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Abstract

Cultivated grapevines, Vitis vinifera subsp. sativa, are thought to have been domesticated from wild populations of Vitis
vinifera subsp. sylvestris in Central Asia. V. vinifera subsp. sativa is one of the most economically important fruit crops
worldwide. Since cultivated grapevines are susceptible to multiple biotic and abiotic soil factors, they also need to be grafted
on resistant rootstocks that are mostly developed though hybridization between American wild grapevine species (V. ber-
landieri, V. riparia, and V. rupestris). Therefore, wild grapevine species are essential genetic materials for viticulture to face
biotic and abiotic stresses in both cultivar and rootstock parts. Actually, viticulture faces several environmental constraints
that are further intensified by climate change. Recently, several reports on biotic and abiotic stresses-response in wild grape-
vines revealed accessions tolerant to different constraints. The emergence of advanced techniques such as omics technolo-
gies, marker-assisted selection (MAS), and functional analysis tools allowed a more detailed characterization of resistance
mechanisms in these wild grapevines and suggest a number of species (V. rotundifolia, V. rupestris, V. riparia, V. berlandieri
and V. amurensis) have untapped potential for new resistance traits including disease resistance loci and key tolerance genes.
The present review reports on the importance of different biotechnological tools in exploring and examining wild grapevines
tolerance mechanisms that can be employed to promote elite cultivated grapevines under climate change conditions.
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Introduction V. vinifera subsp. sativa is one of the most important crops
worldwide with respect to its distribution area, cultural sig-

The genus Vitis L. encompasses about 70 woody lianas dis-  nificance and economic value [2].

tributed mostly in the temperate regions of the Northern
Hemisphere [1]. They include 34 American and 37 Asian
species as well as the European—Middle Asian wild grape-
vine (V. vinifera subsp. sylvestris), believed to be the ances-
tor of modern cultivars [1]. To date, V. vinifera L. exists
as the cultivated form of V. vinifera subsp. sativa (or vinif-
era) and the wild-form of V. vinifera subsp. sylvestris [1].
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Grapevine cultivars (V. vinifera subsp. sativa) are sus-
ceptible to various biotic and abiotic factors that are further
amplified by climate change [3, 4]. In the Mediterranean
region in particular, climate models predict an increase in
winter temperatures combined with fluctuations in annual
rainfall amount and distribution [5]. In addition, increased
salinity from salt-water intrusion may pose the greatest
threat to viticulture particularly in the countries with vul-
nerable coastal regions [6].

Regarding these threats, researchers attempted to find
novel resistance sources that can be valuable in grape breed-
ing programs. In this context, several wild and naturally
occurring Asian and American Vitis species are now recog-
nized as valuable sources of resistant genes against diseases
and abiotic factors. In fact, wild grapevines including Amer-
ican species like V. rotundifolia, V. rupestris, V. riparia, and
V. berlandieri, as well as Asian species with a high degree of
resistance to diseases, mainly V. amurensis, have been used
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in breeding programs to develop resistant cultivars [2, 6].
Also, wild grapevines from the Mediterranean basin were
found to counteract several viral diseases [7, 8].

The undertaken breeding attempts in grapevine have
been facilitated by marker-assisted selection (MAS) tech-
nology that is based on the use of molecular markers flank-
ing genomic regions that confer resistance to diseases.
Molecular markers associated with these regions have been
employed in MAS for pyramiding these resistance loci for
downy mildew and powdery mildew (PM) in different wild
grapevines around the world [2]. Therefore the availability
of the vast grapevine genome [9, 10] would efficiently con-
tribute to these breeding programs.

Other advanced high throughput tools involving OMICs
and functional studies have been also employed in study-
ing grapevine transcriptomics [11, 12] proteomics [13, 14]
and metabolomic aspects [15, 16] in attempt to decipher
mechanisms underlying wild grapevines tolerance to biotic
and abiotic factors. On the other hand, a failure of some con-
ventional rootstocks in promoting grapevine sustainability
under stress conditions has been reported [17]. Researchers
thus attempted to search for a new generation of rootstocks
with higher adaptation capacities. In this context, the use
of advanced biotechnological tools would greatly contrib-
ute to a better understanding of the molecular mechanisms
deployed by tolerant genotypes to generate reliable molecu-
lar markers to select and to rapidly identify new rootstocks
and/or cultivars with advantageous loci.

This review focuses on the current understanding of
defense mechanisms in wild grapevines and the genetic
sources of tolerance to biotic and abiotic stresses, as revealed
by recent advanced genomic and transcriptomic studies. We
further highlight the priorities that should be addressed to
establish an efficient and smart breeding program for grape-
vine adaptation to environmental constraints.

The efficiency of marker-assisted selection
in exploring and pyramiding resistance genes
in wild grapes

Grapevines are susceptible to many fungal diseases includ-
ing powdery mildew caused by Erysiphe necator Schw. (syn.
Uncinula necator Schw.), anthracnose caused by Elsinoe
ampelina (de Bary) Shear, gray mold caused by Botrytis
cinerea, and downy mildew caused by Plasmopara viticola
[18]. These pathogenic fungi affect both grapevine plant
growth and fruit quality and their control under field condi-
tions requires a massive usage of fungicides [19]. There is
an increasing public pressure to reduce pesticide use due to
environmental and human health concerns [20] as well as the
cost and risk associated with the development of resistant
strains of these pathogens under current control strategies.

@ Springer

Thus, the search for environmentally-safe alternatives for the
control of these pathogens is of great benefit.

