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SUMMARY

Differences in gene expression were studied after Plum pox virus
(PPV, sharka disease) infection in peach GF305 leaves with and
without sharka symptoms using RNA-Seq. For each sample, more
than 80% of 100-nucleotide paired-end (PE) lllumina reads were
aligned on the peach reference genome. In the symptomatic
sample, a significant proportion of reads were mapped to PPV
reference genomes (1.04% compared with 0.00002% in non-
symptomatic leaves), allowing for the ultra-deep assembly of the
complete genome of the PPV isolate used (9775 nucleotides,
missing only 11 nucleotides at the 5' genome end). In addition,
significant alternative splicing events were detected in 359
genes and 12 990 single nucleotide polymorphisms (SNPs) were
identified, 425 of which could be annotated. Gene ontology
annotation revealed that the high-ranking mRNA target genes
associated with the expression of sharka symptoms are mainly
related to the response to biotic stimuli, to lipid and carbohy-
drate metabolism and to the negative regulation of catalytic
activity. A greater number of differentially expressed genes were
observed in the early asymptomatic phase of PPV infection in
comparison with the symptomatic phase. These early infection
events were associated with the induction of genes related to
pathogen resistance, such as jasmonic acid, chitinases, cytokinin
glucosyl transferases and Lys-M proteins. Once the virus had
accumulated, the overexpression of Dicer protein 2a genes sug-
gested a gene silencing plant response that was suppressed
by the virus HCPro and P1 proteins. These results illustrate
the dynamic nature of the peach—PPV interaction at the
transcriptome level and confirm that sharka symptom expression
is a complex process that can be understood on the basis of
changes in plant gene expression.
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INTRODUCTION

Sharka disease is one of the most destructive diseases amongst
stone fruits (Prunus) worldwide. It is caused by Plum pox virus
(PPV), a member of the Potyvirus genus in the Potyviridae family,
which encompasses a group of plant viruses with a significant
impact on agronomy and economics (Scholthof et al., 2011). The
estimated costs associated with the disease in Prunus spp.
around the world over a period of 30 years (1975-2005) exceed
10 000 million euros (Cambra et al., 2006). This economic impact
explains why PPV is amongst the most studied potyviruses,
despite the technical constraints imposed by the woody nature
of its natural hosts (Garcia et al., 2014; Scholthof et al., 2011).
Within Prunus, peach [P. persica (L.) Batsch] is the most impor-
tant crop, with a production of 21.08 million tons in 2012 (http:/
faostat.fao.org/). This species is characterized by its susceptibility
to PPV (Van Oosten, 1975), and no source of resistance has been
reported so far to the different PPV isolates assayed (Garcia
etal., 2014; Rubio et al., 2012). In addition, many studies have
demonstrated the irregular distribution of sharka symptoms
in Prunus species, including peach (Albrechtova, 1986;
Martinez-Gémez and Dicenta, 2001). Host PPV symptoms vary
by type and severity, depending on the strain of the virus, the
timing of infection, the cultivar and environmental factors
(Garcia et al., 2014).

Genetic and physiological plasticity is a prerequisite for life in
a changing environment and requires elaborate regulatory
mechanisms to simultaneously alter the expression of groups of
genes (Maleck et al., 2000). Transcriptome analysis is therefore
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essential for the interpretation of the functional elements of the
genome and for understanding the cell, organisms and disease
development. Host gene expression analyses in the context of
PPV infection have been performed in Prunus and in model
species, such as Arabidopsis thaliana L. and Nicotiana
benthamiana (Domin.). Studies were first performed on peach
and apricot (P. armeniaca L.) using expressed sequence tag (EST)
sequencing (Wang et al., 2005) and cDNA-amplified fragment
length  polymorphism (cDNA-AFLP) (Schurdi-Levraud et al.,
2006), respectively. These studies described global changes in
gene expression in the inoculated leaves, identifying dozens of
differentially expressed genes (DEGs). Differences in gene
expression have also been characterized using microarray tech-
nology in herbaceous Nicotiana (Dardick, 2007) and Arabidopsis
(Babu et al., 2008) hosts, resulting in the identification of hun-
dreds of genes affected by PPV infection in leaves and sharka
symptom development.

High-throughput gene expression analysis using massive RNA
(cDNA) sequencing (RNA-Seq) represents, to date, the most pow-
erful tool for the characterization of transcriptomes in compari-
son with EST sequencing, cDNA-AFLP or microarray analysis
(Martinez-Gomez et al., 2011; Wang etal., 2009). This new
RNA-Seq technology has been used to study plant—pathogen
interactions in the case of fungi (Bagnaresi etal., 2012;
Barakat et al., 2012; Fernandez et al., 2012; Gao etal., 2013;
Kunjeti etal., 2012; Li etal., 2012), viruses (Lu etal., 2012;
Zhang et al., 2012) and bacteria (Socquet-Juglard et al., 2013). It
could be very useful for the clarification of gene expression
changes in the PPV—Prunus interaction. In Prunus species, RNA-
Seq has been applied in peach to facilitate the identification and
isolation of genes controlling horticultural traits (Chen etal.,
2014; Wang et al., 2013) and of genes affected by Xanthomonas
arboricola infection (Socquet-Juglard et al., 2013). The technol-
ogy has also been used to analyse expression profiles of sea-
sonal bud dormancy in Japanese apricot (P. mume Sieb. et
Zucc.) (Zhong et al., 2013) and fruit development in sweet cherry
(Alkio et al., 2014). Peach presents several agronomical and
molecular advantages, such as self-compatibility, a short juvenile
phase and a small genome size (224.6 Mb), which makes it suit-
able as a model species within the Prunus genus and the
Rosaceae family. Furthermore, a high-quality draft genome has
recently been published (http://www.rosaceae.org), which is now
the reference genome for RNA-Seq studies in Prunus (Verde
etal., 2013).

