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Transcriptome of Erysiphe necator-infected Vitis

pseudoreticulata leaves provides insight into grapevine

resistance to powdery mildew
Kai Weng1,2,3, Zhi-Qian Li1,2,3, Rui-Qi Liu1,2,3, Lan Wang1,2,3, Yue-Jin Wang1,2,3 and Yan Xu1,2,3

Powdery mildew (PM), which is caused by the pathogen Erysiphe necator (Schw.) Burr., is the single most damaging disease of
cultivated grapes (Vitis vinifera) worldwide. However, little is known about the transcriptional response of grapes to infection with PM.
RNA-seq analysis was used for deep sequencing of the leaf transcriptome to study PM resistance in Chinese wild grapes
(V. pseudoreticulata Baihe 35-1) to better understand the interaction between host and pathogen. Greater than 100 million (M) 90-nt
cDNA reads were sequenced from a cDNA library derived from PM-infected leaves. Among the sequences obtained, 6541 genes were
differentially expressed (DEG) and were annotated with Gene Ontology terms and by pathway enrichment. The significant categories
that were identified included the following: defense, salicylic acid (SA) and jasmonic acid (JA) responses; systemic acquired resistance
(SAR); hypersensitive response; plant–pathogen interaction; flavonoid biosynthesis; and plant hormone signal transduction. Various
putative secretory proteins were identified, indicating potential defense responses to PM infection. In all, 318 putative R-genes and 183
putative secreted proteins were identified, including the defense-related R-genes BAK1, MRH1 and MLO3 and the defense-related
secreted proteins GLP and PR5. The expression patterns of 16 genes were further illuminated by RT-qPCR. The present study identified
several candidate genes and pathways that may contribute to PM resistance in grapes and illustrated that RNA-seq is a powerful tool
for studying gene expression. The RT-qPCR results reveal that effective resistance responses of grapes to PM include enhancement of
JA and SAR responses and accumulation of phytoalexins.
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INTRODUCTION
Powdery mildew (PM) is caused by Erysiphe necator (Schw.) Burr., a
biotrophic ascomycete with a narrow host range; it is a common
grapevine disease that has drawn much attention because of the
economic deficits it causes. The PM fungus infects the green parts of
grape plants, including leaves, stems and berries, causing decreases
in yields, vine growth, winter hardiness, and fruit and wine quality.
Hence, PM is an especially severe problem for grape production
worldwide. Primary infection of plant tissues by conidial spores
requires at least 12–15 h of continuous wetness at 10–15 6C.
Under optimal temperatures, the time from infection to prolifera-
tion of new conidia can be as short as 5–6 days. Host responses to
PM have been characterized in various resistant species, such as
Vitis labrusca, Vitis rupestris1 and Vitis aestivalis.2 A previously deter-
mined resistance mechanism consists of physical barriers that
obstruct penetration of the host epidermis by the developing germ
tubes of germinated PM conidia. A previous study has shown that
the R-gene Resistance against U. necator 1 (Run1), which is mediated
through a hypersensitive response, is responsible for PM resistance
in Muscadinia rotundifolia.3 Using the Vitis GeneChip, Fung et al.4

reported that 625 transcripts in V. vinifera and only three transcripts
in V. aestivalis were involved in host responses to PM. Fekete et al.5

identified 25 PM-responsive genes in V. vinifera (cv. Cabernet
Sauvignon) that were upregulated specifically in response to E.
necator. These previous studies provide valuable information

regarding PM interactions in European and North American grape
species.

Wine grape varieties vary in their susceptibility to PM because
they are derived from Vitis vinifera L. (Vv), a species that was not
exposed to this pathogen during its evolution.6 In contrast, the
Chinese wild Vitis species co-evolved with E. necator and possess
various levels of PM resistance, making these species a valuable
resource for studying PM resistance in grapes. Among wild Vitis
species, the Chinese wild Vitis pseudoreticulata (Vp) has been shown
to possess potentially durable, non-race-specific PM resistance.7,8

Disease-resistance genes have successfully been transferred from
wild species of Chinese Vitis to V. vinifera. Thus, understanding the
genetic and molecular basis of disease resistance and identifying
the key genes responsible for resistance in resistant germplasm
should provide us with valuable knowledge regarding the use of
molecular breeding to develop new grape varieties that exhibit PM
resistance while preserving high fruit quality.

Mechanisms of PM resistance in the Chinese wild species of V.
pseudoreticulata and Vitis quinquangularis were investigated using a
suppression subtractive hybridization cDNA library that was con-
structed from E. necator-infected leaves.8 Xu et al.9 constructed a
cDNA library from PM-inoculated Vitis pseudoreticulata and identified
the expressions of five PM-defense-related sequence tags. Research
efforts focused on gene expression profiling in V. pseudoreticulata
resistance have demonstrated the expression of pathogenesis-related
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(PR) genes, such as PR10, a transcription factor that may contribute
to PM resistance in grapevines.10 Others genes may also play import-
ant roles in PM resistance; these include VpWRKY1,2,11 ethylene res-
ponse factor,12 VpWRKY3,13 VpNAC1,14 ring finger protein VpRFP1
and its promoter,15,16 the heat shock transcription factor VpHsf1,
retinoblastoma-related,17 stilbene synthase (STS),18 glyoxal oxidase19

and aldehyde dehydrogenases.20 Zhang et al.21 used the Vitis micro-
array to analyze gene expression in V. pseudoreticulata and detected
expression of 11 906 of the 16 602 genes known to exist on the micro-
array.21

To identify potential resistance mechanisms and resistance-
related genes, the present study applied RNA-seq to obtain a more
accurate and comprehensive profile of global gene expression pat-
terns in V. pseudoreticulata in response to POM infection. The study
used Baihe 35-1, a clonal selection of Chinese wild V. pseudoreticu-
lata that exhibits high levels of resistance to PM. Comparison of two
libraries constructed from leaf tissues that were collected prior to
and after PM inoculation demonstrated that PM inoculation results
in strong ETI, basal defense and systemic acquired resistance (SAR)
responses and facilitates secondary metabolism and biosynthesis
of lignin phytoalexins and anthocyanin. Analyses of secretory pro-
teins revealed that grape cells may secrete PR proteins, as well as
lectin, germin-like protein, glycosyl-hydrolase-family protein that
has chitinase insertion domain, protease and glucosidase. Baihe
35-1 cells also release a pectate lyase that may strengthen resist-
ance in the surrounding cells via pectate-activating wall-associated
plant receptor protein kinases (RPKs) (e.g., WAK1).

RESULTS

Read sequencing, quantification and assembly
A total of 5.28 Gb and 5.02 Gb 90-base reads were sequenced from
libraries constructed from PM-infected (BH-T) leaf tissues from one
to seven days each 24 h and from non-vaccinated (BH-C) leaf tis-
sues as a control, respectively (Table 1). After removing adaptor
sequences and discarding low-quality reads, (i.e., those containing
more than 5% unknown bases and/or over 50% bases with a quality
value f5), 51 493 326 and 50 507 790 clean reads were obtained
from the BH-C and BH-T libraries, respectively. The raw sequencing
data have been uploaded to the NCBI Sequence Read Archive;
the BH-C accession is SRR1522047, and the BH-T accession is
SRR1535993.