Breeding programs based on the exploitation and the
exploration of the potential of different wild grapevine spe-
cies as a source of disease resistance traits could be a suit-
able approach. Conventional breeding has been attempted by
grape breeders to develop pathogen resistant cultivars with
high quality fruit. Nevertheless, the successful introgression
of resistance into susceptible grapevine cultivars through
conventional breeding is time consuming. Molecular genetic
tools like MAS can help breeders in the identification of
genomic regions that carry resistance genes to grapevine
pathogens from different genetic backgrounds. MAS is use-
ful in pyramiding resistance genes from wild grapevines and
their introgression into elite cultivated grapevines.

Numerous North American Vitis species are known for
their resistance to P. viticola and U. necator pathogens [21].
In addition, several Chinese Vitis species were also found to
be resistant to both pathogens despite that these latter had
never been detected in Asia [22]. Using MAS, various resist-
ance genes to these pathogens have been mapped in several
genetic backgrounds and hybrids [23, 24].

In fact, a powdery mildew resistance locus, Renl, has
been identified in ‘Dzhandzhal kara’ and ‘Kishmish vatkana’
central Asian cultivars, and this discovery significantly con-
tributed to identify new grapevine lines resistant to powdery
mildew. Renl-mediated resistance implicated the inhibition
of the pathogen mycelial growth, reduced conidiophore for-
mation and a delay in plant cell death (PCD) establishment
at the infection sites [24].

Therefore, simple sequences repeat (SSR) markers have
been designed for this locus and allowed the detection of
other homologs containing resistance genes to U. necator
in additional germplasm [25, 26]. Based on MAS, wild Chi-
nese Vitis species were found to contain major dominant
R-genes for U. necator resistance. In fact, Ren4, isolated
from the Chinese species V. romanetii, has been successfully
introduced into cultivated grapevines and found to segre-
gate as a single dominant R-locus [25]. It is important to
note that the majority of the Chinese Vitis species may be
more advantageous to use for breeding purposes compared
to North American Vitis ones because of their more neu-
tral fruit flavors while still being fully inter-fertile with V.
vinifera.

In addition, 392 grapevine accessions from Afghanistan,
Pakistan and Central Asia, the Middle East, Turkmeni-
stan, besides to Native American and Chinese Vitis species
have been screened to identify synonyms and homonyms
using 6 microsatellite markers [27]. Thereafter, a set of 266
unique accessions were subjected to a second test using
ten additional markers sourced primarily from chromo-
some 12, 13 and 18. When the allelic diversity of marker
VMCNg4el0.1 and UDV 124 that flank the Ren1 locus was
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assessed, thirty-one accessions were found to contain the
marker UDV 124 and 30 accessions were found to carry the
marker VMCNg4e10.1, both markers were linked to Renl1.
However, 6 accessions (‘Sochal’, Karadzhandal’, ‘Baidh-ul-
Haman’, ‘Late Vavilov’, ‘Kishmish vatkana’ and ‘Husseine’)
were revealed to contain resistant alleles for both markers.
All of the accessions either with one or both alleles associ-
ated to resistance have been tested under field conditions to
powdery mildew resistance. The results from this field test
revealed four additional homologs of Renl with significant
resistance to powdery mildew [27].

Additionally, based on MAS analysis, a set of 380 unique
genotypes including 40 accessions of V. vinifera subsp. syl-
vestris, 306 grapevine cultivars, and 34 accessions of Vitis
species originating from China, northern Pakistan and
Afghanistan were evaluated with data generated from 34
SSR markers. Based on the presence of four SSR alleles
previously reported to be related to the U. necator resistance
locus, Renl, 10 new genotypes were detected, as resistant
to powdery mildew disease including 2 V. vinifera subsp.
sylvestris accessions and 8 V. vinifera cultivars among
which three genotypes were found to have a relationship
with ‘Karadzhandal’ and ‘Kishmish vatkana’ cultivars [26].

Another important study, based on SSR markers, con-
ducted on 277 genotypes of an F1 mapping population
resulting from a cross of V. vinifera selection F2-35 (which
is susceptible to powdery mildew disease) and V. piasezkii
DVIT2027 (a resistant accession to powdery mildew dis-
ease) followed by a quantitative trait locus (QTLs) analyses
allowed the identification of two major PM resistance loci,
Ren6 and Ren7, localized, respectively, on chromosomes 9
and 19.

Further analysis by microsatellites of numerous seedlings
of the F1 population besides to others developed from four
pseudo-backcross populations allowed the identification of
regions of 22 and 330 kb in the V. vinifera PN40024 (12X)
genome that correspond to Ren6 and Ren7, respectively
[28]. Both R loci were found to be implicated in inducing
PCD [28].

Apart from the QTL defined for PM disease resistance,
others were defined for U. necator and P. viticola grapevine
pathogens using MAS from North American, Chinese, and
Asian Vitis species. These QTLs were mapped to different
chromosomes (4, 7, 9, 12, 13, 15, and 18) that enclose the
majority of the RGA (repressor of gibberellin) -like genes in
grapevines [29]. Among which, a locus for resistance to U.
necator (Runl) was co-located with another one related to
resistance to P. viticola (Rpv1) on the chromosome 12 [30].
These loci were found to encode several Toll/interleukin-1
receptor (TIR)-NB-LRR-type R genes. After that, infection
assays revealed that only one (MrRGA10) of these TIR-NB-
LRR genes was able to confer resistance to U. necator when
overexpressed in susceptible grapevines [30]. More recently,

Agurto et al. [2] created Run1Renl resistant genotypes to
E. necator and identified them by MAS technology through
conventional breeding by cross-pollinating the resistant P09-
105/34 accession with the susceptible ‘Crimson Seedless’
cultivar.