In the present study, high-throughput Illumina sequencing
was used to perform gene expression analysis (RNA-Seq) during
PPV infection in the GF305 peach indicator. Together with con-
firmatory quantitative polymerase chain reaction (qPCR) experi-
ments, the results obtained provide a global picture of the peach
leaf transcriptome after PPV infection and sharka symptom
development.
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RESULTS AND DISCUSSION

RNA-Seq transcriptome profiles from peach samples

GF305 peach buds were grafted onto PPV-inoculated GF305 seed-
lings used as rootstocks. Both grafted clonal GF305 and GF305
seedling rootstocks were analysed for PPV infection using
enzyme-linked immunosorbent assay (ELISA) and reverse
transcription-polymerase chain reaction (RT-PCR). Total RNA was
extracted from the leaves of symptomless but infected (ELISA- and
RT-PCR-positive) peach trees (INS), symptomatic and infected
(ELISA- and RT-PCR-positive) peach trees (IWS) and control non-
infected (ELISA- and RT-PCR-negative) peach trees (NI). The total
RNA obtained was subjected to RNA Illumina sequencing (Fig. 1).
The RNA samples were fragmented and ligated with adaptors
prior to cDNA synthesis and PCR amplification. Totals of 122,
127.5 and 131.9 million 100-bp paired-end reads were generated
from INS, IWS and NI, respectively (Table 1).

Raw reads were trimmed by removing adaptor sequences,
empty reads and low-quality sequences. As a result, 272.11 million
high-quality reads (71.4%), designated as clean reads, were gen-
erated for the three treatments. Of the clean reads, 97.6% (265.57
million) were paired-end reads and 2.4% (6.53 million) were
single-end reads. By iterative alignment, an average of 83.8% of
the clean reads were successfully mapped to the v1.0 peach
reference genome, whereas 16.2% of the clean reads did not map
onto any of the eight mega-scaffolds of the peach genome. Of the
unmapped reads mapping to the PPV genome, 147 (0.00002% of
the total reads for the sample) were obtained for the INS samples
and 946 121 (1.04% of the total reads) for the IWS samples.

Percentages of unmapped reads of between 5% and 40% are
typically obtained during high-throughput RNA sequencing or
DNA re-sequencing projects (Cao et al., 2011; Wang et al., 2013).
It is assumed that these unmapped reads could contain novel
splice junctions and sequences belonging to other sources of
contamination (Philippe et al., 2013). The percentages obtained in
the present work are similar to the 11% of unmapped reads
recently reported after the exploration of the peach transcriptome
performed by Wang et al. (2013). Our results confirm that the
irregular distribution of sharka symptoms described in natural PPV
host plants, particularly in Prunus species, including peach
(Albrechtova, 1986; Martinez-Gomez and Dicenta, 2001), is asso-
ciated with differences in virus concentration, evaluated by RNA-
Seq as the frequency of PPV reads in the symptomatic sample,
which is orders of magnitude higher than that in asymptomatic
infected leaves.

RNA-seq reads from the three different samples (NI, INS, IWS)
mapped to the peach genome resulted in the identification of a
total of 54 016 protein-coding transcripts, 43 752 of which were
multi-exon transcripts (Table 2). These 54 016 transcripts were
generated from 31 716 loci, with a total of 3864 additional genes,
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Rootstock Bud
GF305 Seedling Clonal GF305
NI leaf ’

No sharka symptoms

PPV ELISA Negative
PPV RT-PCR Negative

Healthy Plant
Bud
Rootstock Clonal GF305
GF305 Seedling
IWS leaf
Sharka symptoms
PPV ELISA Positive
PPV RT-PCR Positive
INS leaf
9
Inoculum

No sharka symptoms

PPV ELISA Positive
Infected Plant PPV RT-PCR Positive

Fig. 1 Schematic representation of the plant
models tested for resistance to Plum pox virus
(PPV) and RNA-Seq. Healthy Plant: GF305
clonal peach grafted onto healthy peach
GF305 rootstock seedlings. Detail of
non-inoculated leaf (NI) and reverse
transcription-polymerase chain reaction
(RT-PCR). Infected Plant: GF305 clonal peach
grafted onto infected peach GF305 rootstock
seedlings. Details of infected leaf with
symptoms (IWS) and symptomless leaf (INS)
and RT-PCR.

Table 1 Mapping characteristics of the GF305 peach and Plum pox virus (PPV) reads to the reference genomes in the three samples assayed: non-infected (control)
peach leaves (NI); PPV-infected leaves without sharka symptoms (asymptomatic) (INS); and PPV-infected leaves with sharka symptoms (symptomatic) (IWS).

Reads mapped Reads mapped

Sample Raw reads Clean reads P. persicav 1.0 PPV genomes

NI 131945 461 95805 431 (72%) 81173 368 (85.0%) 0(0.0%)

INS 122016 326 85 138 600 (69.6%) 71173 787 (83.6%) 147 (0.00002%)
IWS 127 541 851 91 166 685 (71.6%) 76 522 953 (84.0%) 946 121 (1.04%)
Total 381503 638 272110716 (71.4%) 228 870 108 (83.8%) 946 268 (0.34%)

compared with the 27 852 genes predicted for the peach reference
genome (Verde et al., 2013). These results are in keeping with
those of Wang et al. (2013), who reported a total of 2140 new
genes not included in the peach reference gene set following an
RNA-seq analysis.

In total, the present RNA-seq analysis revealed 20 048 novel
exons (10.5%), 11662 novel introns (8.7%) and 4755 new

loci (15%), in comparison with the peach reference genome
(Table 2).