The reads were compared with the V. vinifera grape reference
genome (http://www.genoscope.cns.fr/) using SOAPaligner/soap2.
Only reads with less than five base-pair mismatches were counted
and used in subsequent analyses. The data in Table 1 show that a
substantial proportion of reads (76.56% in the BH-C library and
76.97% in the BH-T library) were able to be aligned with the
‘Pinot Noir’ genome, whereas 26 055 438 (50.60% of reads) and
25 429 109 (50.35% of reads) in the BH-C and BH-T libraries, respect-
ively, aligned with predicted ‘Pinot Noir’ genes. Furthermore,
26 536 965 (51.53%) reads in the BH-C library and 25 919 400
(51.32%) in the BH-T library were matched to a single gene
sequence in the ‘Pinot Noir’ genome (Table 1).

Comparison of gene expression in BH-C and BH-T samples
RPKM (Reads Per Kilobase per Million mapped reads) were used to
estimate gene expression levels in both libraries. Transcripts
detected with a log2 Ratio (BH-T/BH-C) o1 (indicating a two-fold
difference) were considered to be differentially expressed. The
results indicated that a total of 21 609 genes met these criteria
(Figure 1). Transcripts with twofold greater abundance (2073 red
dots) and two-fold lower abundance (4468 green dots) represent
upregulated and downregulated transcripts, respectively, in res-
ponse to PM infection. The Venn diagrams in Figure 2 summarize
the information obtained from the two libraries. The Venn diagram
on the right indicates that 755 genes were uniquely expressed in the
BH-C (control) library, while 1145 genes were uniquely expressed in
the BH-T (PM-infected) library; 19 708 genes were expressed in both
libraries. The Venn diagram on the right indicates that, among the
6541 differentially expressed (DEGs), 281 genes were uniquely upre-
gulated in the BH-C library, 121 were uniquely downregulated in the
BH-T library, and 6139 were either up- or downregulated in the DEGs
common to both libraries. Annotations of assembled DEG sequences
were conducted via sequence similarity searching against the NR
protein database (non-redundant protein sequence database, NCBI)
using BLASTx. The E-value cutoff was set as 131026. Out of a total of
6541 DEG sequences, 6508 could be identified as grape genes and
annotated (Supplementary Table S1).

Functional annotation and classification
The differentially expressed genes associated with responses to PM
infection were categorized according to Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway ana-
lyses.

GO annotation
BLASTx (E-value ,1026) of DEGs was conducted against the GO
sequence database (http://www.geneontology.org). GO annota-
tions could be assigned to a total of 6067 genes; 3599 of these were
grape genes, and another 2468 were Arabidopsis genes. In all, 2145
GO terms were assigned to the 6067 GO-annotated genes.
Collectively, 4735 DEGs were classified in the ‘biological process’
category; 4370 DEGs were classified in the ‘molecular function’
category; and 5586 DEGs were classified in the ‘cellular component’
subcategories (Table 2). The top 20 (i.e., categories with the highest
number of gene annotations) GO terms indicated PM-induced
defense and immune responses in grapes and stimulated second-
ary metabolism at the mean time. The GO analysis corresponded
well with expression levels of defense-related genes. Up- and
downregulated genes and their associated GO terms revealed more
information about the resistance response in grapes to PM (Table 2).
Defense and immune response systems were stimulated in PM-
infected grapes, and secondary metabolism was also enhanced,
as these are processes associated with systemic acquired resist-
ance. Together, these processes form the basis of PM resistance
in V. pseudoreticulata, Baihe 35-1. In addition to these defense res-
ponses, the host response to PM also involved decreased methyla-
tion and cell proliferation metabolism.

Table 1 Annotation of ‘Baihe 35-1’ RNA-seq reads against the ‘Pinot Noir’ genomic sequence

BH-C BH-T

Map to genome Map to gene Map to genome Map to gene

Total reads 51 493 326 (100.00%) 51 493 326 (100.00%) 50 507 790 (100.00%) 50 507 790 (100.00%)

Total mapped reads 39 421 192 (76.56%) 26 536 965 (51.53%) 38 877 307 (76.97%) 25 919 400 (51.32%)

Perfect match 17 456 861 (33.90%) 12 916 509 (25.08%) 17 903 790 (35.45%) 13 192 400 (26.12%)

f5 bp mismatch 21 964 331 (42.65%) 13 620 456 (26.45%) 20 973 517 (41.53%) 12 727 000 (25.20%)

Unique match 38 306 145 (74.39%) 26 055 438 (50.60%) 37 660 164 (74.56%) 25 429 109 (50.35%)

Multiposition match 1 115 047 (2.17%) 481 527 (0.94%) 1 217 143 (2.41%) 490 291 (0.97%)
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The top 20 GO terms associated with the upregulation of genes in
response to PM indicate three main ways in which grapes respond
to PM. The major defense response includes an ‘immune response’
and ‘systemic acquired resistance’. Grape cells infected by PM per-
ceive the pathogen, express a recognition signal, and subsequently
initiate a regulated defense response. The data in Table 3 indicate
that salicylic acid (SA) and jasmonic acid (JA) constitute the main
hormone signal transduction and response pathways that are
induced in grapes by PM. It appears that activating these two hor-
mone signaling and transduction pathways stimulates the SAR pro-
gram. The second major defense-related response is associated
with the stimulation of secondary metabolism and small molecule
biosynthesis. ‘Phenylpropanoid biosynthesis’ is a major secondary
metabolic process and plays an important role in plant defense

responses. It is involved in the biosynthesis of SA, lignin and antho-
cyanin. The stimulation of ‘small molecule biosynthesis’ in response
to PM infection could be associated with the biosynthesis of small-
molecule hormones, such as SA, ET, JA and ABA, each of which plays
a role in plant immunity. The last defense response to PM in grapes
is more ‘offensive’ and occurs via the stimulation of ‘transport’ and
secretion (‘localization’) GO categories, an action that may be
aroused by the secretion of PR proteins. The downregulation of
genes annotated with GO terms related to cell replication and
methylation may enable cells to allocate more energy to the
expression of defense-related genes and processes.

Pathway annotation
To explore the biochemical pathways in which DEGs were involved,
a pathway analysis utilizing the KEGG was conducted with an E-value
cutoff of ,0.05. Eight significantly enriched pathways associated
with the DEGs were identified (Table 4). The ‘Ribosome’ pathway
was related to the biogenesis of proteins, DNA and RNA. Five path-
ways were related to metabolism, such as ‘flavonoid biosynthesis’.
‘Plant–pathogen interaction’ and ‘plant hormone signal transduction’
pathways were also associated with PM-related gene expression.

