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Abstract

The major latex protein/ripening-related protein (MLP/RRP) subfamily is known to be involved in a wide range of biological
processes of plant development and various stress responses. However, the biological function of MLP/RRP proteins is still
far from being clear and identification of them may provide important clues for understanding their roles. Here, we report
a genome-wide evolutionary characterization and gene expression analysis of the MLP family in European Vitis species. A
total of 14 members, was found in the grape genome, all of which are located on chromosome 1, where are predominantly
arranged in tandem clusters. We have noticed, most surprisingly, promoter-sharing by several non-identical but highly similar
gene members to a greater extent than expected by chance. Synteny analysis between the grape and Arabidopsis thaliana
genomes suggested that 3 grape MLP genes arose before the divergence of the two species. Phylogenetic analysis provided
further insights into the evolutionary relationship between the genes, as well as their putative functions, and tissue-specific
expression analysis suggested distinct biological roles for different members. Our expression data suggested a couple of
candidate genes involved in abiotic stresses and phytohormone responses. The present work provides new insight into the
evolution and regulation of Vitis MLP genes, which represent targets for future studies and inclusion in tolerance-related
molecular breeding programs.

Keywords Vitis-major latex protein and ripening-related protein (MLP/RRP) - Phylogenetic analysis - Environmental
stress - Expression analysis

Introduction

Communicated by S. Hohmann. Grapevine (Vitis spp.) represents an economically important

fruit crop worldwide, and is widely used for the production
of wines, table grapes, raisins, juices. Recent studies have
shown that the consumption of grapes and its products has
numerous nutritional values and health benefits for humans,
due to the presence of unique mix of polyphenolic com-
pounds (Wu et al. 2001; Biais et al. 2017). However, grape-
vines are constantly exposed to a variety of biotic and abiotic
stresses that reduce their fitness and performance, leading
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to yield loss largely and thereby causing huge amount of
economic loss as well. The mechanisms of perception of
such extracellular stimuli, the molecular and biochemical
events that promote survival under extreme conditions, and
the identity of the gene networks that control physiological
responses to stress in grapevine are not well understood.
Therefore, it is urgent need to understand the molecular
mechanism and genes involved to minimize various stresses
for mitigating Vitis crop losses.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00438-018-1440-7&domain=pdf
https://doi.org/10.1007/s00438-018-1440-7

1062

Molecular Genetics and Genomics (2018) 293:1061-1075

Example of genes associated with stress responses are
those encoding major latex protein/ripening-related pro-
teins (MLP/RRP), the second largest subfamily of the Bet
v 1 family, which have been identified in lactiferous plants,
such as plantain (Musa X paradisiaca) (Nessler et al. 1985),
and opium poppy (Osmark et al. 1998). In grapevine, little
is known about the roles of MLP members. Full, or draft
sequences of plant genomes facilitating global identifica-
tion of MLP genes, and after a global sequence alignment,
one study found 60 plant sequences belonging to the MLP/
RRP subfamily. These comprised 3 sequences from 3 spe-
cies of monocotyledons and 57 sequences from 22 species
of dicotyledons, with 31 members in A. thaliana and at
least 4 in Vitis vinifera (Radauer et al. 2008). The sequences
showed distant sequence similarity and were reported to
share a similar Bet v 1 fold and to function in development,
stress responses and defense (Radauer et al. 2008; Lytle et al.
2009; Lee et al. 2011).

MLPs were shown to be distributed in developing and
mature laticifers of opium poppy (Papaver somniferum)
and to be excreted to injured surfaces (Nessler et al. 1985,
1990; Griffing and Nessler 1989; Nessler and Burnett 1992).
Since the first isolation of a MLP from opium poppy latex
(Nessler et al. 1985), members have been reported that are
associated with responses to plant hormones (Ruperti et al.
2002; Wang et al. 2015; Yang et al. 2015), alkaloid biosyn-
thesis (Facchini and Park 2003; Weid et al. 2004; Kutchan
2005), oxidative stress (Stanley Kim et al. 2005), salt stress
(Chen and Dai 2010), plant development (Guo et al. 201 1a;
Litholdo et al. 2016; Nawrot et al. 2017), the transport of
persistent organic pollutants (Inui et al. 2013) and defense
against pathogen infection (Yang et al. 2015). The expres-
sion of MLP genes has also been closely with fruit ripening
in wild strawberry (Fragaria vesca) (Nam et al. 1999), peach
(Prunus persica) (Ruperti et al. 2002), kiwifruit (Actinidia
deliciosa) (Chruszcz et al. 2013) and Cucurbita pepo ssp.
ovifera cultivars Patty Green and Gold Rush (Inui et al.
2013). Additionally, it was reported that ectopic overexpres-
sion of the cotton (Gossypium hirsutum) GhMLP28 gene in
A. thaliana enhanced tolerance to salt stress (Chen and Dai
2010), while overexpression in Nicotiana tabacum enhanced
resistance to Verticillium dahliae infection (Qu et al. 2005;
Yang et al. 2015). It has also been shown that overexpres-
sion of A. thaliana AtMLP43 improves drought tolerance by
mediating abscisic acid (ABA) signal transduction (Wang
et al. 2015).