The large number of PPV reads in the symptomatically infected
sample made it possible to assemble the complete genome of the
PPV isolate used, with a length of 9786 nucleotides and missing
only 11 nucleotides at the extreme 5' genome end. The complete
genome sequence of the PPV 3.30 RB/GF-IVIA isolate thus
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Table 2 Elements found in the GF305 peach transcriptome samples assayed

by RNA-Seq.

Reference
Transcriptome elements Experiment peach mRNA peach mRNA
Total transcripts 54016 28 689
Multi-exon transcripts 43752 23410
Total loci 31716 27 852
Multi-transcript loci 11012 26 552
Transcripts per locus 1.70 1.03

Novel/total exons (%)
Novel/total introns (%)
Novel/total loci (%)
Novel/total isoforms (%)

20 048/191 174
11 662/134 800
4755/31716
16 704/54 016

10.5%)
8.7%)

15.0%)
31.0%)

reconstructed has been deposited in the GenBank database under
accession number KJ849228. The mapping of reads on the PPV
genome assembly provided limited evidence for sequence hetero-
geneity and confirmed the presence of a single PPV isolate. A
single high-frequency polymorphism was detected at genome
position 2995, and both G (57%) and A (43%) were observed.
Comparison with the 990 nucleotide fragments deposited in
GenBank for the 3.30 RB/GF-IVIA original isolate and its variants
(accession numbers AF172346-50) showed a similarity of 99.7%,
with only three to four mutations. Considering the complete
genomic sequence, the highest level of identity was observed with
typical PPV-D isolates and, in particular, with the complete PPV-
Oul and PPV-Ou6 sequences, with 99.1% nucleotide identity
(PPV-Ou1, AB545926) and 99.5% amino acid identity in the
encoded protein (PPV-Ou6, AB576062). These results confirm the
suitability of high-throughput RNA sequencing for the determina-
tion of the complete genome sequences of PPV isolates (Sheveleva
etal., 2013) and the slow accumulation of mutations in the PPV
genome during long-time maintenance and the passage of PPV in
Prunus host plants (Predajia et al., 2012; Vozarova et al., 2013).

Identification of new single nucleotide polymorphisms
(SNPs), INDELs and alternative splicing (AS) variants

RNA-Seq clean reads from the three treatments were used for SNP
and INDEL identification in transcribed regions employing the
peach genome as a reference. A total of 13 679 variations was
identified, 12 990 of which were SNPs (95%) and 689 of which
were INDELs (5%). Of these identified SNPs, 425 could be anno-
tated to the reference SNP database [see Table S1 (Supporting
Information), which also contains detailed information concerning
the scaffold and the position in which the SNP variant is found
(reference/variant), the quality score of the variant, the total
number of reads covering the variant and, finally, the estimated
variant allele frequency]. Table S1 also contains detailed informa-
tion regarding the SNPs that were identified and not annotated.
The SNP density was one SNP per 4.15 kb (0.24 SNPs/kb). The
highest density of SNPs was founded at scaffold 1, with 2946
SNPs, followed by scaffolds 4 and 6, with 2669 and 1833 SNPs,

Gene expression analysis of PPV—peach interaction 167

respectively. Of all the SNPs identified, 58.5% were transitions and
41.5% were transversions. The transitions A/G and T/C were the
two most abundant SNPs, accounting for 15.5% and 15.1%,
respectively, of all SNPs.

SNPs can occur in both coding and non-coding regions of genes
and may have functional consequences in terms of gene transcrip-
tion or gene function. These functional consequences are the bio-
logical cause of the association of SNPs with different agronomic
traits in plants. Our data agree with results described by Wang
etal. (2013), who also analysed different peach genotypes by
RNA-Seq. These authors identified 9587 different, mainly
unannotated, SNPs. In addition, Koepke et al. (2012) identified
2243 SNPs in cherry with RNA-Seq. Verde et al. (2012), however,
described an overall density of 4.4 SNPs/kb using whole genome
sequencing (WGS) on 56 peach genotypes. The frequency of SNPs
in genomic DNA sequences is much higher than that observed in
the transcribed regions. An average of one SNP every 598 bp has
been described in Prunus, and this variability is higher in non-
coding regions (one SNP every 390 non-coding bp) than in coding
regions (one SNP per 1850 coding bp) (Aranzana et al., 2012).
With regard to the functional consequences of SNPs, one
unannotated SNP (5595) has been located (scaffold 1 position
8 188 815) in the peach genome region in which resistance to PPV
was described by Zuriaga et al. (2013) in apricot. These authors
described the presence of different SNPs identified in the PPVres
region by WGS of nine different resistant and susceptible apricot
cultivars.

We also detected significant AS events in 359 genes. Of these,
10 located on scaffold 1 showed AS forms in the inoculated
without symptoms vs. inoculated with symptoms comparison, 181
located on scaffold 1-9 corresponded to AS in the control vs.
inoculated without symptoms samples and another 168 located
on scaffold 1-9 were AS in control leaves vs. inoculated leaves
with symptoms (Table S2, see Supporting Information). This table
contains the new isoforms detected and the associated genes, as
well as genes that show differential AS for each condition.
Table S2 also shows the identifiers of isoforms or genes, the site of
transcription initiation for that isoform, the value of the statistical
test and its significance before and after correction for multiple
tests.

AS events are widely accepted to play an important role in the
regulation of gene expression in plants and are one of the most
critical mechanisms for the generation of protein diversity
(Lozada, 2007). Halterman et al. (2003) described, in barley, how
the powdery mildew resistance gene is alternatively spliced to
produce five different transcript regions. Verde etal. (2013)
described 838 AS processes in a total of 26 689 protein-coding
genes identified in the peach reference genome. Wang et al.
(2013), analysing a larger number of peach genotypes, described a
total of 10 835 AS events in 5520 transcribed regions. However,
none of the AS events identified in the comparison between the
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control and PPV-inoculated peach transcriptomes was located in
the peach genome region in which the gene responsible for resist-
ance to PPV was described in apricot (between 8 050 804 and
8 244 925 of scaffold 1) (Zuriaga et al., 2013).

