction network with host proteins. The fact that
during viral competition the resistant ‘Dospina 235’ plants did not develop any kind of
HR could be indicative of an active mechanism being in place, but this lack of HR could
also be explained by the absence of PPVD observed in systemically infected leaves at
23 dpi (Figure 6). Transient expression experiments in ‘Dospina 235’ plants with NIaD and
NlaD-H and the corresponding catalytic mutants were unsuccessful and more tests are
required in order to clarify this issue.
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In terms of risk assessment of this new variant, the competition experiment revealed a
clear gain in fitness of PPVD-H over PPVD when they were both tested on resistant Prunus
genotypes. This superiority was not as apparent when susceptible plants were employed
since the presence of PPVD in systemic tissue at 23 dpi was clear in one of the plants
(Figure 6). This suggests that the introduced changes are more efficient in the resistant
background than in the susceptible environment, and this could be related to the HR escape
or to other specific host interactions. In fact, results obtained in resistant plants inoculated
with a PPVD-1H chimera (Figure 2), which presented faster development of symptoms
than plants inoculated with PPVD, suggest that mutations in P1, HCPro or P3 could be
involved in the enhanced adaptation of PPVD-H. The appearance of PPV isolates able to
break resistance, such as PPVD-H, is linked to the use of susceptible rootstocks that can
become infected by aphid inoculation, generating a large number of viruses that in turn
come into contact with the hypersensitive scion cultivar. The use of resistant rootstocks
such as ‘Docera 6’ or ‘Dospina 235’ is an important improvement in terms of viral control
as it reduces the possibility for selection of resistant-breaking isolates significantly. In
that respect, resistant scion cultivars must only be grafted onto resistant rootstocks. For
susceptible scion cultivars, susceptible rootstocks have to be used.

Studying PPVD-H allowed us to better understand the mechanism of resistance in
these plants. Our experiments indicate that Nla could be the pathogenicity determinant
in this case, as was found in other plant-virus pathosystems. They also showed that
proteolytic processing of Nla is likely involved in the response, altering the amounts
of cleaved and uncleaved products during viral infection. Further studies are needed
to elucidate the details of the hypersensitive response, to make it more efficient and to
implement its transfer to other susceptible species.

4. Materials and Methods
4.1. Cloning of PPVD-H and Its Variants

Tissue from P. cerasifera and P. domestica cv. ‘Jojo’-infected plants was smashed under
liquid nitrogen and used for total RNA extraction with a Plant Total RNA purification
mini kit for woody plants (Favorgen). cDNA was prepared using Superscript III following
manufacturer 's instructions (Thermo Fisher Scientific, Waltham, MA, USA). The actual
cloning of the different viral constructs is described in detail in File S2. Briefly, PCR amplifi-
cations corresponding to the different fragments were cloned into intermediate plasmids
using standard cut-and-paste ligations. From these plasmids, inserts were extracted us-
ing restriction enzymes and ligated into a plasmid carrying PPVD background, digested
with compatible enzymes. Viral constructs carrying different point mutations were ob-
tained by digestion and ligation of overlapping PCRs performed with primers carrying the
corresponding mutations.

4.2. Plasmids Used for Transient Expression and Agroinfiltration

Plasmids pGWB718-NlaD and pGWB718-NIaH were prepared using the Gateway
system. Initial PCR was performed for amplification of NIaD and NlaD-H using primers
1563 /1564, with templates PPVD and PPD-H, respectively. PCR fragments were recom-
bined by BP reaction with pDONR207 (Invitrogen). LR recombination of these plasmids
followed, using pGWB718 as destination vector [48]. Plasmid pBIN61:p19 was kindly
provided by David Baulcombe (University of Cambridge, UK). For agroinfiltration, N.
benthamiana plants were grown in a greenhouse with a 16 h light/8 h dark photoperiod
maintained at a temperature range of 19 to 23 °C. Plants with 4-5 leaves were infiltrated
as described [49], with A. tumefaciens strain C58C1-313 [50] carrying the indicated binary
plasmid and using an ODg of 0.5 for each construct. Two independent clones for each
construct were used to infiltrate three plants. Samples were collected at 5 dpa.
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4.3. Biolistic Inoculation and RT-PCR Analysis

