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ABSTRACT: Long non-coding RNAs (IncRNAs) refer to a class of RNA molecules that are longer than 200 nucleotides and do not encode
proteins. Numerous IncRNAs have recently emerged as important regulators of many biological processes in animals and plants, including
responses to environmental stress and pathogens. Botryosphaeria dieback is one of the more severe grapevine trunk diseases worldwide.
However, how IncRNAs function during Botryosphaeriaceae infection is largely unknown. We performed high-throughput RNA-sequencing
(RNA-seq) of susceptible and more tolerant grapevine cultivars infected with Lasiodiplodia theobromae. Overall, we predicted 1826 novel
candidate IncRNAs, including long intergenic non-coding RNAs (lincRNAs) and natural antisense transcripts (INcNATs). The data reveal the
functions of a set of IncRNAs that were differentially expressed between the resistant cultivar Merlot and the susceptible cultivar Cabernet Franc.
Several IncRNAs were predicted to be precursors for grape microRNAs involved in the L theobromae infection. These results provide new insight
into the INcRNAs of grapevine that are involved in the response to L theobromae infection.
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Introduction

Non-coding RNAs have been defined as major products tran-
scribed by the eukaryotic genome that differ from mRNA.!
They play important roles in gene regulation without being
further translated into polypeptides or proteins. Non-coding
RNAs can be grouped based on their expression characteristics:
(1) housekeeping non-coding RNAs, which are essential for
maintaining the basic functions of cells and generally include
rRNAs, tRNAs, small nuclear RNAs (snRNAs), and small
nucleolar RNAs (snoRNAs); and (2) regulatory non-coding
RNAs, which are specially expressed in specific tissues during
developmental stages of organisms or after environment stress.?
Furthermore, on the basis of their length, regulatory non-
coding RNA are arbitrarily classified into small (<200base
pairs [bp]) and long non-coding RNAs (IncRNAs; >200bp).
In plants, significant progress has been made towards our
understanding of the functions and mechanisms of small non-
coding RNAs in the transcriptional and post-transcriptional
regulation of gene expression.>> However, the biological func-
tions of IncRNAs have yet to be uncovered. In plants, most
IncRNAs can be transcribed by RNA polymerase 11 (Pol II),
Pol 1V, and Pol V.6 In addition, compared with mRNAs, most
IncRNAs are polyadenylated and localized in the nucleus.”® In
addition, IncRNAs have a low expression level, usually exhibit
tissue- or cell-specific expression patterns and show poor con-
servation among species.’

Through application of whole genome tilling arrays, in sil-
ico predictions, and RNA-sequencing (RNA-seq) analysis,
thousands of IncRNAs have been identified in Arabidopsis thal-
iana,’% Zea mays,' Oryza sativa,* Triticum aestivum,'
Medicago truncatula,* and Cucumis sativus,”® and emerging
evidence suggests that many of them are responsive to biotic
and abiotic stresses.®1617 For example, 1212 novel IncRNA
candidates were predicted, including 309 differentially
expressed IncRNAs under control and Pi starvation conditions
in Arabidopsis.*® Using strand-specific RNA-seq, 1113 long
intergenic non-coding RNAs (lincRNAs) and 17 defence-
related lincTARs responsive to Pectobacterium carotovorum
subsp. brasiliense challenge were identified in pozaro.® In toma-
toes, 1565 IncRNAs that are involved in Tomato yellow leaf
curl virus (TYLCV) infection were discovered.?® However, the
molecular basis of how IncRNAs regulate responses to envi-
ronmental stress and pathogens is still poorly understood, with
only a few have been functionally investigated. In Arabidopsis, 2
types of IncRNAs, COOLAIR (cold-induced long antisense
intragenic RNA) and COLDAIR (cold-assisted intronic non-
coding RNA), have been demonstrated to participate in tran-
script silencing of FLOWERING LOCUS C (FLC) through
chromatin modifications during vernalization.?1~2* Recently,
another antisense IncRNA, ASL, which is not polyadenylated,
was identified and plays different roles in FLC silencing.?*
Furthermore, Pi starvation induced the IncRNA IPS7 (induced
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by PHOSPHATE STARVATION 1), which acts as a miR399
target mimic, leading to the reduction of miR399-mediated
cleavage of PHO mRNA.»