In the plant–pathogen interaction pathway, three grape mem-
brane receptor genes, WAK1, WAK10 and BAK1, were upregulated
(Figure 3). These membrane receptors regulate the SA defense
response via a MAPKKK cascade. Calcium-mediated signaling was
also activated, as the ROS pathway was responsible for the hyper-
sensitive response. Avirulence (AVR) is also a signal that leads to a
strong defense response. In plant hormone signal transduction
pathways, although the GO analysis indicated stimulation of SA
and JA responses, genes associated with the SA response, such as
WRKY genes, did not exhibit differential expression. This was also
true for JA response genes. Secondary metabolism, such as flavo-
noid biosynthesis, was also stimulated in response to PM. In this
regard, genes responsible for the biosynthesis of lignin, phytoalex-
ins and anthocyanin were upregulated (Figure 4).

Figure 1. Distribution of gene expression levels. Red dots (2073) represent more prevalent transcripts in the infected PM leaf library; lower
frequencies in the infected tissue are represented by green dots (4468); and transcripts showing no significant differences are represented by
blue dots (15 068).

Figure 2. Venndiagrams of gene expression in control (BH-C) and PM-
inoculated (BH-T) samples. The Venn diagram on the left indicates
that a total of 21 609 sequences were identified in both libraries
(combined) and that 755 were unique to the BH-C library, 1145 were
unique to the BH-T library and 19 708 were common to both libraries.
The Venn diagram on the right indicates that 281 DEGswere uniquely
upregulated in the BH-C library, 121 were downregulated in the BH-T
library and 6139 were either up- or downregulated in one of the
libraries.
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R gene and Transcription factor analysis
All of the DEGs were queried against the Plant Resistance Gene
database (http://prgdb.crg.eu/)22 using BLASTp. A total of 318 putat-
ive R genes were identified, 132 of which were upregulated and 186
of which were downregulated in the BH-T transcriptome. A list of the
identified R-genes is provided in Supplementary Table 1. The upre-
gulated genes belonged mainly to the NL, receptor-like protein
(RLP), CNL and N classes of R genes. The Mlo-like R-gene class con-
stitutes the majority of upregulated genes (Table 5).

The DEGs were also queried against the PlnTFDB (http://plntfdb.
bio.uni-potsdam.de/) database using BLASTx to identify putative
transcription factors. Among the DEGs, 642 putative transcription
factors (160 upregulated and 481 downregulated) were identified
(Figure 5). The largest transcription gene family present in the DEGs
was the MYB family, followed by the basic helix–loop–helix family,
the ethylene-responsive element binding factor family, the home-
odomain–leucine zipper family and the C2H2 family, respectively.

Secretory protein prediction
Secreted proteins (SPs) bear a short stretch of amino acids (signal
sequence) at their N-terminus that targets the protein for secretion.
The SPs identified among the DEGs were analyzed using SignalP
software (http://www.cbs.dtu.dk/services/SignalP), which identifies
signal sequences and their cleavage sites. Of the 183 DEGs iden-
tified as putative secretory proteins (Supplementary Table S3), 60
upregulated SPs appear to contain signal sequences with mean S
scores .0.48 (part of upregulated SP genes are shown in Table 6).

RT-qPCR analysis
To further analyze the response of V. pseudoreticulata to PM and to
verify the results obtained by RNA-seq, the expression levels of 16
defense-related genes were analyzed by RT-qPCR. The expression
levels of the selected genes were measured at 12, 24, 36, 48, 72, 96
and 120 h post inoculation (hpi) with PM. Leaves from un-inoculated
plants served as the control (Time 0). Results are presented in Figure 6.
The four SA pathway genes, ICS1 (isochorismate synthase 1), SAMT
(SA carboxyl methyltransferase), NPR1 (non-expressor of pathogen-
esis-related genes 1) and PR1, contribute to SA biosynthesis, methyla-
tion, signal transduction and response, respectively. The expression
trend exhibited by these four genes indicates that the SA pathway is
downregulated in the first 36 hpi but upregulated afterwards

(Figure 7). A similar pattern was observed for genes related to antho-
cyanin biosynthesis. In contrast, genes related to JA biosynthesis,
such as AOS (allene oxide synthase) and PDF (plant defensin), as well
as genes related to SAR, such as DIR (lipid-transfer protein), exhibited
inverse patterns. These inverse expression patterns were also exhib-
ited by phytoalexin genes. The RbOH gene was downregulated in the
first 24 hpi, upregulated in the 24–72 hpi, and then downregulated
after 72 hpi. Importantly, regarding the flavonoid biosynthesis path-
way, PAL (phenylalanine ammonia lyase) and STS are upregulated
during the first 72 hpi, while CCOOMT (S-adenosyl-L-methionine:
trans-caffeoyl-CoA 3-O-methytransferase), CHS (chalcone synthase)
and ANS (leucoanthocyanidin dioxygenase) are downregulated.
These data suggest that phytoalexin accumulation, rather than SA,
anthocyanin, or lignin biosynthesis, is the main response of V. pseu-
doreticulata to PM in the first 72 hpi.

DISCUSSION
A high-throughput DNA sequencing technology, RNA-seq, was
used to study the resistance response of V. pseudoreticulata to
PM. Strict filtering and conservative matching of the sequencing
data to the grape reference genome were used in the expression
profiling analysis. The obtained reads were assembled prior to map-
ping to obtain longer sequence reads (contigs), which facilitated
mapping and annotation. In total, more than 50% of the sequenced
reads were assigned to genes and used for gene expression profil-
ing. This proportion was relatively low compared to other transcrip-
tome studies utilizing RNA-seq, an observation that may be
explained, in part, by the fact that most of the sequences obtained
represented sequences from Erysiphe necator, the causal agent of
PM. Additionally, grapes have a large number of unknown genes
and expressed elements. The remain sequenced reads were occurred
among currently unknown transcripts (,10%, reads in intergenic
regions) or splice variants, novel exons or untranslated regions
(,16%) and RNA genes. Therefore, the result of 50% is reasonable
(Supplementary Fig. S1).

GO and pathway enrichment (KEGG) analyses of DEGs were con-
ducted after the DEGs had been annotated by BLASTx against the
NR database using a cutoff E-value ,1026. Because many grape
genes are still unknown, much less functionally annotated, 6109 of
the DEGs were assigned GO terms based on their homology to
Arabidopsis thaliana genes (http://arabidopsis.org, TAIR10) using