An increasing number of reports describing the function
of MLPs in plants has revealed that they may play important
roles in response to biotic and abiotic stresses. However,
genome-wide identification and functional analysis of the
MLP family in Vitis vinifera have not yet been determined.
Since the release of the grape genome sequence (Jaillon
et al. 2007), a developed multi-omics data analytics platform
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on grapevine have been used for gene functional analysis
(Fasoli et al. 2012). This provides an opportunity to iden-
tify and characterize the grapevine MLP gene family. For
example, microarray analysis of 54 tissues and organs at
different developmental stages provided insight into the
transcriptional programs in V. vinifera cv. Corvina (Fasoli
et al. 2012). This analysis showed that most MLP genes are
expressed through berry development (Fasoli et al. 2012).
Furthermore, two MLP28 proteins (Q9M4G9 and F6HFH?2),
from V. rotundifolia Michx. Muscadine, were shown to be
up-regulated during berry ripening by iTRAQ-based quan-
titative proteomics, while their expression was down-regu-
lated in V. vinifera cv. Muscat Hamburg (Kambiranda et al.
2013). It therefore, appears that MLPs are associated with
fruit development and function in the defense against envi-
ronmental stress.

As one of the famous red wine grape, V. vinifera cv. Cab-
ernet Sauvignon is the most widely cultivated grape variety
in the world. The recently released assemble sequence of
the Cabernet Sauvignon genome (Chin et al. 2016) offers
an opportunity to identify and analyze MLP gene families
in this species. In the current study, we totally identified
14 MLP genes from V. vinifera. The comprehensive analy-
sis of gene structure, chromosomal location, classification
and evolution, and cis-acting regulatory elements located
in their upstream regions were further investigated. The
tissue-specific expression profiles and their responsiveness
to abiotic stress and phytohormone treatments were evalu-
ated. We present a genome-wide evolutionary characteriza-
tion and expression analysis of MLP genes in V. vinifera, an
important step for further investigation into their function.

Materials and methods

Identification and classification of putative Vitis
MLP-like proteins

The hidden Markov model (HMM) conserved sequence
from the Pfam database (http://pfam.janelia.org/) was used
to search against the Refseq database to find candidate
MLP sequences on the HMMER website (http://hmmer
Jjanelia.org/). All candidate MLP sequences from 13 plant
genomes, consisting of two monocots (Brachypodium dis-
tachyon, and Setaria italica) and 11 dicots (A. thaliana,
Cicer arietinum, Citrus sinensis, Cucumis sativus, Fragaria
vesca, Glycine max, Medicago truncatula, Ricinus commu-
nis, Solanum lycopersicum, Solanum tuberosum and V. vin-
ifera) were analyzed using the NCBI Conserved Domains
Search website tool (http://www.ncbi.nlm.nih.gov/Struc
ture/cdd/wrpsb.cgi) to ensure that they contained the Bet
v 1 allergen domain. Finally, an online NCBI tool (http://
www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcm
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t.cgi) was used to generate a species tree. The information
of genome size for each species was obtained from Phyto-
zome v12.1 (https://phytozome.jgi.doe.gov/pz/portal.html).

Phylogenetic tree, chromosomal localization,
and duplication events of V. vinifera MLP genes

Sequence alignments were performed using Clustal W
(Thompson et al. 2002), and the aligned sequences were
used to construct an unrooted phylogenetic trees with
the neighbor-joining (NJ) method (Saitou and Nei 1987)
using MEGA 6.0 software (Tamura et al. 2011), with the
complete-deletion option. The confidence level of mono-
phyletic groups was estimated using a bootstrap analysis of
1000 replicates. The grape MLP gene duplication events,
as well as those synteny events between Vitis and A. thali-
ana MLP genes, were identified using the Plant Genome
Duplication Database (http://chibba.agtec.uga.edu/dupli
cation/). The chromosomal distribution of grape MLP genes
was analyzed on the Grape Genome Browser (12x) (http://
www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/) and
Grape Genome CRIBI database (http://genomes.cribi.unipd
.t/grape/blast/blast.php).