Grape is one of the most widely cultivated and economically
important fruits in the world, both for fruit consumption and
for wine production. Grape Botryosphaeriaceous diseases have
long been important factors that affect yield and quality, lead-
ing to a serious reduction in grape production. To date,
Botryosphaeria dieback caused by some members of the
Botryosphaeriaceae family is one of the most serious trunk dis-
eases in almost all main grape-growing areas.?6>% The fungi
infect grapes through wounds or natural openings, causing
serious losses as a result of trunk canker, vascular discoloura-
tion, and fruit shrivelling and rot.?*32 Species in the genera
Botryosphaeria, Diplodia, Lasiodiplodia, and Neofusicoccum and
some others were reported to be associated with Botryosphaeria
dieback in grapevine.?>3233 In China, Li et al3*37 reported
morphological and molecular identification of 5 different
members of the Botryosphaeriaceae family associated with
grapevine trunk disease, including Botryosphaeria dothidea,
Diplodia seriata, Lasiodiplodia theobromae, Neofusicoccum par-
vum, Lasiodiplodia pseudotheobromae, and Neofusicoccum mangif-
erae. In addition, L theobromae was shown to be the most
aggressive Botryosphaeriaceae species on grapevines.33° These
Botryosphaeriaceous pathogens can cause serious losses in
grapevine production. To date, there are no efficient strategies
to control this disease. Hence, investigating the interaction
between the pathogen and the host is important for designing
efficient control strategies. Although emerging evidence sug-
gests that IncRNAs are involved in the response to pathogen
attack, whether IncRNAs participate in the Botryosphaeriaceae
defence networks in grapevine is still not known.

In this study, to systematically identify and characterize
the IncRNAs involved in Botryosphaeriaceae resistance, deep
RNA-seq analysis was performed on grape stems in 2 grape
cultivars that are susceptible (Cabernet Franc [CF]) and tol-
erant (Merlot [ML]) with and without L theobromae inocula-
tion.s In total, 1826 candidate IncRNAs were identified in
this analysis. Compared with the mock-inoculated treat-
ments, 782 grape IncRNA candidates have shown significant
differential expression patterns in the resistant and suscepti-
ble cultivars. Of these, 8 were validated using quantitative
real-time polymerase chain reaction (QRT-PCR). In addition,
cis and trans roles of IncRNA targeting genes were also exam-
ined to annotate IncRNA function. Overall, our results dem-
onstrated that some candidate IncRNAs may play an
important role in grape immunity mechanisms, including
some acting as miRNA precursors.

Materials and Methods

Plant materials and Lasiodiplodia theobromae
inoculation

Dormant branches of 2 grapevine cultivars that are susceptible
(CF) and more tolerant (ML)3 to the L theobromae strain

CSS-01s on cutting were grown in a greenhouse of Beijing
Academy of Agriculture and Forestry Sciences (BAAFS) in
Beijing, China. Cuttings from rooting plants were transferred
to 25cm X 25cm pots and were propagated at a spacing of
20cm X 20 cm. Cultivation management followed the stand-
ard procedures used at BAAFS. Stem inoculations were per-
formed as previous described in Yan et al®»% with minor
modifications. L theobromae CSS-01s was cultured on potato
dextrose agar (PDA) medium at 28°C for 2 days prior to inoc-
ulation. The semi-lignified current grown shoots were surface-
sterilized with 70% alcohol and then were wounded at the
middle point using a 4-mm cork borer (2-mm deep). A myce-
lial agar plug (4mm in diameter) of L theobromae was placed
onto the wound. Controls were mock-inoculated with a plug
of sterile PDA medium without L theobromae. These grape pot
seedlings were placed under 12 hours of light, at 28°C, and at
a relative humidity (RH) of 90% in a plant inoculation room.
Shoot phloem within a 0.5- to 2.0-cm range from the wound
point was collected at 0 and 24 hours post inoculation (hpi) in
2 biological replicates. The samples were collected and frozen
immediately in liquid nitrogen and then stored at -80°C for
subsequent use (5 plants were pooled together for each bio-
logical replicate).