Table 2 Top 20 GO terms associated with DEGs

All DEG GO terms Upregulated DEG GO terms Downregulated DEG GO terms

1 Small molecule metabolic process Defense response Macromolecule methylation

2 Response to stimulus Response to stimulus Methylation

3 Response to stress Response to stress One-carbon metabolic process

4 Defense response Aromatic compound biosynthetic process Histone H3-K9 methylation

5 Cellular aromatic compound metabolic process Response to other organism DNA replication

6 Response to other organism Cellular aromatic compound metabolic process Small molecule metabolic process

7 Aromatic compound biosynthetic process Multiorganism process Organelle organization

8 Multiorganism process Response to biotic stimulus Histone lysine methylation

9 Defense response, incompatible interaction Phenylpropanoid biosynthetic process DNA replication initiation

10 Small molecule biosynthetic process Small molecule biosynthetic process Regulation of DNA replication

11 Response to biotic stimulus Phenylpropanoid metabolic process Protein amino acid methylation

12 Systemic acquired resistance Defense response, incompatible interaction Protein amino acid alkylation

13 Innate immune response Innate immune response Microtubule-based process

14 Immune system process Secondary metabolic process Histone modification

15 Immune response Response to chemical stimulus Regulation of DNA metabolic process

16 Monocarboxylic acid metabolic process Immune system process Chromatin organization

17 Histone H3–K9 methylation Immune response DNA-dependent DNA replication

18 Macromolecule methylation Systemic acquired resistance Histone methylation

19 Secondary metabolic process Transport Chromosome organization

20 Methylation Localization Cytokinesis
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Table 3 Defense-related GO terms

All DEG Upregulated DEG

GO_acc Term DEG num. FDR DEG num. FDR

Defense response

GO:0006952 Defense response 689 1.20310271 302 4.80310250

GO:0009814 Defense response, incompatible interaction 287 5.60310256 123 2.40310230

GO:0006955 Immune response 423 2.30310249 174 1.70310228

GO:0050776 Regulation of immune response 158 9.60310213 69 2.60310210

GO:0009607 Response to biotic stimulus 658 1.80310252 274 2.20310235

GO:0009595 Detection of biotic stimulus 61 2.50310214 25 9.7031027

GO:0002831 Regulation of response to biotic stimulus 56 5.00310212 22 2.8031025

GO:0009620 Response to fungus 211 8.10310224 94 2.10310217

GO:0050832 Defense response to fungus 153 2.50310220 67 2.30310213

Plant–pathogen interaction

GO:0007166 Cell surface receptor-linked signaling pathway 64 2.4031026 20 0.1

GO:0000165 MAPKKK cascade 102 3.10310216 42 1.1031028

GO:0019722 Calcium-mediated signaling 10 1 5 1

GO:0046686 Response to cadmium ion 159 1.2031028 52 0.0068

GO:0009626 Plant-type hypersensitive response 177 6.30310222 85 1.00310218

GO:0010363 Regulation of plant-type hypersensitive response 145 9.60310213 68 6.80310212

GO:0009626 Plant-type hypersensitive response 177 6.30310222 85 1.00310218

GO:0012501 Programmed cell death 185 5.50310219 87 1.30310216

GO:0043067 Regulation of programmed cell death 148 3.40310211 69 5.60310211

Small-molecule hormones

GO:0009867 Jasmonic acid mediated signaling pathway 126 2.70310216 51 6.9031029

GO:0009862 Systemic acquired resistance, salicylic acid-mediated signaling pathway 116 3.40310216 45 9.8031028

GO:0009863 Salicylic acid mediated signaling pathway 143 1.90310214 58 1.4031028

GO:0010476 Gibberellin-mediated signaling pathway 29 0.028 8 1.003100

GO:0009738 Abscisic acid-mediated signaling pathway 74 0.031 34 0.0024

GO:0009736 Cytokinin-mediated signaling pathway 20 1 6 1.003100

GO:0009734 Auxin-mediated signaling pathway 14 1 5 1.003100

GO:0009742 Brassinosteroid-mediated signaling pathway 9 1 0 1.003100

GO:0009873 Ethylene-mediated signaling pathway 31 1 15 0.33

GO:0009753 Response to jasmonic acid stimulus 203 1.6031023 97 2.30310220

GO:0009751 Response to salicylic acid stimulus 191 4.80310219 82 3.40310213

GO:0009737 Response to abscisic acid stimulus 179 9.6031025 92 6.60310211

GO:0009733 Response to auxin stimulus 127 0.00071 55 0.0001

GO:0009739 Response to gibberellin stimulus 56 0.002 19 0.22

GO:0009723 Response to ethylene stimulus 100 0.021 42 0.0058

GO:0009735 Response to cytokinin stimulus 28 1 10 1

GO:0009741 Response to brassinosteroid stimulus 29 1 7 1

GO:0009697 Salicylic acid biosynthetic process 129 4.10310233 65 1.70310223

GO:0009695 Jasmonic acid biosynthetic process 74 2.00310215 33 4.2031029

GO:0016132 Brassinosteroid biosynthetic process 46 0.00015 8 1

GO:0009851 Auxin biosynthetic process 47 0.00037 16 0.15

GO:0009686 Gibberellin biosynthetic process 17 0.68 5 1

GO:0009688 Abscisic acid biosynthetic process 10 1 0 1

GO:0009691 Cytokinin biosynthetic process 9 1 0 1

GO:0009693 Ethylene biosynthetic process 30 1 10 1

GO:0009696 Salicylic acid metabolic process 134 5.70310233 68 4.00310224

GO:0009694 Jasmonic acid metabolic process 76 8.80310212 35 2.1031028

GO:0009850 Auxin metabolic process 55 3.3031025 18 0.11

GO:0016131 Brassinosteroid metabolic process 49 4.3031025 10 1

GO:0009685 Gibberellin metabolic process 20 0.35 5 1

GO:0009690 Cytokinin metabolic process 14 1.003100 0 1

GO:0009692 Ethylene metabolic process 30 1.003100 10 1

GO:0009687 Abscisic acid metabolic process 12 1.003100 5 1

Secondary metabolites

GO:0019748 Secondary metabolic process 493 3.40310243 206 1.10310228

GO:0009698 Phenylpropanoid metabolic process 200 4.60310234 106 6.70310232

GO:0006720 Isoprenoid metabolic process 225 6.70310229 66 6.7031026

GO:0009812 Flavonoid metabolic process 126 4.60310222 69 5.00310222

GO:0009808 Lignin metabolic process 50 1.70310217 26 1.20310211

GO:0046283 Anthocyanin metabolic process 47 7.00310210 26 2.7031029

GO:0052541 Plant-type cell wall cellulose metabolic process 16 5.9031025 0 1.003100

GO:0052546 Cell wall pectin metabolic process 17 0.0017 19 0.18
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BLASTp with a cutoff E-value ,1026. The E-value distribution of DEGs
that can be matched to A. thaliana genes is shown in Supplementary
Fig. S2b. A GO enrichment analysis provided information related to
the function of the DEGs that respond to PM.

Pathway enrichment analysis (KEGG) of the DEGs revealed that
the pathways were affected by PM. It is not surprising that the
majority of DEGs were categorized in the GO term ‘ribosome’ path-
way. This suggests that the resistant grape genotype, Baihe-35-1,
utilizes new ribosomes or changes ribosome components to facil-
itate more rapid syntheses of additional proteins, such as PR pro-
teins. At least two responses were screened out of the other affected
pathways in which the resistant Baihe-35-1 responds to PM. The first
response is reflected in the obtained GO terms ‘plant–pathogen
interaction’ and ‘plant hormone signal transduction’, suggesting
that Baihe-35-1 perceives pathogen invasion, transmits a signal
and induces a resistance response. The second major response is
reflected in the obtained KEGG pathway, ‘flavonoid biosynthesis’.