Prunus plants were grown in a chamber with a 16 h light/8 h dark photoperiod
maintained at a temperature of 22 °C. The Helios Gene Gun system (Bio-Rad) was used
for biolistic inoculation. Microcarrier cartridges were prepared with 1.0 um gold particles
coated with the different plasmids at a DNA loading ratio of 2 ug/mg of gold and a
microcarrier loading of 0.5 mg per shot. Helium pressure was set at 10 bars. Each cartridge
was shot twice onto two different leaves of each plant. For RT-PCR analyses, samples were
collected at the indicated times and ground in a mortar under liquid nitrogen. Total RNA
was extracted with Plant Total RNA purification mini kit for woody plants (Favorgen), and
c¢DNA was prepared using Superscript III following manufacturer ‘s instructions (Thermo
Fisher Scientific). PCR amplifications were performed with primers listed in Table S1 of
File S2.

4.4. Western Blot Analysis

Plant tissue ground to fine powder under liquid nitrogen was used to prepare protein
extracts by homogenization in extraction buffer (125 mM Tris-HCI, 2% SDS, 6 M urea, 5%
[3-mercaptoethanol, 10% glycerol, 0.05% bromophenol blue, pH 7.5) using 4 mL/g of tissue.
Proteins were resolved by electrophoresis on sodium dodecyl sulphate polyacrylamide
gels (12% acrylamide) and electroblotted onto nitrocellulose membranes. Anti-PPV CP
serum and horseradish-peroxidase-conjugated goat anti-rabbit IgG (Jackson) were used
as primary and secondary antibody, respectively, for protein detection. Inmunostained
proteins were visualized by enhanced chemiluminescence detection with Clarity Western
ECL Substrate (BioRad, Hercules, CA, USA).

4.5. In Silico Study of PPV-D Alignment and Nla Structure

Eighty-four amino acid sequences from different PPV-D isolates were collected from
the SharCo database and used for alignment using ClustalW in Megalign (DNA Star). NIaD
and NIaD-H models were obtained using AlphaFold Colab [40].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants12081609/s1, File S1: PPV alignment; Figure S1: In depth
analysis of the infection pattern of PPVD, PPVD-1H and PPVD-H before and after vernalization;
Figure S2: Eletropherograms corresponding to RT-PCR amplification and sequencing of samples
from the competition experiment between PPVD and PPVD-H; File S2: Materials and Methods.

Author Contributions: Conceptualization, B.R., M.N. and J.A.G.; methodology, J].H., Z.B., B.G. and
B.R.; software, B.R,; validation, J.H., Z.B. and B.G.; formal analysis, B.R. and J.A.G.; investigation,
B.R, J.H, Z.B., B.G,, M.N. and J.A.G.; writing—original draft preparation, B.R., M.N. and J.A.G.;
writing—review and editing, B.R,, J.H., Z.B., B.G., M.N. and ]J.A.G.; supervision, B.R., M.N. and ].A.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministerio de Ciencia e Innovacion, PID2019-109380RBI00/
AEI/10.13039/501100011033.

Conflicts of Interest: The authors declare no conflict of interest.

1. Cirilli, M.; Geuna, F,; Babini, A.R.; Bozhkova, V.; Catalano, L.; Cavagna, B.; Dallot, S.; Decroocq, V.; Dondini, L.; Foschi, S.; et al.
Fighting sharka in peach: Current limitations and future perspectives. Front. Plant Sci. 2016, 7, 1290. [CrossRef] [PubMed]

2. Clemente-Moreno, M.].; Hernandez, J.A.; Diaz-Vivancos, P. Sharka: How do plants respond to Plum pox virus infection? J. Exp.
Bot. 2015, 66, 25-35. [CrossRef] [PubMed]

3. Subr, Z.; Glasa, M. Unfolding the secrets of plum pox virus: From epidemiology to genomics. Acta Virol. 2013, 57, 217-228.