RNA extraction, library preparation, and
sequencing

The total RNA of collected samples was extracted using
OminiPlant RNA Kit (CWBIO, Beijing, China) according to
the manufacturer’s instruction. The RNA was quantified using
Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life
Technologies, Carlsbad, CA, USA). Then, the quality and integ-
rity was assessed using the RNA Nano 6000 Assay Kit of the
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara,
CA, USA) with a minimum RNA integrated number (RIN)
value of 7.0. The construction of RNA-seq libraries and sequenc-
ing were carried at Novogene Bioinformatics Technology
Cooperation (Beijing, China). Briefly, RNA samples were
treated with Epicentre Ribo-zero™ rRNA Removal Kit
(Epicentre, Madison, WI, USA) for rRNA depletion. Whole
transcription libraries were prepared using the rRNA-depleted
RNA by NEBNext® Ultra™ Directional RNA Library Prep Kit
for Illumina® (NEB, Ipswich, MA, USA) following the manu-
facturer’s recommendations. Then, the libraries were quality
checked on the Agilent Bioanalyzer 2100 system. Finally, the
resulting libraries were sequenced on an Illumina HiSeq 2500
platform (Illumina, San Diego, CA, USA) with paired-end reads
of 125 bp. The data for this study have been deposited in National
Center for Biotechnology Information (NCBI) Sequence Read
Archive Gene with accession number SRP101685.

Bioinformatics pipeline for IncRINAs identification

The grape (Vitis vinifera cv. Pinot Noir) reference genome assem-
bly, PN40024, used throughout this study was downloaded
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from http://www.genoscope.cns.fr/. Raw reads in FASTQ _for-
mat were processed through quality trimming and filtering to
remove adapter-containing, poly-N containing, and low-quality
reads. Each data set of RNA-seq clean reads was aligned to the
grape reference genome using TopHat v2.0.9 program3
(TopHat2, -library-type ‘fr-firststrand’ splice-mismatches ‘0’
—min-intron-length ‘70’ —max-intron-length ‘50000'-num-
threads ‘6’). The transcripts were assembled using Cufflinks
v2.1.1% (Cufflinks2, —num-threads ‘8’ —max-intron-length
300000’ —max-mle-iterations ‘5000’ —min-frags-per-transfrag
‘10’ —min-intron-length ‘50’ —minisoform-fraction‘0.1’ —num-
importance-samples ‘1000" —library-type ‘fr-firststrand’) and
Scripture®® with default parameters. The transcripts that have 2
or more read coverage were chosen for further analyses. All
transcripts less than 200bp were first sorted out. Compared
with the known mRNA and non-coding RNAs using
Cuffcompare*(Cuffcompare -o cuffemp -r genome.grf -s
genome.fasta samplel.gtf), the sequences of the remaining
transcripts that overlapped with known genes were discarded.
Then, transcripts with a FPKM (fragments per kilobase of
transcript per million mapped reads) score higher than or equal
to 0.5 were retained. The coding potential of the remaining
transcripts was searched against CPC (Coding Potential
Calculator v2),2 CNCI (Coding-Non-Coding-Index 0.9-
12), PfamScan v1.3,* and phyloCSF v20121028% pro-
grammes by BLASTX (E-value cut-off of 1e-10,
coverage >80%, and identity>>90%) to exclude transcripts
with significant homolog to known proteins, respectively.
Transcripts predicted with coding potential by any of the 4 tools
were filtered out, and those without coding potential were con-
sidered as the candidate IncRNAs.