Analysis of VWMLP exon-intron structures
and conserved motifs

The exon—intron organization of the VVMLP genes was
determined by comparing predicted coding sequences with
their corresponding genomic sequences, using GSDS soft-
ware (http://gsds.cbi.pku.edu.cn) with the default settings.
Conserved motifs in the predicted VVMLP protein sequences
were identified using MEME 4.12.0 (http://meme.sdsc.edu/
meme4_4_0/cgi-bin/meme.cgi) as previously described
(Verma et al. 2010). The optimized parameters of MEME
were used as follows: number of repetitions, any; maximum
number of motifs, 10; and the optimum width of each motif,
between 6 and 50 residues.

Analysis of cis-acting regulatory elements
in the upstream regions of VvMLPs in Cabernet
Sauvignon

The 1.0 kb sequences upstream from the start codons of the
VVMLP genes, extracted from assembled genome sequence
of Vitis vinifera cv. Cabernet Sauvignon (Chin et al. 2016)
based on their scaffold location using a self-written perl
script, were defined as putative promoter regions. Identi-
fication of the potential cis-acting regulatory elements was
conducted using the MatInspector program of Genomatix
software suite v3.10 with the standard (0.75) core similarity
and the optimized matrix similarity (http://www.genomatix.
de/matinspector.html). The identified cis-acting regulatory

elements were drawn using Genepalette software (Rebeiz
and Posakony 2004).

Microarray data analysis

The microarray data related to the different organs at vari-
ous developmental stages in V. vinifera cv. Corvina were
retrieved from Grape eFP Browser microarray database
(http://bar.utoronto.ca/efp_grape/cgi-bin/efpWeb.cgi). The
expression data obtained were normalized based on the
mean expression value of each gene in all tissues/organs
analyzed using Z score transformation (Cheadle et al. 2003).
The normalized dataset was calculated by Pearson correla-
tion analysis and clustered by hierarchical average-linkage
assay with MultiExperiment Viewer (MeV v4.8, http://www.
tm4.org/mev/).

Plant materials and treatments

Two-year-old V. vinifera cv. Cabernet Sauvignon potted
plants developed from stem cuttings were grown in the
greenhouse at the Ningxia University (Yinchuan, China)
under a natural photoperiod. Uniform cutting seedlings of
50-60cm height were used for all experiments. Before vari-
ous treatments, plants were transferred to 23 °C for 1 week.
For the cold treatment, two-year-old pot-grown plants were
subjected to a pre-chilled incubator at 4 °C, and the third
and fourth fully expanded young leaves beneath the apex
were sampled at the indicated time points. For the heat shock
treatment, plants were placed at 42 °C in an incubator for
the indicated time points. For salt stress treatments, plants
were irrigated with 300 mM NaCl, and with sterile water for
control and they were grown under normal conditions as the
controls for the cold, heat and salt treatments. For the hor-
mone treatments, leaves from the cutting plants were sprayed
with 100 uM ABA, 0.5 g. L™ methyl jasmonate (MeJA),
or 100 uM salicylic acid (SA). Leaves sprayed with sterile
water were used as a controls. Samples were collected at the
indicated time points and immediately frozen in liquid nitro-
gen, prior to RNA extraction. Four plants were collected and
pooled for each time point, and the sampling was performed
in triplicate for biological replicates.

For organ-specific expression analysis, young/old leaves,
tendrils, stems, and roots were collected from a 6-year-old
V. vinifera cv. Cabernet Sauvignon grown under normal cul-
tivation conditions at the Yuquanying experimental field at
Ningxia University.

Real-time quantitative RT-PCR
Total RNA was extracted with the E.Z.N.A.® Plant RNA

Kit and the extracts treated with DNase I (Omega) to remove
genomic DNA. The RNA samples were converted to cDNAs
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using the PrimeScript™ II 1st Strand cDNA Synthesis Kit
(TaKaRa). qRT-PCR was carried out in 96-well reaction
plates on a iQ5 PCR machine (Bio-Rad) in triplicate as pre-
viously described (Xu et al. 2014), with the grape GAPDH
gene (GenBank accession No. EF192466) as the internal
reference. For primer design, we extracted MLP sequences
from assembled genome sequence of V. vinifera cv. Caber-
net Sauvignon based on their scaffold location using a self-
written perl script. The primers used for qRT-PCR analysis
are listed in Table S1. Relative gene expression values were
calculated using the 2722 method (Livak and Schmittgen
2012). The generated data was graphically shown in visual-
ized using a heatmap tool on OmicShare Tool (http://www.
omicshare.com/tools).

Statistical analysis

The statistical analysis was carried out using the Statisti-
cal software SPSS Version 11.0. The data are presented as
mean standard error of the mean (SE) and were tested for
statistical significance by paired Student’s test. P <0.05 was
selected as the point of minimal statistical significance in
all analyses.