Induced defense responses
In plants, innate immunity is triggered through the response
of pattern recognition receptors to pathogen-associated molecular

patterns. This provides the first line of inducible pathogen-
associated molecular pattern-triggered immunity.23,24 Three RPKs,
WAK1, WAK10 and BAK1, exhibited increased expression levels in
response to PM inoculation. Wall-associated RPKs (WAK1 and 10)
function to prolong or amplify immune responses, bind pectin and
oligogalacturonides and modulate both immunity and develop-
ment as secondary plant signals.25,26 BAK1 does not have a direct
influence on elicitor perception, but it can rapidly form a complex
with FLS2 after elicitation.27 BAK1 is a central regulator of plant
immunity and, consequently, the target of several pathogen viru-
lence effector molecules.28 The two RPKs, WAK1 and 10, transduce a
signal via three MAPK cascades, specifically the partially redundant
MPK3/6 and MPK4 (Figure 2), which are associated with innate
immunity. These cascades lead to the activation of the transcription
factors WRKY22 and WRKY33, which regulate the defense res-
ponse.29 A study of the response of Arabidopsis to Botrytis cinerea
infection revealed that the loss of WRKY33 function results in inap-
propriate activation of the SA-related host response (like PR1) and
the downregulation of JA-associated responses.30 Defense res-
ponses are also initiated when R proteins in the host cells detect
effector/AVR products of the pathogen.31 In barley, intracellular

Table 4 KEGG enrichment analysis of metabolic pathways

Pathway ID #Pathway All genes DEG p value

1 ko03010 Ribosome 700 (3.24%) 273 (4.17%) 1.34310215

2 ko04626 Plant–pathogen interaction 2271 (10.51%) 683 (10.94%) 3.0531027

3 ko00941 Flavonoid biosynthesis 442 (2.05%) 136 (2.09%) 0.006901

4 ko00591 Linoleic acid metabolism 105 (0.49%) 38 (0.58%) 0.009822

5 ko00240 Pyrimidine metabolism 1040 (4.81%) 296 (4.54%) 0.014884

6 ko00906 Carotenoid biosynthesis 375 (1.74%) 114 (1.75%) 0.017938

7 ko00592 Alpha-linolenic acid metabolism 303 (1.40%) 93 (1.43%) 0.023488

8 ko04075 Plant hormone signal transduction 2117 (9.80%) 575 (8.83%) 0.037089

Figure 3. PAMPs activate PRRs. Boxes indicate the critical enzymes comprising the pathway. Enzymes colored in red or green indicate upregu-
lated or downregulated genes, respectively. Genes in black are those with no differences in expression, whereas enzymes shown in black are
those that were not identified in the present study. AVR, avirulence protein; BAK1, brassinosteroid insensitive 1-associated receptor kinase 1;
CNGC, cyclic nucleotide gated calcium channel; OG, oligogalacturonides; HR, hypersensitive response; PAMP, pathogen-associated molecular
pattern; PRR, pattern-recognition receptor; RBOH, respiratory burst oxidase homolog; ROS, reactive oxygen species; SA, salicylic acid;WAK1, wall-
associated RPK.
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mildew A R proteins function in the nucleus to confer resistance
against PM.31 Recognition of the fungal avirulent A10 effector by
intracellular mildew A10 induces nuclear associations between a
receptor and WRKY40 transcription factors.32 Upregulation of
MPK3, WRKY33 and WRKY40 were also induced by PM in PM-
susceptible Vitis vinifera ‘Cabernet sauvignon’, but no discrepancies
were observed in PM-resistant Vitis aestivalis ‘Norton’.4 BAK1 and
WAK1 are correlated with the transduction of a calcium signal via
ROS, which gives rise to a hypersensitive defense response to PM.33,34

Small-molecule hormones fine-tune the defense response
Phytohormones, such as ABA, JA, ET, SA, auxin, GA, cytokinin and
brassinosteroids, play key roles in the complex signaling cascades
that form current models of defense responses.24 Two responses of

the hormones SA and JA are indicated by the FDR ,1025 in the GO
analysis. This conclusion is supported by the identification of SA and
JA signaling pathways, biosynthesis and metabolic GO terms in
response to PM. The identification of the GO terms ‘systemic
acquired resistance, and salicylic acid-mediated signaling pathway’
suggest that SA signaling plays a strong active role in the response
of grapes to PM.

Plant resistance to biotrophic pathogens is classically thought to
be mediated through SA signaling.24 Pathogen induction of SA,
which is synthesized from chorismate by isochorismate synthase
(ICS1),35 increases the SA defense response. Downregulation of the
SA biosynthesis gene, AAO (aldehyde oxidase), and upregulation of
SAMT, SOT12 (salicyloyl-L-aspartate (SA-Asp), sulphotransferase 12),
MES2 (methyl esterase 2), and SGT1 (salicylic acid glucosyltransferase 1)

Figure 4. Flavonoid biosynthesis pathway. Boxes indicate the critical enzymes comprising the pathway. Enzymes colored in red or green indicate
upregulated or downregulated genes, respectively. Enzymes in black are those with no differences in expression, whereas enzymes shown in
black are those that were not identified in the present study. AAO, aldehyde oxidase; ANS, anthocyanidin synthase; BA2H, benzoic acid 2-
hydroxylase; BZL, benzoyl-CoA ligase; CAD, cinnamyl alcohol dehydrogenase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CCR, cinnamoyl
CoA reductase; C3H, p-coumarate 3 hydroxylase; C4H, cinnamate 4-hydroxylase; CHI, chalcone isomerase; CHS, chalcone synthase; 4CL, 4-
coumarate: CoA ligase; COMT, caffeic acid o-methyltransferase; DFR, dihydroflavonol-4-reductase; F3H, flavanone 3-hydroxylase; F5H, ferulate 5-
hydroxylate; FLS, flavonol synthase; HCT, hydroxycinnamoyl transferase; ICS, isochorismate synthase; IPL, isochorismate pyruvate lyase; PAL,
phenylalanine ammonia-lyase.