LncRNAs characterization and functional
prediction

All identified IncRNAs and mRNAs were aligned to the
genome of PN40024 separately to obtain the chromosome dis-
tribution. A circular schematic diagram was constructed using
Circos* for comparative visualizations. The full length of all
identified IncRNAs was used to align against the whole genome
of Arabidopsis and rice with a cut-oft E <1.0e-10. Potential
miRNA precursors were predicted online by subjecting all the
IncRNA candidates to Blast search against the miRBase 21
(http://www.mirbase.org)¥’ and by identifying hits with
sequence homology greater than 90%. In addition, candidate
IncRNAs targeted by miRINAs were identified using the psRo-
bot software*® with default parameters.

Quantification of gene expression, target gene
prediction, and gene ontology enrichment analysis

The FPKMs of both IncRNAs and coding genes were calcu-
lated by Cuftdiff v2.1.1 in each sample.*! The transcripts with
a P-value <0.05 were assigned as differentially expressed.

The cis role refers to IncRNA acting on neighbouring target
genes. In this study, we searched coding genes 100kb upstream and
downstream of an IncRNA and then analysed their function. The
trans role refers to IncRINAs acting on other genes at the expression
level. We constructed the co-expression network between IncR-
NAs and coding RNAs by Pearson’s correlation coefficients with
custom scripts (Pearson’s correlation =0.95 or <0.95). Then, gene
ontology (GO) enrichment analysis* of IncRNA target genes was
implemented by the GOseq R package, in which gene length bias
was corrected. Gene ontology terms with corrected P-values < 0.05
were considered significant functional terms.

gRT-PCR validation of differentially expressed
IncRINAs

For qRT-PCR, first-strand cDNA was synthesized from total
RNA using the Superscript III First-Strand ¢cDNA Synthesis
SuperMix kit (Invitrogen, Carlsbad, CA, USA) and random hex-
amer primers. Primers were designed using the OligoArchitect™
Online software (Sigma-Aldrich, St. Louis, Mo, USA) and are
listed in Supplemental Table S1, and the grape VoEFI-y
(AF176496) gene was used as an internal standard. Polymerase
chain reaction (PCR) amplifications were performed in a 7500
real-time system (Applied Biosystems, Foster City, CA, USA)
with 15-p.L final volumes containing 1.0 wL of cDNA, 0.5 uL of
each primer (10pnM), 0.3 L. ROX Reference Dye, 5.2 L of
sterile water,and 7.5 pL of (2X) SYBR" Premix Ex Taq™ II (Tli
RNaseH Plus) (Takara, Tokyo, Japan). The conditions for ampli-
fication were as follows: 2minutes of denaturation at 95°C fol-
lowed by 40 cycles of 95°C for 5seconds, and 60°C for 35 seconds.
Relative gene expression was calculated using the 2-24Ct method.
In total, 2 biological replicates and 3 technical replicates were per-
formed for each of the selected IncRINAs.

RT-PCR wvalidation of IncRNAs

First-strand cDNA was reverse transcribed as described above,
and PCR amplifications were performed in a C1000 Touch™
Thermal Cycler (Bio-Rad, Hercules, CA, USA). PCR was
performed in 25pL of reaction mixture containing 1pL of
template DNA, 1pL of 2.5mM dNTPs, 1U of LA Taq
(Takara), 2.5 uLL of 10X LA PCR Buffer II (Mg?* Plus), and
0.5uL each of 10-pM forward and reverse primers. Primers
were also listed in Supplemental Table S1. Cycling conditions
were 5minutes at 94°C followed by 32 cycles of 94°C for
30seconds, 60°C for 30seconds, 72°C for 60seconds, and a
final extension at 72°C for 10 minutes. The PCR products

were separated on 1.5% agarose gel.