Results

Phylogenetic analysis of Bet v 1 allergen
domain-containing proteins in plants

To identify and classify Bet v 1-related structures, we
retrieved 1654 Bet v 1 allergen domain-containing pro-
tein sequences from the Pfam database. These were clas-
sified into five families, including MLP-like proteins, ABA
receptors, S-norcoclaurine synthases, major allergen Pru
av 1/pathogenesis-related protein STH-2 s, and uncharac-
terized proteins in plants (Fig. 1). The most widely distrib-
uted group is MLP-like protein in plants. In particular, sev-
eral members from grapevine cover all classified groups,
with 14 members both in MLP-like proteins and the major
allergen pru av 1 proteins, 3 members in each of the ABA
receptor protein and pathogenesis-related protein STH-2
families, 2 members in the uncharacterized protein fam-
ily, and 1 member in the S-norcoclaurine synthase family

(Fig. 1).

major allergen Pru av 1/pathogenesis-related protein STH-2

Fig. 1 Unrooted phylogenetic tree of 1 654 Bet v 1 allergen domain-
containing proteins in plants. The amino acid sequences of the pro-
teins were aligned with Clustal X version 2 using default settings.
The phylogenetic tree was constructed using the NJ-method in the
MEGA 6.0 software. The scale bar indicates the number of amino
acid substitution per site. The five major lineages shown within line
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MLP-like protein

abscisic acid receptor
S-norcoclaurine synthase

major allergen Pruav 1
pathogenesis-related protein STH-2

uncharacterized protein

enclosures are those of MLP-like proteins, abscisic acid receptors,
S-norcoclaurine synthases, major allergen Pru av 1/pathogenesis-
related protein STH-2s, and uncharacterized proteins. The distri-
bution of the 14 MLP-like proteins identified from grapevine, and
their homologs from five major clusters, are indicated with different
colored shapes


http://www.omicshare.com/tools
http://www.omicshare.com/tools

Molecular Genetics and Genomics (2018) 293:1061-1075

1065

Distribution of MLP proteins in the plant kingdom

To expand the knowledge of MLP-like protein structures
beyond those identified in grape species, 13 plant spe-
cies whose genomes have been sequenced, including two
monocots and 11 dicots were selected for further analyses.
We identified MLP genes in each of the tested species,
although the number varied substantially (Fig. 2). We
observed that a species’ genome size doesn’t depend on
the number of MLP genes it contains. In dicots, Glycine
max possesses a large genome size (~978 M) but only 9
MLP genes exist in its genome, whereas A. thaliana with
135 M of genome size contains 25 MLP genes. Interest-
ingly, only a few numbers of MLP homologs were found
in monocots, while dicots had larger numbers (Fig. 2).
For instance, it contains up to 56 MLP genes in Sola-
num tuberosum, and 27 MLPs in Solanum lycopersicum,
whereas only 1 member of MLPs was found in monocots,
Brachypodium distachyon, and Setaria italica. However,
there is also widespread variation in copy number in MLP
gene families in dicots plants (Fig. 2).

Chromosomal distribution, and phylogenetic
analysis of duplication events

We further investigated the distribution of the 14 VvMLP
genes in the grapevine genome, and found that they were all
localized on chromosome 1, with 13 on the top arm and 1 on
the bottom arm (Fig. 3a). We numbered the genes VVMLPI
to VWMLP 14 according to their position on the chromosome,
regardless of the strand on which they were located (Fig. 3a).
Characteristics of the 14 VvMLP genes are shown in Table 1.

We next analyzed the phylogenetic relationship between
grape and A. thaliana MLP sequences to gain insights into
their origin and evolution. The 14 Vitis and 19 A. thaliana
MLP genes clustered into three groups (Fig. 3b). The 6
genes in group I were exclusively from V. vinifera, whereas
14 genes in groups Il were exclusive from A. thaliana. A
total of 8 VWMLP genes and 11 A. thaliana MLP genes clus-
tered within group III (Fig. 3b). The phylogenetic analysis
suggests that there was duplication of MLP genes prior to
the divergence of the last common ancestor of grape and A.
thaliana. We also observed high levels of protein sequence
similarity between the 14 VVMLP and 25 A. thaliana
homologs. For instance, the VVMLP14 and AT1G24020
protein sequences share 56% amino acid similarity, whereas