Host transcriptional changes in symptomatic and
asymptomatic peach leaves infected with PPV

The normalized expression levels from uninfected control and
PPV-infected plants (symptomatic and asymptomatic) were com-
pared to detect differentially expressed transcripts. Read counts
obtained for each of the samples were FPKM (fragments per
kilobase of exon per million fragments mapped) normalized prior
to DEG analysis. DEGs selected by a fold change of >2 or <-2 and
a statistical value of g =0.05 were compared in three different
ways. A total of 761 DEGs was obtained after the analysis of the
non-infected peach leaves against the symptomless infected
leaves (NI vs. INS). In contrast, only 222 DEGs were identified after
comparing non-infected peach leaves against symptomatic leaves
(NI vs. IWS). In both cases, 63 of the 761 and 222 DEGs corre-
sponded to novel or unannotated genes. A total of 571 DEGs was
identified after comparison between symptomless and sympto-
matic infected peach leaves (INS vs. IWS). Forty-five genes of this
total were novel or unannotated genes [Table 3; see also Table S3
(Supporting Information)]. Totals of 322, 95 and 149 DEGs were
specific for NI vs. INS, NI vs. IWS and INS vs. IWS, respectively
(Fig. 2).

Curiously, NI vs. INS showed a greater number of total and
specific deregulated genes in comparison with the NI vs. IWS
situation. This difference could indicate that the gene expression
profile on NI vs. INS leads to a complex and extensive
transcriptome remodelling in peach leaves, suggesting the exist-
ence of an active reaction limiting the appearance of symptoms.
These results also confirm the dynamic nature of the PPV—peach
interaction at the transcriptome level, in agreement with previous
results obtained at the protein level (Diaz-Vivancos et al., 2006).
Using two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE), these authors observed dozens of protein spots that were

Table 3 Differentially expressed genes (DEGs) from the three GF305 peach
samples assayed [non-infected control peach leaves (NI), PPV infected but
without sharka symptoms (INS) and PPV infected with sharka symptoms] in
the three comparisons performed (NI vs. INS, NI vs. IWS, INS vs. IWS).

NI vs. INS NI vs. IWS INS vs. IWS
Total DEGs 761 222 571
Annotated DEGs 698 159 526
Novel DEGs 63 63 45
Shared DEGs 439 127 422
Specific DEGs 322 95 149
Up-regulated 299 52 91
Down-regulated 23 43 58

differentially expressed in control and PPV-inoculated GF305
peach plants. However, after analysis by matrix-assisted laser
desorption/ionization-time-of-flight mass spectrometry (MALDI-
TOF-MS), most of these spots had not been identified, with the
exception of thaumatin-like proteins associated with PPV infec-
tion. These results agree with ours, in that it was possible to
observe a clear expression of thaumatin-like protein genes
(ppa010479m, ppa010522m, ppa025773m) in the sample
showing sharka symptoms after PPV inoculation (NI vs. IWS,
Table S3). Similarly, in Arabidopsis, Baerenfaller etal. (2008)
have described a high correlation between protein and the
abundance of transcripts (transcriptome analysis) of between 0.50
and 0.68.

In addition, in non-symptomatic leaves, 299 (92%) and 23 (8%)
of the 322 genes were up- and down-regulated, respectively,
relative to non-infected leaves (NI vs. INS). However, in the symp-
tomatic leaves, of the 95 genes, 52 (54%) were up-regulated and
43 (46%) were down-regulated relative to control leaves (Table 3;
Tables S3 and S4, see Supporting Information).

These results confirm the large amount of data generated by
RNA-Seq in the study of PPV—host interactions in comparison with
EST sequencing (Wang et al., 2005) and cDNA-AFLP analysis
(Schurdi-Levraud et al., 2006). The results obtained with
microarray technology in herbaceous species are of similar mag-
nitude. In agreement with our results, Babu et al. (2008), using
microarray analysis, identified 2013 Arabidopsis genes that were
significantly induced and 1457 that were significantly repressed
by systemically PPV-infected leaf tissues. Sicard et al. (2008) iden-
tified different quantitative trait loci (QTL) controlling symptom
development during viral infection in A. thaliana. Dardick (2007)
also described gene expression changes concomitant with PPV

INS vs IWS
(571)

NI vs INS Nl's S
(761) (222)

Fig. 2 Venn diagram of differentially expressed genes among the three
comparisons performed (NI vs. INS, NI vs. IWS and INS vs. IWS). INS,
inoculated leaves without symptoms; IWS, inoculated leaves with symptoms;
NI, non-inoculated GF305 peach leaves.
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symptom severity using microarrays in Nicotiana leaves. These
authors identified up to 744 DEGs in severely infected leaves.

In our study, PPV infection and sharka symptom development
were associated with gene expression changes in PPV-infected
peach leaves. The differentially expressed regulated genes linked
with the appearance of sharka symptoms may be critical to virus
infection, particularly the early response genes (control leaves and
PPV-inoculated leaves without sharka symptoms), with a higher
differential response and a larger number of genes involved. This
critical early response in PPV infection has also been highlighted in
Arabidopsis (Babu et al., 2008). Furthermore, Dardick (2007) has
described gene expression changes concomitant with PPV
symptom severity in Nicotiana leaves.