Results
Deep sequencing and identification of IncRNAs

The grapevine cultivars showed significant differences in toler-
ance to L theobromae infection, as described in our previous
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study.®® In this study, the average canker lengths on CF were
significantly greater than those on ML after CSS-01s inocula-
tion (Figure 1), indicating that the cultivar ML is much more
tolerant to L theobromae than CF.

To identify the IncRNAs involved in mediating the response
to L theobromae in grapevine, deep RNA-seq was performed on
transcripts that were derived from shoot phloem of grapevine
cultivars CF and ML at 0 and 24 hours after CSS-01s inocula-
tion, each with 2 biological replicates. A total of 766 million
clean reads were generated from 8 libraries, and approximately
489 million reads (63.79%) were successfully mapped on to the
reference PN40024 genome (Table 1). Approximately, 62.12%
of the reads were uniquely mapped to a single genomic locus,
attesting the reliability of the transcriptome data. A total of
73657 transcripts were assembled using Cufflinks and
Scripture. Identification of grapevine IncRNAs was performed
according to the pipeline shown in Figure 2. First, transcript
data were filtered according to 4 principles: (1) exon=1 and
sequencing depth =2 reads; (2) transcript length >200nt; (3)
filter out known non-IncRNA annotations; and (4)
FPKM=0.5. As a result, 4523 transcript sequences were

CF

A ML CF B
Figure 1. Phenotypic on cultivar ML and CF after inoculating with
Lasiodiplodia theobromae strain CSS-01s: (A) photos were taken at
10days post inoculation (dpi) and (B) canker length was measured and
shown as mean values and standard errors from 10 shoots. Bar=1cm.
CF indicates Cabernet Franc; ML, Merlot.

Table 1. Summary of RNA-seq data.

obtained. Furthermore, the coding potential of the remaining
transcripts was subsequently evaluated using CPC, CNCI,
PfamScan, and PhyloCSF software, respectively. Finally, 1826
candidate IncRNAs were identified and listed in Supplemental
Table S2. Real-time polymerase chain reaction confirmed a
total of 13 randomly selected of the RNA-seq identified IncR-
NAs, thus proving the assembly and identification pipeline
(Figure 3).

Characteristics of grapevine IncRINAs

Based on their genomic location relative to their closest pro-
tein-coding genes, the 1826 newly identified grape IncRNAs
include 1556 (85%) lincRNAs, 270 (15%) antisense IncRNAs,
and no intronic IncRNAs (Figure 4A). Among the intergenic
IncRNAs, 449 (24.6%) and 427 (23.4%) are located within 5kb
upstream and downstream of annotated genes, respectively
(Supplemental Table S3). The remaining 37% of the intergenic
IncRNAs are located at least 5kb from the closest gene. The
lengths of the IncRNAs ranged from 201 to 8661bp, with
more than 60% IncRNAs ranging from 200 to 800bp (Figure
4B). In addition, full-length IncRNA transcripts (median
length of 1001bp) are shorter than grape mRNA transcripts
(median length of 3572bp). Approximately, 68% of the IncR-
NAs consist of a single exon, and the rest have multiple exons
(Figure 4C). Size distribution of the exons suggested that
almost 80% of IncRNAs have sizes ranging from 200 to 800bp
(Supplemental Figure S1A). Most of the IncRNAs (35%) pos-
sess short intronic regions (<200bp) and 21% have long
intronic regions (>2000bp) (Supplemental Figure S1B).
Moreover, we examined the distribution of IncRNAs on the
grape chromosomes and found that the IncRNAs were tran-
scribed from all the 19 chromosomes. Except for those that
were not mapped on chromosomes, chromosome 03 has the

highest IncRNA density with 4.57 IncRNAs per 1Mbp of

SAMPLES RAW READS CLEAN READS TOTAL MAPPED UNIQUELY MAPPED

READS

MULTIPLE MAPPED
READS

READS

ML-0hour Rep1
ML-0hour Rep2
ML-24 hour Rep1
ML-24 hour Rep2
CF-0hour Rep1
CF-0hour Rep2
CF-24hour Repf
CF-24hour Rep2

Total

Abbreviations: CF, Cabernet Franc; ML, Merlot; RNA-seq, RNA-sequencing.