Fig.2 Summary of the evolu- . Numbers Genome
tion, numbers and genome size Species of MLP Size (M)
of MLP-like proteins in 13 plant . .
— Brach di distach
species. The species tree of Poaceae racliypodium distachyon 1 272
the MLP-like proteins from 13
plant species was generated via —— Setaria italica 1 405
the online NCBI tool. The total Mesangiospermae
numbers and genome size of ___ Solanum tuberosum 56 723
MLP homologous genes found Solanum
in each species is indicated .
L— Solanum lycopersicum 27 900
Pentapetalae
Vitis vinifera 14 487
Fragaria vesca 13 240
] Ricinus communis 12 400
Rosids
Fabids Cucumis sativus 38 203
Medicago truncatula 17 500
L Glycine max 9 978
papilionoideae
Cicer arietinum 8 738
Arabidopsis thaliana
Malvids I_ 25 135
I— Citrus sinensis 9 319
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Fig.3 Chromosomal location, phylogenetic relationship and syn-
teny analysis of VWMLP genes from V. vinifera and homologs from
the model plant species A. thaliana. a Chromosomal position of each
VVMLP gene mapped onto the V. vinifera cv. Pinot Noir genome. The
chromosome number is indicated. Nucleotide positions are refer-
enced at Grape Genome Browser (12X). b Phylogenetic relationship
of MLP proteins from V. vinifera and A. thaliana. The phylogenetic

trees were constructed based on NJ-algorithm with 1,000 bootstrap
replicates. ¢ Synteny analysis of MLP genes from V. vinifera and A.
thaliana. Chromosomes containing MLP genes in either V. vinifera
(VWMLP) or A. thaliana (AtMLP) are shown. The positions of the
AtMLP and VvMLP genes are marked with black rectangles. Colored
rectangles denote the syntenic relationships between VvMLP and
AtMLP genes

Table 1 Characteristics of MLP

. - . Gene Name Location PN40024 12X V1 ID OREF (aa) pI/Mw(Kda)
family members in V. vinifera
VvMLP1 chrl (+)4722643..4723231 VIT_01s0011g05060 150 5.27/16750.26
VvMLP?2 chrl (+)4725295..4726283 VIT_01s0011g05070 161 5.05/18212.88
VvMLP3 chrl(+)4729364..4737012 224 6.67/25334.24
VvMLP4 chrl (+)4740067..4740955 VIT_01s0011g05090 151 6.17/16968.54
VVMLP5 chrl(4)4742652..4743585 VIT_01s0011g05100 151 5.32/16942.61
VvMLP6 chrl (+)4757217..4758358 VIT_01s0011g05120 151 5.23/17117.13
VWMLP7 chrl(4+)4765645..4767172 VIT_01s0011g05130 157 5.87/17953.29
VWMLPS chrl (+)4765555..4767224 VIT_01s0011g05130 151 5.34/17208.38
VvMLP9 chrl (+)4774561..4775631 VIT_01s0011g05140 151 5.35/17080.14
VvMLPI10 chrl (+)4790431..4792324 VIT_01s0011g05150 151 5.62/17199.72
VvMLPI11 chrl (+)4810603..4813432 VIT_01s0011g05170 151 5.47/17027.75
VvMLPI12 chrl (+)4819645..4821386 VIT_01s0011g05180 151 5.30/17187.68
VvMLP13 chrl(+)4838740..4841982 VIT_01s0011g05190 151 5.63/17080.64
VMLP14 chr1(-)9337035..9338314 VIT_01s0026g00570 153 5.16/17233.62
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those of VVMLP10 and VVMLP13 share 52% amino acid
similarity with AT1G70850 (Table S2).

An analysis of the segmental duplication showed no
duplication events in the grape genome. However, synteny
analysis between grape and A. thaliana demonstrated that
the homolog of 3 grape MLPs (VvMLPI1, VvMLP5, and
VvMLP14) was present in the corresponding syntenic blocks
of A. thaliana. As shown in Fig. 3c, a few putative segmen-
tal duplication events were shared between VvMLP5 and
AT1G70850, VwvMLP14 and AT1G24000, and VvMLP] and
AT1G14930/AT1G23120/AT2G01520. Interestingly, the
VvMLP14/At1G24000 pair showed a syntenic relationship
but At1G24000 was not observed in our phylogenetic tree
(Fig. 3b). When we looked further into this locus, we found
that At1G24000 also contains the Bet v 1 domain and shares
a 33% similarity with VVMLP14 at the amino acid level
(Table S2). However, our phylogenetic analysis indicated
that the phylogenetically close VVMLP14/At1G2420 pair,
the proteins with which At1G24000 shares a 56% amino acid
similarity (Table S2), have a closer syntenic relationship.
Based on the phylogenetic analysis and syntenic relationship

analysis, we chose to annotate VvMLP14 as being syntenic
with At1G2420.