[CrossRef]

4.  Garcia, J.A; Glasa, M.; Cambra, M.; Candresse, T. Plum pox virus and sharka: A model potyvirus and a major disease. Mol. Plant
Pathol. 2014, 15, 226-241. [CrossRef]
5. Atanasoff. Plum pox. A new virus disease. Yearb. Univ. Sofia Fac. Agric. 1932, 11, 49-69.


https://www.mdpi.com/article/10.3390/plants12081609/s1
https://www.mdpi.com/article/10.3390/plants12081609/s1
https://doi.org/10.3389/fpls.2016.01290
https://www.ncbi.nlm.nih.gov/pubmed/27625664
https://doi.org/10.1093/jxb/eru428
https://www.ncbi.nlm.nih.gov/pubmed/25336685
https://doi.org/10.4149/av_2013_02_217
https://doi.org/10.1111/mpp.12083

Plants 2023, 12, 1609 13 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

Cambra, M.; Capote, N.; Myrta, A.; Llacer, G. Plum pox virus and the estimated costs associated with sharka disease. EPPO Bull.
2006, 36, 202-204. [CrossRef]

Milosevic, T.; Milosevic, N.; Mladenovic, J.; Jevremovic, D. Impact of Sharka disease on tree growth, productivity and fruit quality
of apricot (Prunus armeniaca L.). Sci. Hortic. 2019, 244, 270-276. [CrossRef]

Rodamilans, B.; Valli, A.; Garcia, J.A. Molecular Plant-Plum Pox Virus Interactions. Mol. Plant-Microbe Interact. 2020, 33, 6-17.
[CrossRef]

Valli, A.; Garcia, ].A.; Lépez-Moya, ].J. Potyviruses (Potyviridae); Academic Press: Oxford, UK, 2021; Volume 3.

Chung, B.Y.; Miller, W.A.; Atkins, J.F,; Firth, A.E. An overlapping essential gene in the Potyviridae. Proc. Natl. Acad. Sci. USA 2008,
105, 5897-5902. [CrossRef]

Hagiwara-Komoda, Y.; Choi, S.H.; Sato, M.; Atsumi, G.; Abe, J.; Fukuda, J.; Honjo, M.N.; Nagano, A.].; Komoda, K.; Nakahara,
K.S; et al. Truncated yet functional viral protein produced via RNA polymerase slippage implies underestimated coding capacity
of RNA viruses. Sci. Rep. 2016, 6, 21411. [CrossRef]

Olspert, A.; Chung, B.Y.; Atkins, ].F; Carr, ].P; Firth, A.E. Transcriptional slippage in the positive-sense RNA virus family
Potyviridae. EMBO Rep. 2015, 16, 995-1004. [CrossRef] [PubMed]

Rodamilans, B.; Valli, A.; Mingot, A.; San Leon, D.; Baulcombe, D.; Lopez-Moya, ] .J.; Garcia, ].A. RNA polymerase slippage as a
mechanism for the production of frameshift gene products in plant viruses of the Potyviridae family. J. Virol. 2015, 89, 6965-6967.
[CrossRef]

Rodamilans, B.; Shan, H.; Pasin, F; Garcia, J.A. Plant Viral Proteases: Beyond the Role of Peptide Cutters. Front. Plant Sci. 2018, 9,
666. [CrossRef] [PubMed]

Rodamilans, B.; Valli, A.; Garcia, J.A. Mechanistic divergence between P1 proteases of the family Potyviridae. ]. Gen. Virol. 2013,
94, 1407-1414. [CrossRef] [PubMed]

Valli, A.A.; Gallo, A.; Rodamilans, B.; Lépez-Moya, J.J.; Garcia, J.A. The HCPro from the Potyviridae family: An enviable
multitasking Helper Component that every virus would like to have. Mol. Plant Pathol. 2018, 19, 744-763. [CrossRef] [PubMed]
Pasin, F,; Daros, J.A.; Tzanetakis, L.E. Proteome expansion in the Potyviridae evolutionary radiation. FEMS Microbiol. Rev. 2022,
46, fuac011. [CrossRef]

Riechmann, J.L.; Cervera, M.T.; Garcia, J.A. Processing of the plum pox virus polyprotein at the P3-6K1 junction is not required
for virus viability. J. Gen. Virol. 1995, 76 Pt 4, 951-956. [CrossRef]

Calvo, M.; Malinowski, T.; Garcia, ].A. Single amino acid changes in the 6K1-CI region can promote the alternative adaptation
of Prunus- and Nicotiana-propagated Plum pox virus C isolates to either host. Mol. Plant Microbe Interact. 2014, 27, 136-149.
[CrossRef]