The differential expression changes observed in this study cor-
relate very well with the irregular distribution of the virus that has
been described throughout its infected natural Prunus host
(Albrechtova, 1986), particularly in peach (Martinez-Gémez and
Dicenta, 2001). Indeed, peach is characterized as a natural host
with specific pathogenicity properties dependent on the different
isolates (Dallot et al., 2001; Garcia et al., 2014). Furthermore,
these DEGs are candidates for future functional characterization in
order to shed light on molecular virus—host interactions.

Functional analysis of DEGs in symptomatic and
non-symptomatic peach leaves

Of the 761 total DEGs identified in the NI vs. INS pair-wise analysis
and the 222 identified in the NI vs. IWS analysis, totals of 718 and
172 DEGs, respectively, were assigned with one or more gene
ontology (GO) terms. In both cases, the entire GO assignments fell
into broad categories for two of the three major GO functional
domains (Biological Processes and Molecular Function). Sixteen
significantly different GO annotations were obtained for the NI vs.
INS pair, 10 belonging to Molecular Function and six to Biological
Processes. By contrast, nine significantly different GO annotations
were obtained for the NI vs. IWS pair, four belonging to Molecular
Function and five to Biological Processes. With the exception of
the “cellular process’, eight of the nine secondary GO terms were
over-represented for the NI vs. IWS pair (Fig. 3). For NI vs. INS, only
the secondary GO terms belonging to ‘signalling’ and ‘cellular
process’ were under-represented from the 16 significant anno-
tated groups. Although the number of secondary GO terms was
more abundant in the NI vs. INS pair-wise analysis, the differences
from the background/reference were always more significant in
the case of NI vs. IWS (Fig. 3).

The GO results are consistent with the hypothesis that biotic
stress marks a transition from growth and reproduction to physi-
ology and metabolism tailored to the defence response (Bilgin
etal., 2010). In general, peach leaves in which the virus has
accumulated and symptom development has appeared seem to
have a low representation of genes involved in the ‘cellular
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process’ and a high representation of genes implicated in ‘catalytic
activities” and ‘regulation of metabolic’ and ‘biological processes’
(Fig. 3). Curiously, one of the DEGs with high statistical signifi-
cance involved in ‘metabolic processes’ was an endoribonuclease
Dicer protein 2a (ppa020875), which was significantly
up-regulated in the INS vs. IWS pair (Table S3). HC-Pro and P1 PPV
proteins have been widely reported to counteract antiviral defence
through RNA silencing, and play a key role in the recognition of
the double-stranded RNA originating during virus replication (Valli
et al., 2006).

In contrast, non-symptomatic peach leaves showed a normal
abundance of genes belonging to ‘cellular processes’ and a higher
abundance of genes belonging to ‘death’, ‘cell wall organization’,
"transporter activity’ and ‘electron carrier activity’. These genes
include, for example, several disease resistance proteins
(ppa015274m, ppa015499m, ppa014872m, ppb017543m),
chitinases and Lys-M proteins (ppa010947m, ppa010952m,
ppa017855m, ppa006147m) and proteins involved in jasmonate
(JA) biosynthesis (allene oxide synthase, ppa004133m and allene
oxide cyclase 4 chloroplastic, ppa012079m) and signalling (some
basic bHLH transcription factors: ppa014004m, ppa016030m,
ppa015634m, ppa016514m) (NI vs. INS, Table S3). The increase in
JA levels leads to a degradation of JAZ proteins (Staswick, 2008)
and to the depression of MYC2 (and its redundant homologues
MYC3 and MY(4), a bHLH transcription factor that plays a central
role in JA signalling, resulting in the transcriptional activation of
downstream target genes (Katsir et al., 2008). In addition, in
inoculated asymptomatic leaves, an induction of JA-responsive
genes involved in defence, as well as of jasmonates, was observed,
as has already been described by different authors (Devoto et al.,
2005; Shan et al., 2009). Higher patterns of expression (FPKM
values) were also observed in genes related to the defence
response and the response to biotic stimuli in PPV-inoculated
leaves without visible symptoms relative to control non-infected
leaves and leaves infected with PPV with symptoms. These
genes include pectate lyase (ppa00665m), endoglucanases
(ppa004653m and ppa004644m) and glucan endo-1,3-f3-
glucosidase (ppa005142m) (NI vs. INS, Table S3).

Recently, a PPV-resistant locus (PPVres) has been delineated in
apricot via syntenic analysis with the peach genome (Zuriaga
etal., 2013). This PPVres locus in peach contains a total of 31
predicted transcripts, some of which have been reported previ-
ously to confer resistance against potyviruses, such as S-adenosyl-
methionine (SAM) synthetase (Uzarowska et al., 2009). Curiously,
both SAM synthetase (ppa006841m) and ubiquitin carboxyl-
terminal hydrolase (ppa008951m), localized in the PPVres locus,
were only over-expressed in the non-symptomatic leaves in which
virus accumulation had not occurred (NI vs. INS, Table S3). The
transient induction of the accumulation of transcripts correspond-
ing to ppa006841m in inoculated asymptomatic leaves only also
suggests that processes occurring during the first phase of PPV
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Fig. 3 Significant gene ontology (GO) annotations (False Discovery Rate, FDR < 0.05) of differentially expressed genes compared with total analysed transcripts
from the three assayed samples [non-infected control peach leaves (NI); PPV infected but without sharka symptoms (INS); and PPV infected with sharka symptoms
(IWS)] in the two comparisons performed [NI vs. INS (A); and INS vs. IWS (C)]. Annotations are grouped by biological process or molecular function. Percentage of
genes is listed for each category.

infection are accompanied by the production of SAM, which is a in mono-lignol biosynthesis. Shen et al. (2002) reported that SAM
general donor of methyl groups in the transmethylation reactions genes were strongly expressed in highly lignified tissues and sug-
in the cytosol, chloroplasts and mitochondria. A high level of SAM gested that the lignification might consume large amounts of
is needed for phenylpropanoid synthesis as it is the main methyl SAM. In INS leaves, SAMs showed the same pattern as observed

group donor utilized by o-diphenol-O-methyltransferases (OMTs) for 4-coumarate-CoA ligase-like 9 (ppa000359m), which could be
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associated with an increase in lignin-like materials and/or
phenylpropanoids esterified to cell wall materials in response to
PPV infection. These cell wall modifications have already been
linked to resistance mechanisms activated following fungal and
viral attacks (Boevink and Oparka, 2005).