Collectively, these findings confirmed that MAS tech-
nology was successful in exploring and examining various
genetic resources available in wild grapevines to detect new
resistance loci to be employed in developing new cultivated
grapevines with better resistance to pathogens.

Overall aspects of OMIC research on wild grapevine
species

Wild grapevines have retained high genetic diversity rela-
tive to cultivars [31]. Thus, they represent an important
and valuable genetic reservoir for biotic and abiotic stress
tolerance loci [32]. The quest for genes conferring toler-
ance to environmental stresses has intensified during the
two latest decades. Recently, high throughput sequencing
technologies have been used in different studies on wild
grapevines to identify novel abiotic [33] and biotic [34,
35] stress tolerance genes and even miRNA regulators of
target genes [36, 37]. Based on these findings, several can-
didate genes from wild grape genotypes have been used
to improve biotic [38] and abiotic tolerance [39] in elite-
cultivated grapevines (Table 1). However, very few studies
examining wild grapevines metabolomics and proteomics
related to biotic and/or abiotic stress are available [40].
George and Haynes [41] reported that only a few protein
entries from wild species were found in Uniprot database,
and these proteins are uncharacterised and unreviewed.
Data from multidisciplinary approaches (transcriptomics,
proteomics, and metabolomics) should be incorporated
into a systems view to gain a clearer image on the toler-
ance mechanisms in wild grapevine species [42]. In this
review, we have uncovered that most molecular studies
on wild grapevine species were restricted to Asian and
North American species (Table 1). The subspecies V.
vinifera ssp. sylvestris which is mainly Mediterranean,
has not yet been the subject of omics studies and is still
unexplored. This species is considered to be the progeni-
tor of cultivated grapevines due to their close genetic and
phenotypic relationships and recurrent gene flow [43].
Most importantly, this species has been shown to possess
important potential for increased abiotic stress tolerance
[8, 44], but an understanding of the genetic architecture
of these traits is unknown. This is likely due to the very
limited wild species-ESTs present in the genome databases
and gene annotation. Until very recently there has only
been one grape genome sequence currently available, V.
vinifera, Pinot Noir PN40024. Most studies on cultivated
and wild species so far have used this genome sequence
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Table 1 Stress related genes from wild grapevine species

Gene Accession number Vitis species Putative function Inducing stress References
VyDHN1 JF900497 Dehydrins: protect plant cells from Cold/heat/embryogenesis/ABA
dessication and pathogen attacks
SA/MeJA/E.necator
VyDHN2 JQ408442 V. yeshanensis Cold/heat/embryogenesis/ [68]
ABA
VyDHN3 1Q408443 Seed development
VyDHN4 J1Q408444 Late embryogenesis
VfDHNla AB676854 V. flexuosa warer stress [67]
VrDHNIa AY70987 V. riparia Cold/water stress/ABA
VrDHN1b AY706988 [66]
VaCPK1 KC488321 High salt/high mannitol
VaCPK2 KF042354 High salt/high mannitol/low and high ~ [59]
temperature
VaCPK3 KF042355 High salt/high mannitol/low and high
temperature
VaCPK9 KC488319 V. amurensis Calcium-dependant protein kinases: High salinity/mannitol/ high tem-
perature
VaCPK13 KC488320 sensors of Ca®* flux in plants, Low temperature
VaCPK16 KF042356 High salinity/mannitol
VaCPK21 KC488318 High salt/high mannitol/low and high
temperature
VaCPK26 KC488323 Low and high temperature
VaCPK29 KC488317 High salt/high mannitol/low and high
temperature
VaCPK20 KC488322 V. amurensis Regulatory transcripton factor High tolerance to freezing and water [60]
stress
VpERFI GU393310 Ethylene response factor (ERF) Water stress /heat
VpERF2 GU393311 V. pseudoreticulata Water stress /cold/heat [32]
VpERF3 GU393312 SA/MeJA
VpWRKY3 JF500755 V.pseudoreticulata Transcription factor High salinity/ABA [105]
VpRFPI FJ356672 V.pseudoreticulata C4C4-type RING finger: transcrip- U. necator [77]
tional activator
VpPR-10.1 DQ336289 V. pseudoreticulata Pathogenesis-related (PR) proteins E.necator [33]
VpHsf1 GU393313 V. pseudoreticulata Heat shock related transcription factors Heat/water stress/ E. necator [76]
VabHLH1 JQO11779 V. amurensis Basic helix-loop-helix (bHLH)-type Cold [70]
transcription factor
ValCE1 KC815984 V. amurensis Inducer of CBF expression 1/transcrip- Cold [69]
tion factors
ValCE2 KC815985 Inducer of CBF expression 2/transcrip- ND
tion factors
VrCBF4 AY706986 V. riparia CRT-binding transcription factor Cold [72]
VaCBF4 HM?231149 V. amurensis CRT-binding transcription factor Cold/salinity/ ABA/SA [73]
VaCOR HM?231146 V. amurensis Cold-stress related transcription factor Low temperature/salinity/ABA/SA [74]
VpAPX DQ150258 V. pseudoreticulata Ascorbate peroxidase U. necator [84]
EIRPI JF502034 V. pseudoreticulata E3 ubiquitin ligase E. necator-induced  U. necator [99]
RING finger protein
VpALDH2B4  DQ150256 V. pseudoreticulata Aldehyde dehydrogenases U. necator [96]
VpSTS DQ445490 V. pseudoreticulata Stilbene synthase U. necator and A. alternata [90]
(391
VpGLOX DQ201181 V. pseudoreticulata Glyoxal oxidase E. necator [38]
VpNAC1 GR883063 V. pseudoreticulata Transcription factor E. necator/SA/MeJA/ET [103]
VaNAC26 GSVIVT01019952001 V. amurensis Transcription factor Cold, water stress and salinity [101]
VaNCEDI1 VV78X205727.5 V. amurensis 9-cis-epoxycarotenoid dioxygenase Water stress [62]