Gong, Y.N.; Tang, R.Q.; Zhang, Y.; Peng, J.; Xian, O.; Zhang, Z.H.; Zhang, S.B.; Zhang, D.Y.; Liu, H.; Luo, X.W.,; et al. The
NIa-Protease Protein Encoded by the Pepper Mottle Virus Is a Pathogenicity Determinant and Releases DNA Methylation of
Nicotiana benthamiana. Front. Microbiol. 2020, 11, 102. [CrossRef]

Faurez, F; Baldwin, T.; Tribodet, M.; Jacquot, E. Identification of new Potato virus Y (PVY) molecular determinants for the
induction of vein necrosis in tobacco. Mol. Plant Pathol. 2012, 13, 948-959. [CrossRef]

Mestre, P.; Brigneti, G.; Baulcombe, D.C. An Ry-mediated resistance response in potato requires the intact active site of the Nla
proteinase from potato virus Y. Plant J. 2000, 23, 653-661. [CrossRef] [PubMed]

Mestre, P; Brigneti, G.; Durrant, M.C.; Baulcombe, D.C. Potato virus Y Nla protease activity is not sufficient for elicitation of
Ry-mediated disease resistance in potato. Plant J. 2003, 36, 755-761. [CrossRef] [PubMed]

Cambra, M.; Vidal, E. Sharka, a vector-borne disease caused by Plum pox virus: Vector species, transmission mechanism,
epidemiology and mitigation strategies to reduce its natural spread. Acta Hortic. 2017, 1163, 57—68. [CrossRef]

Gildow, F.,; Damsteegt, V.; Stone, A.; Schneider, W.; Luster, D.; Levy, L. Plum pox in north america: Identification of aphid vectors
and a potential role for fruit in virus spread. Phytopathology 2004, 94, 868-874. [CrossRef]

Labonne, G.; Ybon, M.; Quiot, J.B.; Avinert, L.; Llacer, G. Aphids as potential vectors of Plum pox virus: Comparison of methods of
testing and epidemiological consequences. Acta Hortic. 1995, 386, 207-218. [CrossRef]

Sihelska, N.; Glasa, M.; Subr, W. Host preference of the major strains of Plum pox virus—Opinions based on regional and
world-wide sequence data. |. Integr. Agric. 2017, 16, 510-515. [CrossRef]

Llacer, G.; Cambra, M. Hosts and symptoms of Plum pox virus: Fruiting Prunus species. EPPO Bull. 2006, 36, 219-221. [CrossRef]
Lichtenegger, L.; Neumtdiller, M.; Treutter, D.; Hartmann, W. The inheritance of the hypersensitivity resistance of European plum
(Prunus domestica L.) against the Plum pox virus. Julius-Kiihn-Arch. 2010, 427, 327-329.

Neumiiller, M.; Hartmann, W. The phenotypically quantitative nature of hypersensitivity of European plum (Prunus domestica L.)
against the Plum pox virus and its description using the hypersensitivity index. Hortic. Sci. 2008, 35, 50-64. [CrossRef]
Neumdiller, M.; Hartmann, W.; Petruschke, M.; Treutter, D. The hypersensitivity resistance of european plum to the Plum pox virus
and its potential impact on the epidemiology of the virus. Julius-Kuhn-Arch. 2010, 427, 147-150.

Neumtiller, M.; Hartmann, W.; Stosser, R. The hypersensitivity of European plum against Plum pox virus (PPV) as a promising
mechanism of resistance. Phytopathol. Pol. 2005, 36, 77-83.

Rodamilans, B.; San Ledn, D.; Miihlberger, L.; Candresse, T.; Neumtdiller, M.; Oliveros, ].C.; Garcia, J.A. Transcriptomic analysis
of Prunus domestica undergoing hypersensitive response to Plum pox virus infection. PLoS ONE 2014, 9, e100477. [CrossRef]
[PubMed]