Characteristics of VWMLP domains

To further explore the phylogenetic relationship between the
14 grape MLP proteins, a neighbor-joining (NJ) phyloge-
netic tree was constructed. The phylogenetic tree showed that
the protein sequences could be categorized into three major
groups: (1) VVMLP2/3/6/7/8/9, (2) VVMLP10/11/12/13, and
(3) VVMLP1/4/5/14 (Fig. 4a). Predicted proteins in group
I show a high degree of similarity (60-85%), members in
group II shared a moderate degree of similarity (68-78%),
while members of group III have a lower degree of similar-
ity (36-47%). It is worthwhile mentioning that two adjacent
gene members VVMLP7 and 8 shared 100% amino acid
identity (Table S3).

Analysis of the exon/intron structures indicated that most
of the coding sequences were disrupted by introns (Fig. 4b).
12 of the MLP genes have two exons, whereas two VvMLP
genes (2 and 3) harbor 3 exons. Most genes that clustered
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Fig.4 Phylogenetic tree, gene structure, and architecture of con-
served motifs in deduced VVMLP proteins. a The tree includes 14
MLP proteins from Vitis vinifera. The phylogenetic tree was con-
structed using MEGA 6 and the NJ-algorithm with 1000 bootstrap
replicates. Subgroups within line enclosures are indicated. b Exon/
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and red rectangles, respectively. ¢ Architecture of conserved protein
motifs in the VVMLP family. d Sequence logos of 3 conserved motifs
detected in the VVMLP proteins. The overall height of each stack rep-
resents the degree of conservation at this position, while the height
of the individual letters within each stack indicates the relative fre-
quency of the corresponding amino acid
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in the same subgroup exhibited similar exon/intron struc-
tures, but the length of the introns was distinct. In particular,
VvMLP3 possessed two long introns (3.2 and 3.7 kb, respec-
tively), which differed from the other genes.

To identify structural features in the 14 predicted VVMLP
proteins, MEME was used for motif searching, and sequence
logos of motif 1, 2, and 3 were drawn to determine the con-
served amino acid residues (Fig. 4c). Combined block dia-
grams of signatures generated on the basis of the MEME
analysis showed that protein architectures are broadly con-
served in the VvMLP family, and three motifs are prevalent
in 12 out of 14 VVMLP proteins (Fig. 4d). As an exception,
motif 3 is absent from the N-terminal region of VVMLP14.
Additionally, VVMLP3 has two repeats of motif 1 and 3
towards its N-terminal, rather than having all the 3 motifs
in a pattern similar to that in the other 12 VVMLP proteins.

Comparative analysis of MLP members
between Pinort Noir and Cabernet Sauvignon

With the information of the V. vinifera cv. Pinot Noir
genome (Jaillon et al. 2007) and the assembled sequence
of V. vinifera cv. Cabernet Sauvignon genome (Chin et al.
2016), we extracted and compared the MLP members and
their promoter sequence in two Vitis species. Our results
showed that these two European Vitis species have very
high identities for the corresponding CDS (Table S4) and
promoter regions (Table S5). Interestingly, we noted that
several pairs of VWMLP genes from Cabernet Sauvignon
share the same promoter sequences, such as VvMLP2/3/6,
VvMLP4/5, VvMLP7/8, and VvMLP11/12/13. Similarly,

MLP members from Pinot Noir display the same patterns,
and share highly similarities in promoter sequences for each
verity (Table S5). This finding allowed us to determine the
roles of these gene members in response to environmen-
tal stress in V. vinifera cv. Cabernet Sauvignon. Several
members of the VvMLP family showed a high nucleotide
sequence identity between each other, which limits the
design of gene-specific primers for each member. We there-
fore, designed seven pairs of primers (Table S1) to exam-
ine the expression of seven groups of VVMLP genes, either
in different tissue/organs or in response to environmental
stimuli (VwMLP1, VvMLP2/3/6/9, VvMLP4, VvMLPS5,
VWMLP7/8, VvMLP11/12/13, and VvMLP14).

In silico analysis of cis-acting regulatory elements
in the putative promoter regions in Cabernet
Sauvignon