In addition, some cytokinin glucosyl transferases (ppa004968m
and ppa005447m) were also over-expressed in the non-
symptomatic leaves in which virus accumulation had not occurred
(NI vs. INS, Table S3). In this regard, some authors have recently
described the role of cytokinins in resistance to Pseudomonas
syringae in Arabidopsis (Choi etal., 2010) and Nicotiana
(GroBkinsky et al., 2011).

In addition to GO term assignment, KEGG pathway mapping
based on KEGG orthology (KO) terms for assignments was also
carried out with the total list of DEGs. Of the 222 and 761 total
DEGs, 141 and 649 transcripts were matched with previously
annotated Arabidopsis genes for NI vs. IWS and NI vs. INS, respec-
tively. Among the transcripts with KEGG annotation, 29 and 92
significant annotated genes were distributed in a total of nine
groups in both cases. For symptomatic (seven genes) and asymp-
tomatic (29 genes) peach leaves, biosynthesis of secondary
metabolites was the most represented functional annotated KEGG
group. Nevertheless, starch and sucrose metabolism’ (nine genes)
and ‘plant-pathogen interaction’ (eight genes) were only repre-
sented in the NI vs. INS pair-wise analysis (Fig. 4). These results
support the idea that leaves in which the virus is unable to accu-
mulate could activate a defence response that prevents virus
accumulation.

In accordance with our results, Wang et al. (2005) found an
altered expression of genes in peach leaves involved in
defence, cellular transport and protein synthesis and of proteins
with binding function after infection with PPV. In addition,
Schurdi-Levraud et al. (2006) described a differential expression of
genes coding for proteins involved in metabolism, signal
transduction, defence, stress and intra/intercellular connections
after the resistant apricot cultivar Goldrich had been infected with
PPV.

In addition, Babu et al. (2008) identified Arabidopsis genes that
were significantly induced (mainly associated with the metabolism
of soluble sugar, starch and amino acid, intracellular membrane/
membrane-bound organelles, chloroplast and protein fate) and
repressed (genes related to development/storage proteins, protein
synthesis and translation, and cell wall-associated components) by
systemically PPV-infected leaf tissues. Some of these genes
showed high sequence similarity to peach uniESTs corresponding
to orthologues related to defence, metabolism and protein syn-
thesis. Finally, Dardick (2007) described DEGs mainly associated
with stress and the pathogenesis process in Nicotiana leaves that
were severely infected with PPV. PPV-infected leaves also showed
widespread repression of genes associated with plastid functions
in Nicotiana.
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Fig. 4 KEGG annotations of transcripts from the three assayed samples
[non-infected control peach leaves (NI); PPV infected but without sharka
symptoms (INS); and PPV infected with sharka symptoms (IWS)] in the three
comparisons performed [NI vs. INS (A); NI vs. IWS (B); and INS vs. IWS (C)].
Percentage of genes per current KEGG annotation is expressed between
comparisons.

Validation of gene expression profiles using RT-qPCR

The expression trends of 12 representative genes were confirmed
by real-time RT-qPCR in a separate experiment. Expression trends
of the selected genes related to the defence response and
response to biotic stimulus using RT-qPCR were similar to the
results obtained with RNA-Seq analysis (Fig. 5). However, differ-
ences between treatments in the RNA-Seq analysis were greater
than those observed in the RT-qPCR analysis.
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Fig. 5 Validation of RNA-Seq analysis by reverse transcription-quantitative polymerase chain reaction (RT-gPCR). FPKM (fragments per kilobase of exon per million
fragments mapped) values obtained with RNA-Seq and gPCR values in the analysis of selected genes in the three assayed samples: non-inoculated control peach
leaves (NI); PPV infected without sharka symptoms but ELISA and RT-PCR positive (INS); and PPV infected with sharka symptoms and ELISA and RT-PCR positive
(IWS). Error bars represent the standard error for three independent experimental replicates.

On average, the expression of the following encoding genes
was higher in leaves inoculated with PPV but without visible
symptoms than in the non-infected control leaves and the leaves
infected with PPV with symptoms: pectate lyase (ppa006665m);
the two endoglucanases (ppa004653m and ppa004644m); the
allene oxide synthase (ppa004133m); the transcription factor
bHLH14 (ppa006841m); the SAM synthetase 2 (ppa015634m); the

ubiquitin carboxyl-terminal hydrolase (ppa020875m); the major
allergen Pu avl (ppa012678m); and the glucan endo-1,3-p-
glucosidase (ppa005142m). However, the expression of genes
encoding the two pathogenesis-related proteins, a chitinase
(ppa010952m) and a PR-4B (ppa012991m), and the endori-
bonuclease Dicer homologue 2a (ppa02875m) was, on average,
higher in the symptomatic leaves (Fig. 5).
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The different expression levels between RNA-Seq and RT-qPCR
could be caused by the bioinformatics process performed in the
RNA-Seq analysis, which includes several factors that can affect
the reproducibility of quantitative expression profiles, including
alignment choices, estimation of transcript expression, etc. (Labaj
etal., 2011). In addition, other factors affecting this discrepancy
include the dynamic nature of the transcriptome (Martinez-Gémez
et al., 2012) and the fact that, in the RNA-Seq analysis, we used a
pool of biological samples which were assayed separately in the
RT-gPCR assays. Mochizuki et al. (2014), for example, established
a correlation between the levels of mRNA expressed from some
genes and the severity of leaf symptoms in tobacco after infection
with Cucumber mosaic virus (CMV).