Table 5 Classification of up- and downregulated R-genes identified among the DEGs

R-gene classes All R-gene Upregulated R-gene

Downregulated

R-gene Description

NL 97 50 47 Contains an NBS domain at the N-terminus, an LRR at the C-terminus, and lacks the CC

domain

RLP 95 23 72 Receptor-like proteins consist of an LRR-like repeat, a transmembrane region of ,25 aa, a

short cytoplasmic region, and no kinase domain

CNL 55 26 29 Contains a central nucleotide-binding (NB) subdomain as part of a larger entity called the NB-

ARC domain

N 28 15 13 Contains an NBS domain only and a lacks an LRR

TNL 12 6 6 Contains a central NB subdomain as part of a larger entity called the NB-ARC domain, and a

TIR domain and LRR domain referred to as TIR-NB-LRR or TNL

RLK-GNK2 11 3 8 RLK class with an additional domain

CN 7 3 4 Contains coiled-coil and NBS domains

T 5 1 4 Contains a TIR domain only and lacks an LRR or NBS

Mlo-like 5 4 1 Mlo-like resistant proteins

RPW8-NL 1 1 0 Contains NBS, LRR and RPW8 domains

Other 2 0 2 Contains genes that might be resistance genes but that did not fit in any other class

Total 318 132 186
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to modify SA,36 strongly suggests that Vitis pseudoreticulata accu-
mulates a high concentration of SA after 36 hpi.4 Further analysis of
the SA signaling pathway and SA response indicated that activation
of the SA signaling pathway is not sustained during the 7 days after
inoculation monitored in this study. This was evidenced by the flat
response of NPR1 and SA-response WRKY genes.29 PR1 expression
was downregulated in the first 24 hpi, as PR1 expression in PM-
resistant V. aestivalis response to PM,4 supporting the SA pathway
response. It is possible that inhibition of SA resulted from an adjust-
ment in the SA signaling pathway and the associated SA response
by JA, ET, ABA, auxin and gibberellin signaling or by the presence of
PM secreted proteins. These data may indicate that the SA pathway
is regulated by MAP4 or pathogen elicitors.24

Jasmonates are generally associated with defense responses
against herbivores and necrotrophic pathogens and, more recently,
have been implicated in resistance to biotrophs, such as powdery
and downy mildews in grapevines. The binding of WRKY40 to the
JAZ8 (jasmonate ZIM-domain) promoter facilitates powdery mil-
dew infection, as confirmed by chromatin immunoprecipitation
assays. Chromatin immunoprecipitation assay qPCR experiments
also suggested the direct negative regulation of JAZ1 and JAZ5
by WRKY33 upon infection.31 This is also in agreement with RNA-
seq data obtained in this study. Recent studies have reported
that lipid signals, such as JA-derived molecules, are required for
SAR in Arabidopsis.37 The elicitors MeJA, JA, cyclodextrins and Na-
orthovanadate, when used individually or in combination on grape
plant cell cultures, elevate transcript levels of genes coding for
pathogenesis-related proteins (acidic class IV chitinase, serine
protease inhibitor, polygalacturonase-inhibiting protein and b-1,
3-glucanase) and induce or enhance the production of stilbene
phytoalexins.38 In addition, a study of the role of various partners
involved in MeJA defense responses reported that an influx of cal-
cium through the plasma membrane appears to be essential for
MeJA-induced stilbene accumulation.39,40 MeJA-elicited responses
that are mediated by ROS, in which superoxide anions play a greater
role than H2O2, were also observed.

Secondary metabolites in the defense response
Secondary metabolites, including terpenoids, phenylpropanoids
and nitrogen-containing substances, significantly impact a plant’s
ability to protect itself from invading pathogens.41 In the present
study, GO and pathway analyses identified the contribution of sec-
ondary metabolites, via flavonoid biosynthesis, to the defense of V.
pseudoreticulata against PM. Analysis of this pathway in our study
revealed a wide range of genes involved in multiple branches of the
phenylpropanoid pathway.41 Similar results have been reported in
Arabidopsis, rice, tomato and legume plants, such as Medicago trun-
catula, alfalfa, pea and soybean.38 Other reports have also provided

evidence that lignin, flavonoid phytoalexins and phenolic com-
pounds play important roles in the defense response of grapes to
PM.38 The rapid production of resveratrol and its transformation into
viniferins appear to enhance powdery mildew resistance in grape-
vine cultivars.42 Trans-e-viniferin and trans-d-viniferin accumulate in
48–72 hpi in the highly PM-resistant grape Vitis candicans.42 The
sustainable growth of STS expression in V. pseudoreticulata in the
first 72 hpi has been found to differ significantly from that of V.
aestivalis and V. vinifera, which only exhibited upregulation at
12 hpi and 48 hpi, respectively.4 Our results indicate that phytoa-
lexin biosynthesis also plays a major role in the resistance response
mediated by secondary metabolism in the first 72 hpi. Although
phytoalexin biosynthesis-related pathways, the stilbene pathway,
systemic acquired resistance, cell wall metabolism and phenylpro-
panoid metabolism, are represented by DEGs,43 our study is the first
to provide information pertaining to the timing of induction of dif-
ferent branches of the phenylpropanoid biosynthesis pathway using
RNA-seq and RT-qPCR. The ability of PM to infect V. pseudoreticulata
decreases after 36 hpi. The strengthened SA response, reduced JA
response and thickening of cell walls may facilitate V. pseudoreticu-
lata defense against PM from 72 hpi to 120 hpi.

Secretory protein
Investigation of the secretome of Magnaporthe oryzae under nitro-
gen starvation conditions, which mimics fungal infection, revealed
that cell-wall hydrolase enzymes, protein and lipid hydrolases, and
reactive oxygen species-detoxifying proteins were the main con-
tributors to resistance.44 Further research demonstrated that upre-
gulation of glycosyl hydrolase-encoding transcripts occurred in rice
in response to the blast fungus (Magnaporthe oryzae), suggesting
that enzymes involved in cell wall degradation play an important
role in plant defense and pathogen attack.45 In our study, four
glycosyl hydrolases (GSVIVT01003718001, GSVIVT01009700001,
GSVIVT01007898001, GSVIVT01001064001), six lipases (GSVIVT01
009957001, GSVIVT01000777001, GSVIVT01009315001, GSVIVT010
09959001, GSVIVT01008272001, GSVIVT01007995001), two PR 5
thaumatin-like proteins (GSVIVT01008918001, GSVIVT01009646
001), a RING finger protein (GSVIVT01009098001), a germin-like
protein (GSVIVT01000071001), two proteinases (GSVIVT0100696
8001, GSVIVT01009810001) and a nodulin (GSVIVT01001982001),
were upregulated in response to PM inoculation. PR-5s,46 RING
finger protein15 and germin-like protein (GLP)47 are known to par-
ticipate in PM resistance. A study on a segregation of grape popula-
tions derived from a ‘Merzling’ 3 ‘Teroldego’ cross-exhibited
significant transcriptional activation of PR2 and PR5 genes, which
have been shown to be activated by ethylene,46 in genotypes that
are resistant to Plasmopara viticola. Further research confirmed that
the grapevine PR5 protein, VvTLP-1, significantly inhibits in vitro