SA salicylic acid, JA jasmonic acid, ABA abscissic acid, MeJA methyl-jasmonate, ET ethylene, ND not defined; E necator: Erysiphe necator, U.

necator: Uncinula necator

@ Springer



Molecular Biology Reports (2020) 47:3141-3153

3145

as a reference genome. Despite this valuable resource, it
is widely believed that significant numbers of gene tran-
scripts and proteins are either species specific or so diver-
gent that they are underestimated when compared with the
Pinot Noir genome. Recently, based on deep sequencing
assays, it was demonstrated that the reliance of studies on
a single reference genome might significantly affect the
estimation of the variation degree among different geno-
types [45]. For example, reconstructing the transcriptomes
of different grapevine genotypes has revealed differences
in transcripts associated with their phenotypes [46, 47].
Similarly, using RNA-seq experiments, Xin et al. [48]
observed a greater number of unidentified sequences from
V. amurensis compared to the reference genome. In the
same context, Jiao et al. [34] performed a deep sequenc-
ing of two Chinese wild Vitis species (V. pseudoreticu-
lata and V. quinquangularis) in order to explore genetic
diversity. When comparing the wild sequenced genomes to
the reference grape (PN40024), high genetic variation was
observed as SNPs, small indels, and cis-natural antisense
transcript (cis-NAT) pairs. This variation was observed in
a broad range of novel regulatory changes in genes related
to secondary metabolism and abiotic stress responses.

In the absence of reference genomes, RNA-seq data have
been used to construct transcriptional profiling in new spe-
cies by de novo assembly [49, 50]. To manage these large
datasets, several Vitis databases were built, such as the
VitisExpDB [51] which might provide grapevine genomic
resources for the identification of genes and their func-
tional analysis. For example, the VitisNet database (www.
sdstate.edu/ps/research/vitis/pathways.cfm) focused on
the molecular networks observed in grapevine and can be
used for expression analyses at transcriptome, proteome
and metabolome levels [52, 53]. Naithani et al. [54] devel-
oped a metabolic pathway knowledge base for grapevine
and enriched for plant-specific pathways and grape-specific
metabolites and responses. Recently, Pulvirenti et al. [55]
created a novel platform BIOWINE to manage and analyze
genomic data of V. vinifera which is an open web-based
resource allowing users to browse and query V. vinifera
RNA-seq data properly integrated with knowledge from,
transcripts, proteins, microRNAs, pathways and Gene Ontol-
ogy (GO) associations. Grapevine network models with a
new gene co-expression database, VTCdb (https://vtcdb
.adelaide.edu.au/Home.aspx) [56] and VESPUCCI [57] have
been successfully used to study complex transcription factor
regulatory networks, helpful for targeted functional studies.
Furthermore, metabolite networks were developed to search
for secondary metabolic pathway regulators in grapevine
[58]. Thus, whole genome sequencing for wild V. vinifera
ssp. sylvestris would promote omics studies for an efficient
and reliable characterization of novel tolerance genes by
building on this foundation of tools build around V. vinifera.

Outputs of Omic research on abiotic stress
responses in wild grapevines

High throughput sequencing methods are needed to iden-
tify novel genes and to characterize the potential genetic
diversity among wild grapevines. In this respect, RNA-seq
studies have been achieved to identify novel micro RNA
(mi-RNA) with regulatory roles in grape growth, develop-
ment, and stress response [37]. Several novel genes have
been identified and some of which have been functionally
characterized (Table 1). Dubrovina et al. [59], discovered
12 novel calcium-dependent protein kinases (CDPKs) genes
actively expressed under osmotic and temperature stresses
in the highly resistant V. amurensis. The authors suggested
that a VaCPK20 gene might act as a regulatory factor during
response to cold and water stress [60]. CDPKs have been
reported to be important sensors of Ca>* flux in plants, and
to play an essential role in plant development and exter-
nal factors signaling [61]. More recently, Zhu et al. [32]
identified three new ethylene response factor (ERF) genes,
VpERF1, VpERF2, and VpERF3 from the Chinese wild V.
pseudoreticulata, involved in the regulation of abiotic stress
responsive pathways. These genes could be good candidates
for improving tolerance toward abiotic stress in plants know-
ing that ERF transcription factors are considered as impor-
tant players that interact with different signaling pathways
to regulate responses to abiotic stress.

Recently a VaNCED] gene encoding a 9-cis-epoxycarot-
enoid dioxygenase (NCED), an enzyme involved in abscisic
acid (ABA) biosynthesis, was found to be induced under
osmotic stress (PEG) in the drought-tolerant wild grape-
vine V. amurensis [62]. The upregulation of VaNCED1 gene
modulated the expression of the ABA-responsive element
1 (ABREI), ABRE binding factors2 (ABF2), plasma mem-
brane intrinsic proteins 2 (PIP2), C-repeat/DRE-Binding
Factor 4(VvCBF4) and ABA-insensitive 5 (ABI5) [62] lead-
ing to an improved drought tolerance in plants. However,
under freezing stress, the downregulation of ABA synthesis
resulted to a loss of cold hardiness in both wild V. amuren-
sis and cultivated grapevines [63]. These findings indicate
that ABA is a key element in abiotic stress signaling in V.
amurensis [64]. In addition, when this cold-tolerant wild
grapevine was subjected to low temperature stress, a higher
accumulation of sugar-related transcripts and metabolites
(raffinose, fructose and mannose) was noted compared to the
grapevine cultivars [65]. These metabolites were found to act
as compatible solutes to ensure cellular membrane stability
under low-temperature stress [65].