To identify potential cis-acting regulatory DNA sequences
responsible for abiotic or biotic stress responses in the puta-
tive promoter region of the VvMLP genes, we used 1.0 kb
upstream sequences from the 14 VvMLP genes, extracted
from assembled genome sequence of V. vinifera cv. Cabernet
Sauvignon, and performed a search of cis-regulatory ele-
ments with MatInspector program. Due to the quality of the
assembled data of Cabernet Sauvignon, only 417-bp 5'UTR
regions of VWMLP11/12/13 genes could be extracted. The in
silico analysis of VWVMLP upstream regions from Cabernet
Sauvignon led to the identification of several putative cis-
acting regulatory elements associated with abiotic and biotic
stress responses (Fig. 5). The abiotic stress-related elements
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Fig.5 Putative cis-acting elements present in VWVMLP gene promot-
ers. Positions of the different cis-acting elements within a 1 kb region
upstream from the translation start codon (ATG) are indicated by
color-coded shapes. Vertical arrows indicate the positions upstream
of the ATG. LTRE, low temperature responsive element; ABRE, a
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cis-acting element involved in response to abscisic acid; ELRE, elic-
itor-responsive element; EREL, ethylene responsive element; GARE,
gibberellin-responsive element; T/GBOX, a cis-acting element
involved in jasmonate (JA) induction; MYC, dehydration- responsive
element; WBOX, fungal elicitor-responsive element
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included low-temperature responsive element (LTRE), and
dehydration-responsive elements (MYC). In addition, ele-
ments involved in biotic stress were elicitor-responsive ele-
ments (WBOX, and EREL). Some phytohormone regulatory
elements were also identified in several VvMLP upstream
regions, such as abscisic acid responsive elements (ABRE),
ethylene responsive element (ERE), gibberellin-responsive
element (GARE), and jasmonate (JA) responsive element
(T/G-box).

Organ-specific expression pattern of VVMLP genes

To explore the organ-specific presence of transcripts from
the 14 VvMLP genes in more detail, we performed a global
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analysis of the grapevine (cv. Corvina) transcriptome
with 54 different organs/tissues at various developmental
stages (Table S6) using microarray data retrieved from
Grape eFP Browser microarray database. The result from
hierarchical clustering analysis demonstrated that mem-
bers clustering in the same group shared a similar expres-
sion pattern in various organs/tissues during development
(Fig. 6a). It is worth to note that VvMLP2, showed rela-
tively high and constitutive expression in all organs/tissues
during development. A large group, containing ten mem-
bers (VWMLP1/4/5/6/7/8/9/10/12/13) displayed large vari-
ations in expression profiles, of which VvMLP4 exhibited
high levels of expression in leaves (fruit set and senescent),
whereas VVMLP12/13 showed high levels of expression in
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Fig.6 Expression profiles of the VWMLP genes in different grape
organs, tissues and developmental stages. a Expression of VVMLP
genes in the V. vinifera cv ‘Corvina’ atlas (http://bar.utoronto.ca/
efp_grape/cgi-bin/efpWeb.cgi). Data were Z-core normalized based
on the mean expression value of each gene in all tissues analyzed.
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gene. b Expression profiles of VWMLP genes in roots, stems, young
leaves, old leaves and tendrils from 6-year old V. vinifera cv. Cabernet
Sauvignon cultivated under field conditions. Heatmap representation
of the qRT-PCR data for the 14 VvMLPs in five different tissues was
produced and graphically visualized using the OmicShare platform.
Orthologs with very high identities that could not be distinguished by
gene-specific primers were examined together use the same primers
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tendrils (fruit set). Other members of this group, such as
VvMLP5/6/7/8, exhibited high levels of expression in seed-
lings and roots. Importantly, VvMLP10 displayed a relatively
high level of expression in many tissues/organs (seedling,
root, pericarp (WI and WII), and seed (fruit set and post-
fruit set).

We next designed primers according to the extracted
sequence from the assemble Cabernet Sauvignon to ana-
lyze the expression pattern of VvMLPs in young leaves, old
leaves, tendrils, stems and roots from V. vinifera cv. Caber-
net Sauvignon (Fig. 6b). The high similarity in nucleotide
sequences made it difficult to design primers to distinguish
all the VvMLP genes. We therefore, used seven pairs of
primers to cover the 14 VvMLP genes, with VvMLP2/3/6/9,
VWMLP7/8, or VVMLP10/11/12/13 sharing the same primer
sets. The expression analysis revealed that the genes were
expressed highly in specific organs (Fig. 6b), partially simi-
lar to the altas of several members in Corvina (Fig. 6b). For
instance, VvMLP?2 displayed a high transcript abundance in
old leaves, but a low expression levels in other tested tis-
sues in Cabernet Sauvignon, which is different from Cor-
vina (Fig. 6a). However, VVMLP 4 in Cabernet Sauvignon
showed a high transcript abundance in old leaves, similar to
those observed in Corvina.

Expression profiles of VVMLP genes in response
to abiotic stresses and phytohormone treatments

The cis-acting regulatory element analysis revealed that the
promoters of the VWMLP genes harbor several putative cis-
acting regulatory elements involved in abiotic/biotic stress
and phytohormone responses. We therefore, speculated that
their expression is induced in response to multiple environ-
mental stimuli. Using qRT-PCR, we assayed the transcript
abundances of 14 VvMLP genes in Cabernet Sauvignon fol-
lowing exposure to three types of abiotic stress (cold, heat,
and high NaCl concentrations), as well as three phytohor-
mone treatments (ABA, MeJA and SA) at 12 and 24 h. The
expression profiles of the VvMLP family genes under various
stresses and treatments are shown in Fig. 7.