Figure 5. Distribution of up- and downregulated transcription factors in gene families. The distribution of up- and downregulated transcription-
factor gene-family members.
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spore germination and hyphal growth of Elsinoë ampelina, the cau-
sal agent of grape anthracnose.48 Two other grape PR5s exhibited
strong antifungal activity in vitro, which inhibited the growth of
Phomopsis viticola and Botrytis cinerea mycelia.49 In the present
study, the expression of PR5, STS and Rboh, as determined by RT-
PCR, showed an interesting expression pattern (Figure 6). PR5 and
STS transcripts were elevated in the first 36 hpi, which could have
initiated and accelerated hypersensitive cell death via a second
oxidative burst.50 Paradoxically, Rboh, a primary signal that is gen-
erated by microtubule disruption and that activates STS gene
expression, was downregulated in the first 36 hpi. These data sug-
gest that the STS gene was activated by the MAPK-signaling path-
way rather than by Rboh.51 GLPs are also expressed by plants in
response to invasion by fungal pathogens, bacteria, viruses and
Erysiphe nectar.38 These genes have reportedly been induced in
response to powdery mildew (Blumeria graminis f. sp) infection in
barley (HvGLP4) and wheat (TaGLP4).52,53 Godfrey et al. reported
that VvGLP3 was induced in ontogenically resistant, but not onto-
genically susceptible, grapevine berries following inoculation with
PM.47 In our study, GLP was upregulated within 12 hpi, and its
expression peaked at 72 hpi, suggesting that GLP plays an import-
ant role in the defense response over a long period of time. Perhaps
of greater interest, SP (GSVIVT01008053001), a pectate lyase, was
upregulated, perhaps to increase the level of pectate in the cell wall,
thereby providing greater opportunity for WAK1 recognition to
enhance and transmit a defense signal indicating that PM is near
or is trying to invade the host plant cell.

R-gene expression
There is strong selection pressure for the evolution of new plant dis-
ease-resistance genes (R-genes), which play key roles in recognizing

proteins expressed by specific pathogen-derived AVR genes and pro-
vide stable resistance for many generations.54 The CNL class of resist-
ance genes is comprised of genes encoding proteins with a coiled-coil
domain, a nucleotide binding site and a leucine-rich repeat (CC-NB-
LRR). NB-containing protein fragments of RPS2 require the CC domain
to initiate ectopic cell death in Arabidopsis.55 Among the DEGs in
the present study, 26 upregulated CNL R-genes were identified,
two of which are RPS2 (GSVIVT01021921001, GSVIVT01037631001).
The RLP class is characterized by proteins with a serine–threonine
kinase-like receptor domain and an extracellular leucine-rich repeat
(ser/thr-LRR). Twenty-three upregulated RLP R-genes were among the
identified DEGs, including one BAK1 (GSVIVT01029816001) and two
MRH1 (GSVIVT01032772001, GSVIVT01021228001) genes. The MLO-
like class (Mildew Locus O, MLO) of R-genes is required for successful
host-cell invasion by powdery mildew fungi. VvMLO3 was significantly
induced in grape leaves within 8 hpi and coincided with the com-
mencement of fungal penetration. VvMLO3 clustered within the same
clade as Arabidopsis and tomato MLO genes that have been impli-
cated in PM susceptibility.38 Four MLO-like R-genes were upregulated
in V. pseudoreticulata in the present study. The elevated expression of
two VvMLO3 (GSVIVT01025652001, GSVIVT01025160001) genes sug-
gest that V. pseudoreticulata resistance to PM is not based on prevent-
ing host-cell penetration by the fungus.

CONCLUSIONS
RNA-seq was utilized to reveal the transcriptomic response of res-
istant V. pseudoreticulata Baihe 35-1 to inoculation with E. necator,
the causal agent of powdery mildew. This study provided a com-
prehensive analysis of DEGs that responded to PM inoculation. We
identified 2073 upregulated and 4468 downregulated genes.
Further analysis of the DEGs, using a time course of 0, 12, 24, 36,

Table 6 Upregulated secreted proteins

Gene ID Gene name log2(BH-T/BH-C) Up or down RPKM BH-T RPKM BH-C

GSVIVT01012343001 Laccase-14-like 5.776571 Up 2.495715 0.045528

GSVIVT01012274001 Receptor-like protein 12-like 1.190382 Up 1.572359 0.688987

GSVIVT01011066001 Galacturonosyltransferase-like 4 10.94313 Up 1.968841 0

GSVIVT01009959001 Gdsl esterase lipase exl3 2.158486 Up 4.454644 0.997801

GSVIVT01009957001 Gdsl esterase lipase exl3 3.815267 Up 165.9655 11.78984

GSVIVT01009810001 Cysteine proteinase rd19a-like 1.062963 Up 25.79382 12.34616

GSVIVT01009700001 Glucan endo-beta-glucosidase 1.245186 Up 64.55715 27.23367

GSVIVT01009646001 Pathogenesis-related protein 5-like 2.435387 Up 17.00339 3.143481

GSVIVT01009394001 Serine-threonine protein plant- 1.814714 Up 4.65572 1.323438

GSVIVT01009315001 Lecithin-cholesterol acyltransferase-like 1-like 1.291155 Up 28.32928 11.57601

GSVIVT01009098001 Ring-h2 finger protein atl11 1.887546 Up 2.455452 0.663626

GSVIVT01008918001 Pathogenesis-related protein 2.516043 Up 54.4696 9.522472

GSVIVT01008434001 Probable lrr receptor-like serine threonine-protein kinase 1.973703 Up 0.910851 0.231902

GSVIVT01008272001 GPI-anchored protein 2.150581 Up 2.748522 0.619027

GSVIVT01008262001 Cytochrome p450 71a1-like 3.099234 Up 3.44562 0.402073

GSVIVT01008053001 Pectate lyase p59-like 1.952641 Up 3.351003 0.865708

GSVIVT01007995001 gdsl esterase lipase 4.040198 Up 28.89947 1.756584

GSVIVT01007898001 udp-glycosyltransferase 83a1 1.086057 Up 88.61306 41.74093

GSVIVT01007371001 g-type lectin s-receptor-like serine threonine-protein kinase 6.044092 Up 7.463987 0.113114

GSVIVT01006968001 Subtilisin-like protease-like 1.300998 Up 1.769976 0.718337

GSVIVT01006351001 g-type lectin s-receptor-like serine threonine-protein kinase 10.60215 Up 1.554412 0

GSVIVT01005284001 Cysteine-rich repeat secretory protein 55-like 3.789991 Up 8.25214 0.596576

GSVIVT01003718001 Glycosyl hydrolase family protein with chitinase insertion domain 1.922629 Up 1.317958 0.347642

GSVIVT01001982001 Early nodulin-like protein 3-like 1.936832 Up 97.96141 25.58647

GSVIVT01001407001 Receptor-like protein 12-like 1.896397 Up 2.174747 0.584166

GSVIVT01001399001 g-type lectin s-receptor-like serine threonine-protein kinase

rlk1-like

2.345559 Up 3.281997 0.645735

GSVIVT01001064001 Glycosyl hydrolase family 18 protein 5.026058 Up 6.492915 0.199272

GSVIVT01000777001 Glycerol-phosphate acyltransferase 1.408562 Up 1.705879 0.642583

GSVIVT01000352001 Wall-associated receptor kinase-like 10 6.143628 Up 1.5125 0.021393

GSVIVT01000071001 Germin-like protein 3 1.812711 Up 13.92036 3.962506
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48, 72, 96 and 120 hpi for the expression of selected genes by RT-
qPCR, revealed contrasting expression patterns for genes assoc-
iated with JA (upregulated) and SA (downregulated) during the first
36 hpi (Figure 7). These data suggest that the JA pathway, SAR,
accumulation of phytoalexins and ROS-dependent hypersensitive
response play key roles in V. pseudoreticulata resistance to PM.
Analysis of the predicted secretory proteins identified several inter-
esting proteins that may affect communication between the host
cell and the pathogen. The role of these secretory proteins in V.
pseudoreticulata resistance to PM warrants further investigation.