Dehydrins (DHN1a and DHN1b), known to play a major
role in protecting plants from desiccation, were found to
be differentially induced among tolerant wild grapevine (V.
riparia) and susceptible cultivated grapevine (V. vinifera Cv.
Chardonnay) in response to cold stress [66]. Furthermore,

@ Springer


http://www.sdstate.edu/ps/research/vitis/pathways.cfm
http://www.sdstate.edu/ps/research/vitis/pathways.cfm
https://vtcdb.adelaide.edu.au/Home.aspx
https://vtcdb.adelaide.edu.au/Home.aspx

3146

Molecular Biology Reports (2020) 47:3141-3153

only DHN1a appears to be involved in cold tolerance as in
silico analysis revealed that DHN1b lacks the amino acid
string PGVLNR and includes an important proline residue.
This mutation likely imposes a bend in its secondary struc-
ture, and this folding might impair dehydrin activity and/
or cold acclimation [66]. DHN1a/b genes were found to be
induced earlier and faster in V. flexuosa under water stress
and lasted longer compared to the cultivated grapevines.
DHNI1a and DHNIb are alternative spliced transcripts with
high sequence homology (having the 18-bp deleted-region
distinguishing them, [67]. Moreover, Yang et al. [68] identi-
fied four DHN genes (DHN 1, 2, 3 and 4) from V. yeshanen-
sis that are upregulated by water stress. Studies by Xu et al.
[69] identified a novel transcription factor VabHLHI from
cold-tolerant V. amurensis and this gene functions as a posi-
tive regulator of stress-related gene expression, particularly
targeting CBF3 and resulting in an increased accumulation
in RD29A. Promoter sequence homology analysis of Vab-
HLH]I and VvbHLH1 (from cold-sensitive Vitis genotype)
revealed differences in the position and types of stress-
related cis-regulatory elements by having (MYBGAHV
and MYB2AT) or lacking abiotic stress related elements
(MYBGAHYV and MYB2AT, [69]). Furthermore, differences
in bHLH expression in cold-tolerant V. amurensis and sen-
sitive V. vinifera species are the result of a 12-bp deletion
in the VabHLH1 promoter region [70]. Transcripts of the
regulatory element CBF4 were found to be induced rapidly
following cold treatment in V. riparia and their expression
lasts for a longer duration compared to those in cultivated
grapevines [71].

Agro-infiltration experiments in tobacco leaves revealed
that VrCBF4 activates the expression of reporter genes
driven by a CRT (C repeat element) -containing promoter
[72]. However, no detectible differences in the expression
pattern of VvCBF4 among the tolerant V. riparia and the
sensitive V. vinifera under cold stress was observed. Indeed,
cold tolerance of V. riparia, might be attributed to subtle
differences in the VrCBF4 and VvCBF4 proteins, with a glu-
tamic acid (E) to aspartic acid (D) substitution at position
164. Similarly, Dong et al. [73] characterized new VaCBF4
genes involved in signaling events during high salinity
and hormone adaptation in V. amurensis. High-throughput
sequencing experiments (RNAseq) allowed the identifica-
tion of several candidate genes known to be involved in
metabolism, transport, signal transduction and transcrip-
tion which are also upregulated in response to cold stress
in the tolerant V. amurensis [48]. Recently, Xu et al. [69]
identified two ICE-orthologs (Inducer of CBF expression)
from V. amurensis. VaICEI and ValCE2 encode MYC-
Type bHLH transcription activators and are implicated in
freezing tolerance through acting as key regulators at the
early phase of the transcriptional reprogramming underly-
ing freezing tolerance and modulation of the expression of
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various cold related-genes that are involved in the C-repeat
binding factor (CBF) pathway. According to Xu et al. [70],
these genes confer cold tolerance in transgenic A. thaliana
when overexpressed.

Finally, a cold-regulated (COR) gene in the freezing-tol-
erant wild grape V. amurensis (VaCOR) has been reported
to be up-regulated under cold stress but not in a freezing
sensitive V. vinifera Cv [74]. The VaCOR gene was found to
be also involved in various stress responses. Such findings
provided new information useful to better understand the
entire network regulating stress signaling and tolerance in
grapevine species highlighting the great potential of the vari-
ous genetic resources available in wild grapevine species.

Outputs of Omic research on biotic stress responses
in wild grapevines

Numerous studies have reported that Chinese wild grape-
vines (approximately 38 species) possess resistance genes
as well as novel resistance mechanisms against grapevine
pathogens [75]. For example, several candidate genes under-
lying resistance to PM involved in various hormonal signal-
ing pathways in wild grapes V. pseudoreticulata have been
identified [35]. Hormone modulation in response to patho-
gens includes an enhancement of jasmonic acid (JA) biosyn-
thesis, which regulates the accumulation of phytoalexins,
especially stilbenes. RNA-seq experiments performed on
Chinese wild grapevines after infection by Erysiphe necator
(the causal agent of powdery mildew), revealed that 70% of
the transcription factors belonged to the ethylene-responsive
factor (ERF) family, which has been previously reported to
be implicated in the control of both primary and second-
ary metabolism as well as responses to environmental con-
straints [34].

