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Abstract

In this study, the transcriptome of Vitis flexuosa leaves inoculated with Elsinoe ampelina was
analysed to identify useful genes and elucidate their function and differential expression pat-
terns through assembly and annotation gene ontology of data from sequencing short reads on
the Illumina platform. We assembled ~121 million high-quality trimmed reads using Velvet
and Oases with optimal parameters into a non-redundant set of 70,899 transcripts (=200 bp
in length). The transcripts exhibited an average length of 1138bp and a N50 length of
1695 bp, with the largest contig length being 9623 bp. Functional categorization revealed the
conservation of genes involved in various molecular functions, including protein binding
(21.1%) and oxidoreductase activity (11.7%), in V. flexuosa. The V. flexuosa transcript set gen-
erated in this study will serve as a resource for gene discovery and development of functional

molecular markers.
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Introduction

Grapevines (Vitis spp.) are the most economically
important fruit crops worldwide (FAOSTAT, 2011); they
are exposed to a number of pathogens, including
Elsinoe ampelina (Pearson and Goheen, 1998). The
grapevine genome is highly polymorphic with a moder-
ate genome size of about 475Mb (Lodhi et al., 1995;
Lijavetzky et al., 2007).

Transcriptome studies have been conducted to investi-
gate the function and expression pattern of a number
of genes that accumulated in various tissues of model
species (Fung et al., 2008; Polesani et al., 2010). In a mol-
ecular breeding programme of grapevines, transcriptome
data could serve as useful genomic resources of valuable
information for future studies. Because transcript
sequences generally lack the repetitive sequences that
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make genome assembly complicated (Venturini et al.,
2013), de novo transcriptome assembly has also been
employed as a supplement to provide useful information
regarding the whole-genome sequence of grapevines.

In this study, we conducted de novo assembly of the
transcriptome of Vitis flexuosa leaves inoculated with
E. ampelina, a pathogen of grapevine anthracnose, to
obtain useful gene resources and detailed genomic infor-
mation for grape breeding.

Materials and methods

V. flexuosa VISKO001, a type of wild grape from Korea,
was maintained in a grapevine germplasm collection
field of Yeungnam University, Gyeongsan, and cultivated
in an experimental glasshouse at 25°C under a 16h
photoperiod. For pathogen inoculation, when plants
reached the 15- and 20-leaf stage, fully expanded
leaves were sprayed with an E. ampelina spore suspen-
sion (10° spores/ml). Infected leaves were collected 24 h
after inoculation, immediately frozen in liquid nitrogen
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and then stored at —80°C. Controls were harvested
from water-treated leaves under the same conditions.
RNA was extracted using the modified pine tree
method (Chang et al., 1993). The quality of total RNA
was determined based on the absorbance at 230, 260
and 280 nm, which was measured using a NanoDrop
spectrophotometer (ND-1000; NanoDrop Technologies
Inc., Wilmington, Delaware, USA). After carrying out a
quality check and trimming (SolexaQA package) the
raw data, reference genes were mapped using Bowtie
(version 0.12.7). A flowchart of the transcriptome analysis
is shown in Fig. 1. Libraries were prepared using the
TruSeq SBS v5 protocol, and more than 121 sequencing
paired-end reads were generated using Illumina HiSe-
quation 2000 (Illumina, San Diego, California, USA).
The sequences were deposited in the National Agricul-
tural Biotechnology Information Center (NABIC, Rural
Development Administration, Korea) database (NN-0682
and NN-0683). De novo assembly of trimmed reads was
carried out using Velvet (version 1.2.07) and Oases (ver-
sion 0.2.08), with k-mer sizes of 61, 65, 67 and 69, a mini-
mum contig length of 200 and an insert length of 300. We
then reassembled with k-mer sizes of 69 using the tran-
scripts of k=67 and k= 09. The longest transcripts
from & = 69 in the same locus were selected to assemble
them based on putative amino acids obtained from
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Fig. 1. Flowchart of transcriptome analysis by the RNA-Seq
method.
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nucleotide sequences. Gene expression was measured
using a short read number, and differentially expressed
genes (DEGs) were identified, clustered and annotated.
DEGs were identified using the DESeq Bioconductor
package (version 1.6.0) (Anders and Huber, 2010) with
a false discovery rate (FDR) of the Benjamini—Hochberg
multiple tests of 1% (2 < 0.01) based on read counts and
a minimum fold change of 2 in at least one pairwise com-
parison. Pearson’s correlation hierarchical clustering was
used to analyse gene expression patterns. Expressed
genes of V. flexuosa inoculated with the pathogen against
Vitis vinifera/Arvabidopsis were annotated using the
BLASTN and BLASTX search, respectively. Annotation
information was connected to gene ontology (GO) and
the biological pathway (Kyoto Encyclopedia of Genes
and Genomes).