102942 034
107859336
110089846
93733566
99633410
83588386
99358488
98390380
795595446

99554930
104413870
104984098
90051820
96877110
81249428
95044372
93985360
766160988

66156046 (66.45%)
69066980 (66.15%)
68983852 (65.71%)
55889317 (62.06%)
61577548 (63.56%)
50241614 (61.84%)
57759361 (60.77%)
59034378 (62.81%)

488709096 (63.79%)

65039097 (65.33%)
67868457 (65%)
66629002 (63.47%)
53898495 (59.85%)
60574559 (62.53%)
49446456 (60.86%)
55671721 (58.57%)
56811456 (60.45%)
475939243 (62.12%)

1116949 (1.12%)
1198523 (1.15%)
2354850 (2.24%)
1990822 (2.21%)
1002989 (1.04%)

795158 (0.98%)
2087640 (2.2%)
2222922 (2.37%)

12769853 (1.67%)
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2

MNovel InclRMNA

Figure 2. Bioinformatics pipeline for the systematic identification,
annotation and classification of grapevine IncRNAs. IncRNA indicates
long non-coding RNA.

Figure 3. RT-PCR validation of 1 IncRNA transcripts — Lane 1: Lnc36,
Lane 2: Lnc367, Lane 3: Lnc440, Lane 4: Lnc485, Lane 5: Lnc625, Lane
6: Lnc1080, Lane 7: Lnc1276, Lane 8: Lnc1327, Lane 9: Lnc1731, Lane
10: Lnc1378, Lane 11: Lnc1388, Lane 12: Lnc1455, Lane 13: Lnc1633,
and Lane 14: Negative control. IncRNA indicates long non-coding RNA;
RT-PCR, real-time polymerase chain reaction.

nucleotides, whereas chromosome 11 has the lowest IncRNA
density with 2.14 IncRNAs per 1 Mbp of nucleotides (Figure
4D and E).

To evaluate the sequence conservation, the IncRNA
sequences were blasted against the genomes of Arabidopsis and
rice. Only 56 IncRNAs showed multiple homologous regions
with those of 4 thaliana, whereas 41 IncRNAs were predicted
to be highly conserved with the rice genome (Figure 5). In
addition, most aligned IncRNAs were conserved with
Arabidopsis at both more than 10% and 20% coverage levels.
Furthermore, the repeat content was evaluated by RepeatMasker
(http://www.repeatmasker.org). The results showed that more
than 35% of the putative IncRNAs contain repetitive sequences
or transposons (Supplemental Table S4).

Differentially expressed IncRINAs in response fo
Lasiodiplodia theobromae infection

To investigate the potential role of IncRNAs in L theobromae
inoculation, we performed differentially expressed transcripts
analyses in ML and CF at 24 hours after CSS-01s inoculation
compared with mock-inoculated samples. Differentially
expressed transcripts were analysed by Cuftdiff, and 782 IncR-
NAs with a P-adjust<0.05 were assigned as differentially
expressed (Figure 6A; Supplemental Table S5). Then, Venn
diagrams and heat maps were drawn to show the differentially
expressed IncRNAs that were common to both grape cultivars
ML and CF or that were specific to either cultivar in response
to CSS-01s inoculation (Figure 6B). Of these differentially
expressed transcripts, 782 were from intergenic and antisense
IncRNAs (704 intergenic and 78 antisense RNAs) (Figure 6B).
Among them, 264 differentially expressed IncRNAs (62 up-
regulated and 202 down-regulated) were only significantly
expressed in ML, 325 were present in both cultivars, and 193
(64 up-regulated and 129 down-regulated) were CF-specific
(Figure 6B to D). Among the common IncRNAs, 111 up-
regulated and 213 down-regulated were present in both culti-
vars, and only 1 IncRNA was up-regulated in CF but down-
regulated in ML (Figure 6).