Transcriptomic studies revealed an up-regulation of
DHNI gene in disease-resistant V. yeshanensis compared
to a disease-susceptible V. vinifera cv. after inoculation with
Erysiphe necator, highlighting the possible role of DHN1
in plant defense mechanisms [68]. Moreover, for the first
time, a novel member of the Hsf class B2 family of heat
shock transcription factors was isolated from Chinese wild
V. pseudoreticulata (VpHsf1), and was found to act as a
trans-activation repressor of defense responses [76]. Indeed,
VpHsf1 over-expression in tobacco enhanced its susceptibil-
ity to Phytophthora parasitica var. nicotianae Tucker.

In addition, a novel C4C4-type RING finger protein
from mildew-resistant V. pseudoreticulata (VpRFPI) has
been shown to be involved in powdery mildew resistance
based on transcriptomic studies. After inoculation with
U. necator, VpRFP1 was rapidly and strongly induced in
mildew-resistant V. pseudoreticulata plants while down-
regulated in mildew-sensitive V. vinifera ones. Further-
more, VpRFPI over-expression enhanced the resistance of
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transgenic Arabidopsis lines to both Arabidopsis powdery
mildew caused by Golovinomyces cichoracearum and bac-
terial disease caused by Pseudomonas syringae pv. tomato
DC3000. Likewise, functional studies demonstrated that
the C-terminal RING finger protein region had a signifi-
cant role in the regulation of transcriptional activity [77].

Under environmental stresses or after pathogen attacks,
plants produce different types of defense proteins such
as lytic enzymes, proteinase inhibitors or low molecular
weight proteins, defined as pathogenesis-related (PR) pro-
teins [19]. For instance, PR-10 isoforms were found to
contribute in plant defense mechanisms. Novel VpPR10.1
proteins have been identified from the Chinese wild V.
pseudoreticulata by Xu et al. [79] and this protein exhib-
ited not only RNase and antifungal activities but also
DNase activity [80]. In addition, Xu et al. [33] confirmed
that VpPR10.1 is related to hypersensitive reaction (HR)
establishment in tobacco BY-2 suspension cells and pro-
vided resistance to E. necator infection.

In silico analysis revealed that while VpPR10.4 and
VpPRI10.7 contain characteristic amino acid domains with
nuclease activity, this was not the case for VpPR10.9 and
VpPR10.6. Hence, it could be suggested that VpPR10.4
and VpPR10.7 proteins may not have the same function as
VpPR10.6 and VpPR10.9 proteins [81]. Such differences
in wild grape species genomic structure was also observed
by comparative analysis of the novel stilbene synthase
gene and promoter region in PM-resistant V. pseudore-
ticulata and PM-susceptible V. vinifera. The differential
regulation pattern between PM-resistant wild grapevine
V. pseudoreticulata and PM-susceptible V. vinifera was
attributed to differential regulatory mechanisms governed
by cis-regulatory elements in the promoter region [39].

In silico analysis of structure and promoter activ-
ity revealed marked differences in the stilbene synthase
promoter of the Chinese wild V. pseudoreticulata com-
pared to those of the cultivated V. vinifera cv.[82, 83].
This suggests that V. pseudoreticulata might contain a
new promoter system inducible by pathogen attacks and,
thereby, useful for generating engineered grapevine lines
with enhanced disease-resistance levels. Lin et al. [84]
identified a novel VpAPX, the ascorbate peroxidase-related
gene from wild V. pseudoreticulata, by mRNA differen-
tial display approach. APX gene is the key enzyme that
scavenges H,0, in plant cells, [85]. VpAPX was strongly
induced by U. necator inoculation and seems to be impli-
cated in disease resistance in V. pseudoreticulata. Solexa-
based sequencing technology analysis identified several
novel candidate genes and pathways that may contribute
to downy mildew resistance in V. amurensis [86].

Having available the gene pool and genome of a Medi-
terranean representative of the subspecies V. vinifera
ssp. sylvestris might increase our appraisal of the natural

diversity of V. vinifera to meet the challenges of future
biotic stresses.

Functional studies on selected genes from wild-Vitis
species

Functional analyses aim to decipher the role of genes via
either over-expression or silencing tools using heterologous
and/or homologous expression systems. Wild grapes, sub-
jected to extensive natural selection over evolutionary scales,
generally have some historically important traits that provide
tolerance to different environmental constraints. Thus, func-
tional studies on stress-related genes from wild grapevines
can not only promote our understanding of stress tolerance
mechanisms in grape but also provide an important resource
for genetic engineering of cultivated V. vinifera cultivars.

Incorporating tolerance genes from wild Vitis species into
V. vinifera has been proven successful (Tab. 1) leading to an
increased tolerance to multiple environmental factors [87].
Genetic transformation was developed for wild Vitis species
[88, 89], but almost of the functional studies were conducted
on cultivated genotypes because of their susceptibility to
various stresses. It was shown that the constitutive overex-
pression of the VaNCEDI gene from the wild grapevine V.
amurensis increased ABA content and conferred drought
tolerance to the sensitive cultivated grapevine ‘Thompson
Seedless’ [62]. Recently, a calcium-dependent protein kinase
gene from V. amurensis (VaCPK20) was the subject of func-
tional studies in cultured suspension cells of transgenic V.
amurensis plants and found to act as a regulatory factor
mediating both cold and water stress tolerance [60]. Unlike
most V. vinifera cultivars, the Chinese V. pseudoreticulata
showed natural resistance to E. necator and P. viticola. The
over-expression of a stilbene synthase (VpSTS) gene from
V. pseudoreticulata increased resveratrol concentrations
in transgenic Thompson Seedless plants resulting in an
enhanced resistance to both U. necator and Alternaria alter-
nata [90]. Similarly, over-expression of the stilbene synthase
gene VaSTS19 from the Chinese wild grape, V. amurensis
enhanced resistance to both powdery mildew and gray mold
diseases in transgenic Arabidopsis plants [91]. The VaSTS19
over-expression increased the expression of JA- and/or sali-
cylic acid (SA) -dependent defense reactions.