The single composite sample analysis assayed (Auer and
Doerge, 2010) using RNA-Seq has also been applied in the study
of plant—pathogen interactions in fungi, including chestnut resist-
ance to blight disease (Barakat et al., 2012), rust fungus infection
in coffee (Fernandez etal., 2012) and Fusarium infection in
banana (Li et al., 2012). The single composite sample analysis has
also been used to study the susceptibility of Chenopodium to
different viruses (Zhang et al., 2012). In all of these studies, as in
ours, the composite sample consisted of a pool of leaves. In the
same vein, partial validation of RNA-Seq data (read number) with
the application of qPCR (expression level) in biological samples
has been described in analyses of plant-pathogen interactions in
the case of fungi (Bagnaresi et al., 2012; Fernandez et al., 2012;
Gao et al., 2013) and viruses and viroids (Lu et al., 2012; Zhang
etal., 2012). In these assays, a selected number of genes were
evaluated in different biological replications in order to validate
the RNA-Seq results obtained.

In our study, RNA-Seq and gPCR data confirmed that sharka
symptom expression in Prunus woody hosts is a complex process
involving different genes that can be understood only on the basis
of changes in gene expression. The irregular distribution of PPV in
woody natural hosts could be a result of different responses at the
cellular level, with a greater level of differential expression of
genes than described in herbaceous hosts at the genomic (Sicard
et al., 2008) and transcriptomic (Babu et al., 2008; Dardick, 2007)
levels, as sharka symptom expression is much more uniform in
herbaceous hosts. Indeed, the authors studying these hosts have
only found differences during different infection times, whereas, in
woody hosts, we observed differences throughout the plant at the
same infection time.

CONCLUSIONS

RNA-Seq results showed the dynamic nature of the peach—PPV
interaction at the transcriptomic level and confirmed that sharka
symptom expression is a complex process that can be understood
only on the basis of changes in gene expression. Furthermore, the
comparison between control leaves and PPV-inoculated leaves
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with symptoms reflects the whole process of sharka disease devel-
opment. The DEGs, particularly the more numerous early response
genes, may be critical for virus infection and are suitable candi-
dates for future functional characterization in order to shed light
on molecular virus-host interactions. Early PPV infection in peach
leaves without symptoms is associated with an induction of genes
related to pathogen resistance, such as jasmonic acid, resistance
proteins, chitinases and Lys-M proteins. In addition, processes
occurring during the first phase of PPV infection are accompanied
by the production of SAM, which is a general donor of methyl
groups in transmethylation reactions. Further targeted functional
studies of these early defence-related genes will help to unravel
their biological function during the course of PPV infection. When
the virus is fully installed, the overexpression of Dicer protein 2a
genes could be representative of a gene silencing response sup-
pressed by the HCPro and P1 PPV proteins. Furthermore, signifi-
cant AS events were detected in 359 genes and a total of 12 990
SNPs were identified in the transcribed peach region, 425 of which
could be annotated.

EXPERIMENTAL PROCEDURES

Plant material and sharka evaluation procedures

Plant inoculations were carried out in GF305, a peach cultivar used as a
biological indicator of PPV (Bernhard et al., 1969), using the PPV strain
3.30 RB/GF-IVIA belonging to the PPV-D strain. This isolate, first obtained
from Japanese plum and later propagated in GF305 peach, was introduced
into the glasshouses of Centro de Edafologia y Biologia Aplicada del
Segura (CEBAS-CSIC) in Murcia in 1995 from the IVIA collection of Dr
Mariano Cambra (Valencia, Spain). For 15 years, the cultivar was propa-
gated by successive graft inoculation passages (one or two per year) in
GF305 peach in a quarantine shelter. Two-month-old GF305 seedling
rootstocks were inoculated by grafting a piece of bark from other previ-
ously infected GF305 plants showing strong sharka symptoms. Additional
seedlings were kept as controls. Two months later, clonal GF305 buds were
grafted onto the previously inoculated and control GF305 seedling root-
stocks. One month after grafting, plants were subjected to an artificial
period of dormancy in a cold chamber at 7 °C, in darkness, for 2 months.
The plants were then transferred to an insect-proof glasshouse. Sharka
symptoms were scored using a scale from ‘0’ (no symptoms) to ‘5’
(maximum intensity). The presence of the virus was confirmed by
double antibody sandwich indirect-ELISA (DASI-ELISA) using the
specific monoclonal antibody 5B-IVIA/AMR (Plant Print Diagnostics
SL, Valencia, Spain) (Cambra etal., 1994). In addition, an RT-PCR
analysis was carried out using two specific primers for the coat
protein: VP337 (5'-CTCTGTGTCCTCTTCTTGTG-3") and VP338 (5'-
CAATAAAGCCATTGTTGGATC-3') (Martinez-Gomez et al., 2003).

RNA preparation and Illumina sequencing

Three different leaf pools (single composite samples) (Auer and Doerge,
2010) were collected for RNA-Seq: one pool containing leaves from
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non-inoculated GF305 (NI); one pool of leaves from PPV-inoculated GF305
showing sharka symptoms (IWS) and ELISA and RT-PCR positive; and one
pool of leaves from PPV-inoculated GF305 without sharka symptoms but
ELISA and RT-PCR positive (INS) (Fig. 1). Total RNA was extracted using the
Rneasy Plant Mini Kit (Qiagen, Hilden, Germany). The quality and quantity
of total RNA samples were assessed using a NanoDrop 2000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and samples
were normalized at the same concentration (5 ug, 200 ng/ul). Later,
samples were sent to the Centre for Genomic Regulation (CRG, Barcelona,
Spain) for library preparation and RNA sequencing. mRNA was obtained
using Sera-mag (Thermo Scientific). The ¢DNA libraries were prepared
according to the lllumina protocols. Fragments of about 300 bp were
excised from agarose and enriched by PCR for 16 cycles. Finally, the cDNA
libraries were sequenced using an Illumina HiSeq2000 machine to perform
100 paired-end sequencing.