Results and discussion

We obtained the assembly results with a total number
of 70,899 contigs (=200bp in length) with a N50 length
of 1695bp, a maximum contig length of 9623 bp and an
average contig length of 1138bp from the E. ampelina-
inoculated leaves of V. flexuosa. We assessed the effects
of sequence quality, various assembly parameters and
assembly programs on the final assembly output.

The expression profiles of DEGs from the E. ampe-
lina-inoculated grapevines were determined based on
their expression modulation. We identified 10,064 loci
that were expressed in at least one of the samples
using the combination of a FDR = 0.01% and a log2
ratio =2. Among the DEGs, 4675 genes were up-regu-
lated and 5389 genes were down-regulated in the
leaves 24h after E. ampelina inoculation compared
with the control. BLASTN analysis of V. flexuosa tran-
scripts  revealed 8399 genes to be homologous to
V. vinifera (E value =1e-80), and BLASTX analysis of
V. flexuosa transcripts revealed 7973 genes to be hom-
ologous to Arabidopsis (E value =1e-00).

The annotated function of DEGs from the E. ampe-
lina-inoculated V. flexuosa grapevines was assigned
by mapping unigenes onto the GO structure using the
TGICL (TIGR Gene Indices Clustering Tools). Unigenes
with the assigned putative functions were classified into
three ontologies, molecular function, biological process
and cellular component, by controlled GO term.

DEGs that were up-regulated in response to
E. ampelina infection were divided into 9, 15 and 17
main functional categories of molecular function, biologi-
cal process and cellular component with different
degrees at level 2, respectively (Fig. 2). In the GO terms
of molecular function, protein binding (21.1%) was
the largest category induced by pathogen inoculation,
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Fig. 2. Functional categories of highly up-regulated differentially expressed genes with putative functions assigned through gene
ontology annotation at level 2 from Elsinoe ampelina-inoculated Vitis flexuosa grapevines. (a) Molecular function, (b) biological
process and (c) cellular component. Assignments were based on the data available in TIGR Gene Indices Clustering Tools.

followed by oxidoreductase activity (11.7%) and
structural constituent of ribosome (10.8%) (Fig. 2(a)).
The largest proportions of biological process were
annotated as cellular metabolic process (48.4%) and
biosynthetic process (27.7%), meaning comprehensive
changes in grapevine gene expression. Response to
stress (18.8%), response to biotic stimulus (6.6%) and
response to other organisms (6.3%) were other major
assignments under the biological process categories,
which included responses to stress, suggesting that a sig-
nificant proportion of DEGs were produced in leaves
infected with E. ampelina in grapevines (Fig. 2(b)). Cell
and intracellular parts were assigned into the largest cat-
egories in cellular component (Fig. 2(¢)).

DEGs that were down-regulated in response to
E. ampelina infection were assigned to two main
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molecular function categories, ten main biological
process categories and five main cellular component
categories at level 2 (data not shown). Among the bio-
logical process categories, biosynthetic process (29.4%)
and response to stress (27.1%) comprised the two
most abundant clusters. When compared with the up-
regulated DEGs, the down-regulated genes exhibited
simple clusters in the biological process and cellular
component categories by controlled GO term.

De novo assembly is a powerful tool for the recon-
struction of transcriptomes of non-model species lack-
ing reference (Venturini et al., 2013) and for the
selection of valuable genes and genetic information in
grape breeding programmes.

In this study, we demonstrated a strategy for de novo
assembly of a transcriptome using short reads for
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V. flexuosa, which is resistant to anthracnose disease.
De novo assembly of transcriptomes using short read
sequences has received a great deal of attention (Gibbons
et al., 2009) and been applied to analyses of a variety
of organisms (Jackson et al., 2009; Garg et al., 2011).
We produced more than 121 million sequence reads
for V. flexuosa and revealed a non-redundant set of
70,899 transcripts representing about 80 Mb of a unique
transcriptome  sequence. Detailed analysis of the tran-
script dataset has led to the analysis of important
features such as genes conserved across grapevines and
Arabidopsis and assignment of functional categories.
The V. flexuosa transcript set generated in this study
will serve as a resource for gene discovery and develop-
ment of functional molecular markers related to disease
resistance response in grapevine breeding programmes.
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