Another set of defense genes belonging to PR gene fam-
ily, known to be involved in basal resistance mechanisms in
V. pseudoreticulata, were also the subject of functional stud-
ies. Enhanced resistance to both E. necator and P. viticola
was observed in transgenic grapevine cultivar over-express-
ing VpPRI10.1 and VpPR4-1 [33, 92]. Moreover, Guan et al.
[38] reported that the over-expression of a VpGLOX gene,
which encodes a glyoxal oxidase enzyme in wild V. pseudor-
eticulata led to a complete suppression of powdery mildew
disease in transgenic cultivated grapevine plants. Zhao et al.
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[93] suggested that VpGLOX might have a role in maintain-
ing H,0, homoeostasis, a hypothesis supported by many
lines of evidence for a signaling role for H,O, produced
by the glyoxal oxidase enzyme as a secondary messenger
responsible for the induction of PR genes.

Diverse signalling events are required for appropriate
modulation of plant defense responses to stress factors. The
Mitogen-activated protein kinases (MAPKSs) are one of the
most important proteins involved in defense signaling cas-
cades responsible for target gene activation. The MAPK-
KKs is the first enzyme of the MAPK cascades known for
the transduction of signals by sequential phosphorylation.
A candidate gene VgMAPKKK38 was firstly identified and
functionally studied in a Chinese wild grapevine species V.
quinquangularis. Transient over-expression and gene silenc-
ing experiments in V. quinquangularis leaves revealed that
the VgMAPKKK38 is involved in a stilbene-type phytoalexin
biosynthesis by mediating the transcription of stilbene syn-
thase (STS genes) through activation of the MYB14 tran-
scription factor [94]. In addition, both H,O, and calcium
influx were found to modulate VgMAPKKK38 expression
and stilbene biosynthesis, suggesting that VgqMAPKKK38
might be a part of a signaling network involving both cal-
cium and ROS components [95].

In addition, the over-expression of VpALDH2B4 from
V. pseudoreticulata encoding an aldehyde dehydrogenase
promoted resistance to mildews through the SA-signaling
pathway [96] and alleviated salt stress via upregulation
of the stress-responsive superoxide dismutase activity for
cellular reactive oxygen species (ROS) detoxification in
Arabidopsis plants [96]. Zhou et al. [97] described that over-
expressing of a Plant U-Box (PUB) family of E3 Ligases
gene VpPUB23 from a Chinese wild V. pseudoreticulata
decreased resistance to E. necator in the cultivated Thomp-
son Seedless grapevine Cv. Using transgenic Arabidop-
sis plants, the involvement of the VpRFPI and VpEIRPI
(Erysiphe necator-induced RING finger protein 1 harboring
E3 ligase activity) from V. pseudoreticulata in mediating
resistance to E. necator, G. cichoracearum and P. syringae
pv. Tomato has been evidenced. The VpRFP] transcription
factor is a transcriptional activator of defense-related genes
in grapevines and its accumulation seems to be associated
with increased mRNA transcripts of PR genes in trans-
genic Arabidopsis [98, 99]. Another RING-H2-type named
VpRH? that was found to interact with VpGRP2A (a glycine-
rich RNA-binding protein) in yeast two-hybrid assay and
when over-expressed in transgenic grapevines cv. Thompson
Seedless, offered significant resistance to E. necator [100].

Fang et al. [101] described that the heterologous expres-
sion of VaNAC26 induced tolerance to water and salinity
stresses in Arabidopsis plants. In addition, the over-expres-
sion of V. amurensis ValCEl, ValCE2 and VabHLH1 tran-
scription factors offered freezing tolerance in Arabidopsis
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[69, 102]. The C-repeat binding factors VrCBF isolated from
V. riparia were characterized and also found to confer either
drought tolerance (VrCBFI) or freezing tolerance (VrCBF4)
by inducing cold responsive genes (AfCOR15a, AtRD29A,
AtCORG6.6, and AtCOR47) in transgenic A. thaliana [46].

The over-expression of VpSBP16, a Squamosa promoter
binding protein (SBP)-box transcription factor, enhanced
tolerance to salt and water stress in A. thaliana germinat-
ing seeds, seedlings and mature plants by regulating SOS
(salt overly sensitive signaling) and ROS signaling cascades
[103]. Also, overexpression of VaPATI, a GRAS transcrip-
tion factor from V. amurensis encoding a phytochrome A
signal transduction module, conferred tolerance to different
abiotic stresses in Arabidopsis. In fact, VaPATI was found
to modulate different sets of stress-related genes [78] via
interactions with GAI (gibberellin acid insensitive), RGA,
and SCR (scarecrow).

The over-expression of V. pseudoreticulata VpNACI, that
is known to be a positive transcription activator of disease
resistance that act through regulating PR gene expression,
enhanced the resistance of transgenic tobacco plants to both
Phytophtora parasitica and Erysiphe cichoracearum [104].