Mapping of RNA-Seq reads, DEGs, AS events and SNPs

A double quality control was performed for RNA-Seq reads obtained by
HiSeq2000. First, we aligned 10% of randomly selected sequenced reads
against the peach genome (v1.0) (http://www.rosaceae.org) using the
GEM MAP algorithm (http://sourceforge.net/apps/mediawiki/gemlibrary),
allowing for up to two mismatches in the first 100 bases. Then, a second-
ary quality control was performed with FastQC software. Pre-processing of
the reads was performed with the fastx-toolkit, a specific aScidea tool, in
order to filter low-quality regions. High-quality reads that passed the
quality filter threshold were mapped to the P. persica genome v1.0
obtained from the Genome database for Rosaceae (GDR, http:/
www.rosaceae.org/peach/genome) using Tophat 1.4.0 (Trapnell etal.,
2009) and Bowtie 0.12.7 (Lindner and Friedel, 2012). In addition, both of
these programs were selected to analyse and identify annotated and new
exon—exon splice junctions and to quantify transcript abundance in order
to find the isoforms over-represented on the samples, as no databases of
AS are available as yet for P. persica. The presence of PPV reads was
quantified by mapping the reads on a PPV strain D reference genome
(X16415) using the CLC Genomics workbench version 7.0 (http:/
www.clchio.com/blog/clc-genomics-workbench-7-0/). The same strategy
allowed for the complete reconstruction of the genome of the PPV 3.30
RB/GF-IVIA isolate, whilst the parsing of read mapping made it possible to
search for potential sites of sequence variability. Comparisons between
the assembled PPV 3.30 RB/GF sequence and other PPV isolates were
performed using BLAST (Altschul et al., 1990) against the GenBank data-
base. Differential gene expression and transcript abundance were
calculated with the program Cufflinks 1.3.0 (Trapnell et al., 2010). The
resulting lists of differentially expressed isoforms were filtered by
In(fold_change) > 2 and In(fold_change) < -2 and a g value of 0.05.
Genes selected as being differentially expressed were clustered to identify
common patterns of expression. In addition, FPKM values were used to
normalize and quantify the gene expression level. The analysis of biologi-
cal significance was based on GO (Ashburner et al., 2000) and KEGG
enrichment (Ogata et al., 1999) using the hypergeometric statistical test
(Young et al., 2010) and the Bonferroni multi-test adjustment method,
and considering a significance level cut-off of 0.05. GO and KEGG analy-
ses were performed using AgriGO (http://bioinfo.cau.edu.cn/agriGO/) (Du
et al., 2010) and GeneCodis (http://genecodis.cnb.csic.es/) (Carmona-Saez

etal., 2007). Among the dozens of software programs developed
for GO and KEGG analysis, AgriGO and GeneCodis are considered to be
the most suitable for horticultural crops (http://neurolex.org/wiki/
Category:Resource:Gene_Ontology_Tools). Variant calling analysis from
read mapping files was performed using Samtools 0.1.18 (Li et a/., 2009).
High-quality variants were obtained after filtering SNPs with quality
scores >20 and INDELs with scores >50.

Validation of RNA-Seq analysis by RT-qPCR

To validate the RNA-Seq analysis, RT-qPCR was performed in a new experi-
ment with new plant materials. Total RNAs extracted using the Rneasy
Plant Mini Kit from two inoculated replications [PPV inoculated showing
sharka symptoms (IWS) and ELISA and RT-PCR positive; and PPV inocu-
lated without sharka symptoms but ELISA and RT-PCR positive (INS)] and
one control replication (NI) were used to examine the expression pattern
of selected genes. Reverse transcription was conducted using the
PrimeScript Reverse Transcriptase Kit (Invitrogen, Applied Biosystems,
Madrid, Spain). Twelve representative genes specifically expressed in the
different treatments related to the defence response and response to
biotic stimulus, with ¢ <0.05 and high FPKM values, were selected to
validate RNA-Seq data (Table S5, see Supporting Information). Gene-
specific primers were designed using Primer3Plus (Untergasser et al.,
2012). Both synthesized cDNA and the primer pairs were then incubated
with LightCycler 480 SYBR Green (Roche Diagnostics, Basel, Switzerland)
at 95 °C for 5 min, followed by 40 cycles at 95 °C for 10's, 58 °C for 5s
and 72 °C for 10 s. Real-time PCR efficiencies (£) and crossing points (CP)
were calculated from the slopes in the LightCycler Software. In order to
normalize the qPCR data, three different reference genes were evaluated:
peach 18S rRNA (Rasori et al., 2002), actin and expansin (Tong et al.,
2009) (Table S5). Two Excel-based programs, geNorm (Vandesompele
et al., 2002) and Norm-Finder (Andersen et al., 2004), were used to evalu-
ate the stability of each reference gene. In our case, expansin was the most
stable gene and was used to normalize the expression of the genes. The
relative expression ratio of this target gene was then calculated based on
the £ and CP values of the target and reference genes according to the
following equation: ratio = (Fyager) A(CPterget in the samele) / (£ ) A(CPref in the sample)
Each sample was measured in triplicate and the mean ratios + standard
deviations were calculated.
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