To confirm the accuracy and reliability of the RNA-seq
data, 8 of the differentially expressed IncRNA candidates that
were present in both cultivars were randomly selected for qRT-
PCR validation. As shown in Figure 7, the qRT-PCR results
were in concordance with the RNA-seq data, suggesting that
these IncRNAs were likely to play roles in response to L theo-
bromae infection

The cis and trans role of IncRINAs in target genes

To investigate the functions or biological processes that the
candidate IncRNAs might be involved in, we predicted the tar-
get genes in cis and #rans. For the cis analysis of the IncRNAs,
we searched coding genes 100 kb upstream and downstream of
IncRNAs. The results indicated that 779 differentially
expressed IncRNAs, co-localized with 9909 coding genes
(Supplemental Table S6). Then, GO enrichment analyses were
conducted separately for the neighbouring co-localized genes
of these differentially expressed IncRNAs at 24 hpi on cultivars
ML and CF. According to the analyses, the GO term ‘struc-
tural constituent of cell wall’ (GO: 0005199) was significantly
enriched among the co-localized genes of the differentially
expressed IncRNAs at 24hpi on the cultivar ML. However,
most of the co-localized genes of differentially expressed IncR-
NAs on CF were enriched in biological processes and concen-
trated in ‘response to auxin stimulus’ (GO: 0009733), ‘chitin
catabolic process’ (GO: 0006032), ‘response to hormone stimu-
lus’ (GO: 0009725), ‘chitin metabolic process’ (GO: 0006030),
and ‘cell wall macromolecule metabolic process’ (GO: 0044036)
(Supplemental Table S7).
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Figure 4. Characteristics of grapevine IncRNA: (A) percentage and distribution of lincRNA, antisense IncRNAs, and intronic INcRNAs in grapevine;
(B) transcript length distribution of 1826 candidate INcRNAs; (C) number of exons per transcript for all IncRNAs; (D) numbers of IncRNAs on each
chromosome; and (E) distribution of IncRNAs along each chromosome. lincRNA indicates long intergenic non-coding RNA; IncRNA, long non-coding
RNA.

nt Arabidopis nt Rice
700 = 700
+*
600 + T 600 =
500 ¢ 500
* *
400 + 100
* * +* *
300 | = . T 300 1 -?
*
200 - P = .. * 200 —4 L. 2 L
o . + & @ b *
100 ¥ R TV ¢+ ¥ =» * %y svE
0+ L]
80 85 90 95 100 80 85 90 95 100
A B
50 4
= Arabidopis
5--.m |
230 4
"='10
=20
:
Z10 1
u +
220% 210%
C Coverage

Figure 5. Conservation of grapevine IncRNA: 1826 candidate IncRNAs were blasted with the genomes of (A) Arabidopsis thaliana and (B) Oryza sativa.
(C) Number of for conserved IncRNAs with more than 10% or 20% coverage regions. INcRNA indicates long non-coding RNA.

Based on the expression correlation coefficient (Pearson’s 393611 interaction relationships were constructed in frans
correlation=0.95 or <0.95), the co-expression network for between 792 IncRNAs and mRNA genes in the V vinifera
the IncRNAs and coding genes were investigated. In total, genome (Supplemental Table S6). Then, GO enrichment
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analyses were performed separately for the co-expressed genes
of these differentially expressed IncRNAs at 24 hpi on cultivars
ML and CF. Functional enrichment analysis showed that the
trans target genes were significantly enriched in 46 GO terms

(Supplemental Table S7).