METHODS

Plant materials and pathogen infection
Fourteen young plants of the clonal V. pseudoreticulata, accession ‘Baihe-35-
1’, were grown in 10-cm pots that were filled with a mixture of 60% ver-
miculite and 40% meadow soil and cultured in growth chambers employing
16 h light/8 h dark cycles at 25–26 6C. E. necator-infected leaves were col-
lected from field-grown V. vinifera. Inoculation by E. necator was performed
on Chinese wild V. pseudoreticulata ‘Baihe-35-1’ under field conditions as
previously described.56 Three leaves from each V. pseudoreticulata ‘Baihe-35-
1’, were inoculated with E. necator under field conditions, as described

previously,36 and samples were collected every 24 h for 7 days. Control
samples were harvested from water-treated leaves under the same condi-
tions. The inoculated leaves were immediately covered with paper bags to
prevent infection by other pathogens, were frozen immediately in liquid
nitrogen upon collection and were stored at 280 6C until further use.

Illumina sequencing
Samples, consisting of inoculated leaves and water-treated leaves collected
from 1 to 7 d, were pooled for RNA isolation and library construction.
Comparable control leaves were treated identically in parallel. Total RNA
was isolated from the collected leaves using a modified guanidine thiocya-
nate method described by Zhang et al.57 Fragmentation buffer was added to
fragment mRNA into short fragments. These short fragments were used as
templates, with random hexamer-primers used to synthesize the first-strand
cDNA. The second-strand cDNA was synthesized using buffer, dNTPs, RNase
H and DNA polymerase I. Short fragments were purified using a QiaQuick
PCR extraction kit and resolved with EB buffer for end repair then adding
poly(A). The short fragments were then connected with sequencing adap-
tors. For amplification with PCR, we selected suitable fragments as templates,
based on the results of agarose gel electrophoresis. A Solexa HiSeqTM2000
sequencer was employed to sequence the constructed libraries (BGI,
Shenzhen, China). The sequenced cDNA fragments were approximately

Figure 6. RT-qPCR analysis of sixteen selectedDEGs. RT-qPCR analyses of the expression of sixteendifferentDEGs in response to inoculationwith
PM. Samples were collected at 12, 24, 36, 48, 72, 96 and 120 hpi. Uninoculated leaves served as the control. All data were normalized to the
expression level of actin. Data represent the fold change of RQ (relative quantification) at each time point in infected vs. control samples (Time 0).
Bars represent standard deviations calculated from three biological replicates.
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90 bp in length. The raw sequencing data have been submitted to NCBI
Sequence Read Archive.

Sequence annotation and assessment of gene expression
The raw reads obtained were preprocessed by removing the adaptor
sequences and discarding empty or low-quality sequences, and the reads
were mapped to the grape (V. vinifera cv. Pinot Noir) reference genome
(http://www.genoscope.cns.fr/) using SOAPaligner/soap2 with default para-
meters. Only a complete match or those with ,5 base-pair mismatches were
used in further analyses. RPKM values for gene sequences in the BH-T and
BH-C libraries were used to estimate gene expression levels and determine
differential expressions of genes that responded to PM infection using a
cutoff value of jlog2 ratio,BH-T/BH-C.jo1.

GO and pathway enrichment analysis
DEGs were annotated using blastx against the NCBI NR database using a
cutoff E-value of ,1026. The functions of DEGs were characterized using GO
terms. Using the agriGO database,58 3599 grape sequences were associated
with GO terms. The remaining 2468 unannotated DEGs were characterized
by GO terms based on the homology of grape DEGs with Arabidopsis thali-
ana genes. The second method used for DEG characterization was based
on KEGG pathway enrichment analysis. Pathways with Q values ,0.05 are
significantly enriched in DEGs. The Q value was used to determine the p-
value threshold.59

Transcription factor and R-gene analysis
A BLASTx against the PlnTFDB (http://plntfdb.bio.uni-potsdam.de/), using a
cutoff E-value of ,1026, was employed to identify DEGs that were putative
transcription factors. DEGs were also queried against the Plant Resistance
Gene database (http://prgdb.crg.eu/) using BLASTp.

Secretory protein prediction
SignalP4.1 (http://www.cbs.dtu.dk/services/SignalP) was employed, using
default parameters, to predict which DEGs coded for secretory proteins.60

RT-qPCR
Sixteen genes were selected among the DEGs that responded to PM infec-
tion and were subsequently subjected to a time-course analysis of gene
expression in response to PM using RT-qPCR. A list of the gene-specific
primers designed against the 39 untranslated region of each selected gene
is provided in Supplementary Table S2. Samples were prepared using the
same method mentioned above, and total RNA was isolated from leaves at 0,
12, 24, 36, 48, 72, 96 and 120 hpi using a Promega EZ RNA KitTM. cDNA
libraries were synthesized using a TaKaRa:PrimeScriptTM II 1st Strand cDNA
Synthesis Kit. A melting-curve analysis of the amplification products was

performed to determine the specificity of the primers. The data analysis used
IQ-5 by 2{DDCT .

AUTHORS’ CONTRIBUTIONS
YX and YJW conceived and designed the experiments. ZQL and RQL
performed the experiments. KW and YX analyzed the data. KW ZQL
and RQL contributed reagents/materials/analysis tools. KW and YX
wrote the manuscript.

COMPETING INTERESTS
The authors declare no conflict of interest.

ACKNOWLEDGEMENTS
This research was supported by the ‘948’ Program, Ministry of Agriculture, China
(Grant No. 2011-G21), by the Program for Young Talents in Northwest A&F University
(NCET-10-0692, QN2011052) and by a grant from the Program for Innovative
Research Team of GrapeGermplasm Resource and Breeding (2013KCT-25) to Yan Xu.

REFERENCES
1 Doster M, Schnathorst W. Comparative susceptibility of various grapevine cultivars

to the powdery mildew fungus Uncinula necator. Am J Enol Viticulture 1985; 36:
101–104.

2 Giannakis C, Bucheli C, Skene K, Robinson S, Scott NS. Chitinase and b-1,3-
glucanase in grapevine leaves: a possible defence against powdery mildew
infection. Aust J Grape Wine Res 1998; 4: 14–22.

3 Donald T, Pellerone F, Adam-Blondon AF, Bouquet A, Thomas M, Dry I.
Identification of resistance gene analogs linked to a powdery mildew resistance
locus in grapevine. Theor Appl Genet 2002; 104: 610–618.

4 Fung RW, Gonzalo M, Fekete C et al. Powdery mildew induces defense-oriented
reprogramming of the transcriptome in a susceptible but not in a resistant
grapevine. Plant Physiol 2008; 146: 236–249.
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