https://doi.org/10.1111/j.1365-2338.2006.01027.x
https://doi.org/10.1016/j.scienta.2018.09.055
https://doi.org/10.1094/MPMI-07-19-0189-FI
https://doi.org/10.1073/pnas.0800468105
https://doi.org/10.1038/srep21411
https://doi.org/10.15252/embr.201540509
https://www.ncbi.nlm.nih.gov/pubmed/26113364
https://doi.org/10.1128/JVI.00337-15
https://doi.org/10.3389/fpls.2018.00666
https://www.ncbi.nlm.nih.gov/pubmed/29868107
https://doi.org/10.1099/vir.0.050781-0
https://www.ncbi.nlm.nih.gov/pubmed/23388200
https://doi.org/10.1111/mpp.12553
https://www.ncbi.nlm.nih.gov/pubmed/28371183
https://doi.org/10.1093/femsre/fuac011
https://doi.org/10.1099/0022-1317-76-4-951
https://doi.org/10.1094/MPMI-08-13-0242-R
https://doi.org/10.3389/fmicb.2020.00102
https://doi.org/10.1111/j.1364-3703.2012.00803.x
https://doi.org/10.1046/j.1365-313x.2000.00834.x
https://www.ncbi.nlm.nih.gov/pubmed/10972891
https://doi.org/10.1046/j.1365-313X.2003.01917.x
https://www.ncbi.nlm.nih.gov/pubmed/14675441
https://doi.org/10.17660/ActaHortic.2017.1163.10
https://doi.org/10.1094/PHYTO.2004.94.8.868
https://doi.org/10.17660/ActaHortic.1995.386.27
https://doi.org/10.1016/S2095-3119(16)61356-4
https://doi.org/10.1111/j.1365-2338.2006.00975.x
https://doi.org/10.17221/639-HORTSCI
https://doi.org/10.1371/journal.pone.0100477
https://www.ncbi.nlm.nih.gov/pubmed/24959894

Plants 2023, 12, 1609 14 of 14

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

Fernandez-Fernandez, M.R.; Mourifio, M.; Rivera, J.; Rodriguez, F; Plana-Duran, J.; Garcia, J.A. Protection of rabbits against
rabbit hemorrhagic disease virus by immunization with the VP60 protein expressed in plants with a potyvirus-based vector.
Virology 2001, 280, 283-291. [CrossRef] [PubMed]

Plum Pox Virus Database. Sharco: Sharka Containment in View of Eu Expansion. Available online: http://w3.pierroton.inra.fr:
806h (accessed on 27 June 2014).

Mann, K.S.; Sanfagon, H. Expanding Repertoire of Plant Positive-Strand RNA Virus Proteases. Viruses 2019, 11, 66. [CrossRef]
[PubMed]

Shan, H.; Pasin, F; Tzanetakis, I.E.; Simén-Mateo, C.; Garcia, J.A.; Rodamilans, B. Truncation of a P1 leader proteinase facilitates
potyvirus replication in a non-permissive host. Mol. Plant Pathol. 2018, 19, 1504-1510. [CrossRef]

Pasin, F; Simén-Mateo, C.; Garcia, J.A. The hypervariable amino-terminus of P1 protease modulates potyviral replication and
host defense responses. PLoS Pathog. 2014, 10, e1003985. [CrossRef]

Garcia, J.A.; Martin, M.T.; Cervera, M.T.; Riechmann, J.L. Proteolytic processing of the plum pox potyvirus polyprotein by the NIa
protease at a novel cleavage site. Virology 1992, 188, 697-703. [CrossRef]

Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A.; Potapenko,
A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef]

Jones, R.A.C.; Naidu, R.A. Global Dimensions of Plant Virus Diseases: Current Status and Future Perspectives. Annu. Rev. Virol.
2019, 6, 387-409. [CrossRef]

Revers, F.; Nicaise, V. Plant resistance to infection by viruses. eLS 2014, 1-10. [CrossRef]

Phan, J.; Zdanov, A.; Evdokimov, A.G.; Tropea, J.E.; Peters, HK., 3rd; Kapust, R.B.; Li, M.; Wlodawer, A.; Waugh, D.S. Structural
basis for the substrate specificity of tobacco etch virus protease. J. Biol. Chem. 2002, 277, 50564-50572. [CrossRef]

Xiao, H.; Lord, E.; Sanfacon, H. Proteolytic processing of plant proteins by potyvirus Nla proteases. J. Virol. 2022, 96, e0144421.
[CrossRef]