Over-expression of VpERFI, VpERF?2, and VpERF3
induced resistance in tobacco plants against both P. para-
sitica var. nicotianae and Ralstonia solanacearum [32].
However, the VpERF I-overexpressing Arabidopsis plants
were more susceptible to these latest [32]. Finally, the tran-
scription factors, VpWRKYI and 2 were found to be rap-
idly induced in V. pseudoreticulata after both SA treatment
and E. necator infection [105]. The ectopic expression of
VpWRKY 1 promoted resistance to E. cichoracearum and
alleviated both cold and salt stresses in Arabidopsis plants
and the over-expression of VpWRKY3 induced resistance to
R. solanacearum [106] in tobacco plants, thus, providing
an important basis for understanding defense mechanisms
that are regulated by WRKY transcription factors in China
wild grapevines.

Hypothetical model of the pathways involved
in biotic and abiotic stress adaptation in wild
grapevines

Wild grapevines may be more adapted to changing climate
compared to the cultivated ones due to their history of local
adaptation and freedom from selection during domestication.
The molecular process and gene interactions related to envi-
ronmental stress adaptation are becoming clearer, at least for
Asian Vitis species (V. pseudoreticulata and V. amurensis)
(Fig. 1). Nearly all of the genes mentioned in our proposed
model (Fig. 1), were functionally validated via transgenesis
experiments in different model plants where they offered an
enhanced tolerance state to abiotic (salt, water, cold) and
biotic factors (downy mildew, powdery mildew, etc.).
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Fig. 1 A representative scheme of defense mechanisms in wild grape-
vine species to environmental constraints. ET ethylene, JA Jasmonic
acid and SA salycilic acid, MAPK mitogen-activated protein kinase,
CDPK calcium-dependent protein kinases, NAC (NAM no apical mer-
istem, ATAF Arabidopsis transcription activation factor, CUC cup-
shaped cotyledon), HSF heat stress transcription factor, ERF ethylene
response factor, RING-Finger (Really Interesting New Gene) finger
domain, PUB plant U-Box, SPB-Box Squamosa promoter binding

The mechanisms of stress tolerance in wild grapevines
seem to be controlled by an efficient signal perception
process and transduction modules that are responsible for
transmitting the stress signal. After stress signal percep-
tion, a generation of secondary messengers such as Ca>*
and calcium-dependent protein kinases (CDPKs) initi-
ates protein phosphorylation cascades targeting proteins
directly involved in cellular protection or transcription fac-
tor activation. CDPKSs are serine/threonine protein kinases
with a C-terminal calmodulin-like domain and can directly
bind Ca?**. In wild grapevines, the CDPKs have been
reported to have an important role during plant develop-
ment and in response to external factors [61] and seem to
be more connected to cold and water stress. Furthermore,
the V. amurensis VaCPK20 gene was found to regulate the
biosynthesis of stilbenes in grape [61]. Another important
signaling pathway identified in wild grapevines is the MAP
kinase pathway which is activated by the calcium influx
and by the change of the redox state due to the produc-
tion and accumulation of H,O,. The activated MAPK then
migrates to the nucleus to activate the transcription factor

protein (SBP)-box, CBF C-Repeat-Binding Factor, bHLH-ZIP basic
helix-loop-helix leucine zipper transcription factors. PR pathogenesis
related protein, STS stilbene synthase, GLOX glyoxal oxidase, APX
ascorbate peroxidase, ALDH aldehyde dehydrogenases. /CE inducer
of CBF expression, DREB dehydration-responsive element B, ABRE
ACGT-containing abscisic acid response element, CRT C repeat ele-
ment, COR cold-regulated, RD29A response to dehydration 29A

directly, or activate additional signal components to regu-
late gene expression. For example, in the wild grapevine
V. quinquangularis, VgMAPKKK38 was found to mediate
the induction of STS genes via activation of the MYB14
transcription factor [95]. Other signaling hormones such
as ethylene (ET), JA, and SA have been also reported to
play an important role in mediating wild grapevine defense
responses mainly through activating a wide range of tran-
scription factors. Both JA and SA were found to regulate
NAC transcription factors (VpNAC1/VpNAC26) known to
regulate the expression of target genes containing the cis
acting elements GCC-box in their promoter region includ-
ing PR genes (VpPRI, VpPR3, VpPRS5, VpPR10, VpPR4-1,
VpPRI13, VpPR2). The PR gene (VpPRI10) was reported
to be also regulated by the ET signaling pathway via the
induction of VpERF3 transcription factor. Additionally,
JA was found to activate MYB14 transcription factor
[94], while, SA was reported to activate the bHLH tran-
scription factors VaICEI and ValCE2 and modulate the
expression of cold related-transcription factors involved
in the C-repeat binding factor (CBF) pathway (VaCBF1,
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VaCBF3, VaCBF4, VrCBF4), and which also target down-
stream COR genes (VaRD29A, VaCOR).

Conclusions and perspectives

Climate change is expected to have a significant negative
impact on grapevine growth and yield. As covered in this
review, it is necessary for the development of omics meth-
ods in cultivated grapevine to elevate grapevine genetics
to a level where we can now target specific strategies to
preserve and sustain vineyard productivity. In this respect,
wild Vitis species are a highly valuable source of tolerance
traits. Significant advances in high throughput analysis tech-
niques have been made and have resulted in better resolution
of the traits related to biotic and abiotic stress tolerance in
wild Vitis species. The future examination of wild grapevine
genomic resources coupled with the development of Vitis
omics databases is of prime interest to develop innovative
strategies based on molecular breeding programs for a mod-
ern and durable viticulture.
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