LncRINAs as potential miRINA precursors
MicroRNAs (miRNAs) are short regulatory RNAs that play

an essential role in the regulation of target transcripts at both
the transcriptional and post-transcriptional levels in most
eukaryotes.’®! Recent studies suggested that certain IncRNAs
could act as miRNA precursors.’> All the IncRNAs were
aligned against the miRBase database, and the results had
revealed that 36 IncRNAs showed high homology with known
miRNA precursors from V winifera, Arabidopsis lyrata, and
Arabidopsis thaliana (Supplemental Table S8). In addition, 2
IncRNAs (LNC_000032 and LNC_001084) were predicted as
precursors for miR169, 2 IncRNAs (LNC_000402 and
LNC_000403) were precursors for miR156, and another 2
IncRNAs (LNC_001235 and LNC_001272) serve as precur-
sors for miR398.

Discussion

Botryosphaeria dieback causes serious losses to table and grape
wine production across the world.3235 Although fungicides,
such as flusilazole, carbendazim, tebuconazole, thiophanate-
methyl, and mancozeb, have been reported to inhibit or reduce
the infection of Botryosphaeriaceous species,”>** epidemics
still occur. Thus, cultivating disease-tolerant varieties is an
efficient way in controlling these diseases. Recently, an increas-
ing number of reports suggested that IncRNAs have been rec-
ognized as important regulators of the biotic and abiotic stress
responses.'®17 Functional study on IncRNAs has opened up a
new field in disease resistance breeding. Recently, 931 differ-
entially expressed IncRNAs responsive to Sclerotinia sclerotio-
rum infection were identified in Brassica napus.>> Furthermore,
41 IncRNAs were predicted as precursors for fungal phy-
topathogens responsive miRNAs. In this study, we used an
RNA-seq approach to investigate transcriptomic changes in
response to L theobromae infection, and we systematically
identified 1826 novel IncRNAs in grape. This is the first work
to globally identify IncRNAs that respond to L theobromae
infection in grape. Hence, this study provides an important
resource of grape IncRNAs that can be useful for future
research in this direction.

It has been reported that the potential functions of IncR-
NAs can be predicted by their co-localized and co-expressed
transcripts.”®>7 The cis analysis showed high relevance with
GO terms related to morphological changes, including struc-
tural constituent of cell wall, chitin catabolic process, chitin
metabolic process, and cell wall macromolecule metabolic pro-
cess among others. The plant cell wall that is composed of
polysaccharides, proteins, and aromatic polymers is the first

barrier that plants use to limit pathogen attack.’®-%0 Emerging
evidence of plant—fungal interactions has indicated that per-
ception of fungal chitin by host plants is critical for triggering
pathogen-associated molecular pattern (PAMP)-triggered
immunity (PTI) against fungal pathogens attack.6%? These
results indicated that the expression levels of the target genes
involved in cell wall organization and chitin signalling were
closely correlated with their IncRNAs on L theobromae
infection.

Host endogenous miRNAs and miRNA pathway compo-
nents play essential roles in plant-immune responses against
various pathogens, including bacteria, fungi, oomycetes, and
viruses.® It has been reported that miR156, miR169, miR398,
and miR169 were significantly up-regulated by fungal patho-
gen stress.®% In addition, miR482 was reported to guide
cleavage of nucleotide-binding site leucine-rich repeat (NBS-
LRR) disease resistance genes in Solanaceae and Leguminosae
species as well as in Arabidopsis.®%7 Recently, it was shown
that miR169 might be involved in bacterial wilt resistance by
post-transcriptional regulation of NF-YA transcription fac-
tors.®® In addition, miR398 is involved in PTI responses
through targeting of 2 copper superoxide dismutase genes,
CSD1 and CSD2,and a cytochrome c oxidase gene, COX55.1.9°
In this study, we found that there are 2 IncRNAs that might be
precursors for miR156, miR169, and miR398, demonstrating
that IncRNA may be important in mediating responses of
grape to L theobromae through the interaction with miRNA.

Our current understanding of IncRNA regulation in
response to L theobromae infection is still in its infancy. Several
approaches including IncRNA silencing and overexpressing or
CRISPR in vivo need to be performed to elucidate the specific
molecular roles of these candidate IncRINAs and their interac-
tion with other regulatory components involved in L theobro-
mae infection.
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