Jagdeo, ].M.; Dufour, A ; Klein, T.; Solis, N.; Kleifeld, O.; Kizhakkedathu, J.; Luo, H.; Overall, C.M.; Jan, E. N-Terminomics TAILS
Identifies Host Cell Substrates of Poliovirus and Coxsackievirus B3 3C Proteinases That Modulate Virus Infection. J. Virol. 2018,
92, e02211-17. [CrossRef] [PubMed]

Ade, J.; DeYoung, B.J.; Golstein, C.; Innes, R.W. Indirect activation of a plant nucleotide binding site-leucine-rich repeat protein by
a bacterial protease. Proc. Natl. Acad. Sci. USA 2007, 104, 2531-2536. [CrossRef] [PubMed]

Shao, F.; Golstein, C.; Ade, J.; Stoutemyer, M.; Dixon, J.E.; Innes, R.W. Cleavage of Arabidopsis PBS1 by a bacterial type III effector.
Science 2003, 301, 1230-1233. [CrossRef] [PubMed]

Tanaka, Y.; Nakamura, S.; Kawamukai, M.; Koizumi, N.; Nakagawa, T. Development of a series of gateway binary vectors
possessing a tunicamycin resistance gene as a marker for the transformation of Arabidopsis thaliana. Biosci. Biotechnol. Biochem.
2011, 75, 804-807. [CrossRef]

Valli, A.; Martin-Hernandez, A.M.; Lépez-Moya, J.J.; Garcia, ].A. RNA silencing suppression by a second copy of the P1 serine
protease of Cucumber vein yellowing ipomovirus, a member of the family Potyviridae that lacks the cysteine protease HCPro. J. Virol.
2006, 80, 10055-10063. [CrossRef]

Pasin, F; Bedoya, L.C.; Bernabé-Orts, ].M.; Gallo, A.; Simén-Mateo, C.; Orzaez, D.; Garcia, ].A. Multiple T-DNA Delivery to Plants
Using Novel Mini Binary Vectors with Compatible Replication Origins. ACS Synth. Biol. 2017, 6, 1962-1968. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1006/viro.2000.0762
https://www.ncbi.nlm.nih.gov/pubmed/11162842
http://w3.pierroton.inra.fr:806h
http://w3.pierroton.inra.fr:806h
https://doi.org/10.3390/v11010066
https://www.ncbi.nlm.nih.gov/pubmed/30650571
https://doi.org/10.1111/mpp.12640
https://doi.org/10.1371/journal.ppat.1003985
https://doi.org/10.1016/0042-6822(92)90524-S
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1146/annurev-virology-092818-015606
https://doi.org/10.1002/9780470015902.a0000757.pub3
https://doi.org/10.1074/jbc.M207224200
https://doi.org/10.1128/JVI.01444-21
https://doi.org/10.1128/JVI.02211-17
https://www.ncbi.nlm.nih.gov/pubmed/29437971
https://doi.org/10.1073/pnas.0608779104
https://www.ncbi.nlm.nih.gov/pubmed/17277084
https://doi.org/10.1126/science.1085671
https://www.ncbi.nlm.nih.gov/pubmed/12947197
https://doi.org/10.1271/bbb.110063
https://doi.org/10.1128/JVI.00985-06
https://doi.org/10.1021/acssynbio.6b00354
https://www.ncbi.nlm.nih.gov/pubmed/28657330

	Introduction 
	Results 
	Genome Sequence Analysis of the HR-Escaping PPV Isolate 
	PPVD-H Escapes the Hypersensitive Response of Resistant Plum Causing Typical  PPV Symptomatology 
	The NIa Region of PPVD-H Is Sufficient to Avoid the Hypersensitive Response of Resistant Plum 
	All Three Amino Acid Changes Found in PPVD-H NIa Are Necessary to Escape the Hypersensitive Response of Resistant Plum 
	Cleavage between Vpg and NIapro Is Modulated by the Amino Acid Changes Found in NIa 
	PPVD-H Outcompetes PPVD in Resistant Plants 

	Discussion 
	Materials and Methods 
	Cloning of PPVD-H and Its Variants 
	Plasmids Used for Transient Expression and Agroinfiltration 
	Biolistic Inoculation and RT-PCR Analysis 
	Western Blot Analysis 
	In Silico Study of PPV-D Alignment and NIa Structure 

	References