Under cold stress, VVMLP1, 2/3/6/9, 4, and 7/8 rapidly
increased at 12 h but decreased at 24 h (Fig. 7). We observed
no changes in the expression of VvMLP10/11/12/13 upon
cold stress, either at 12 or 24 h, whereas a relatively high
expression level was detected in VVMLPS5 after 48 h of cold
stress. More than half of the VWMLP genes were either
down-regulated or showed no change in expression under
more than one stress conditions. However, many were up-
regulated by heat stress. For example, VvMLP2/3/6/9 and
VvMLP7/8 showed a high up-regulation under heat stress
either at 12 or 24 h. In addition to salt stress, VVMLPI,
2/316/9, 4, and 7/8 were up-regulated upon 48 h of NaCl
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stress, whereas VVMLPS5, and 14 were down-regulated by
salt stress (Fig. 7).

Similarly, the expression patterns of the 14 VVMLP genes
in response to phytohormone treatments varied. As shown
in Fig. 7, 6 VWMLP genes (VWMLPS5, 10/11/12/13, and 14)
were repressed by ABA after 12 h of treatment, 4 members
(VWMLPI, 4, and 7/8) exhibited increased expression levels,
whereas the other genes (VvMLP2/3/6/9) showed no obvious
change in expression (Fig. 7). In contrast, the expression
of 4 of the 14 VVMLP genes (VWMLP1, 4, and 7/8) was up-
regulated within 12 h treatment with MeJA. Only 4 VvMLP
genes exhibited increased expression levels in response SA
treatments, while the others showed either down-regulated
profiles or no obvious changes. These results suggest that
the VvMLP genes respond to environmental stimuli, which
may be linked to stress-induced alterations in phytohormone
levels.

Discussion

In this study, we presented genome-wide evolutionary char-
acterization and expression analysis of MLP genes in V. vin-
ifera in response to various abiotic stresses. We determined
that there are 14 MLP genes in the V. vinifera genome. We
also showed that the promoter-sharing by several MLP genes
with the same phylogenetically cluster was present in the
chromosome to a greater extent than expected by chance.
We confirmed the superfamily organization, evolution and
cis-elements in the upstream region. Their tissue-specific
expression and involvement in responses to environmental,
and hormonal stress are further supported by current results.
Our data also provides a foundation for further functional
investigations of these MLP genes and potential to be used
in abiotic/biotic tolerant improvements.

Evolution of plant MLP proteins

There is an increasing amount of evidence supports a lin-
ear relationship between the size of genome and number of
genes in prokaryotes (Lynch and Conery 2003; Konstanti-
nidis and Tiedje 2004). However, when it comes to eukary-
otes (e.g., plants), this relationship does not seem to exist.
This is also supported by the fact that the numbers of MLP
protein largely varied in plants regardless of the difference
in size of their genomes (Fig. 2). Two possibilities exist.
In eukaryotes, most of the DNA do not encode anything,
including, for example, noncoding DNA sequences (Niu and
Jiang 2013). Besides, a chromosome is only an individual
molecule, and the number of chromosomes in an organism
could not provide any information on the size of the DNA
or the number of genes it contains.
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Fig.7 Expression of VvMLP genes 12 h (gray bars) and 24 h (black
bars) post-treatment in 2-year-old potted Vitis vinifera cv. Cabernet
Sauvignon plants grown under control conditions, or exposed to cold
(4 °C), heat (42 °C), NaCl (300 mM), abscisic acid (ABA, 100 uM),
methyl jasmonate (MeJA, 0.5 g/L) and salicylic acid (SA, 100 uM).

One of the most interesting findings in our analysis of
MLP proteins in monocots and dicots was that the relatively
small gene numbers encountered in monocot plants (Fig. 2).
This finding was also documented in evolutionary analy-
ses of ‘non-family’ (NF) genes in 14 diverse plants, where
genes with only 1 or 2 copies per genome were termed as
monocot-specific manner (Ye et al. 2013). The number of
genes in monocot-specific manner was significantly lower
than that in dicot plants. One potential expiation is that NF
gene resulted largely from a higher rate of gene loss after
segmental duplications and/or lower frequency of tandem
duplications (Ye et al. 2013). Consistent with this idea, sev-
eral lines of evidences indicated that tandem duplication

The expression of the MLP genes was measured by quantitative real-
time RT-PCR. The data are presented as mean +SE from three inde-
pendent experiments. ¥*P <0.05, **P <0.01 versus values of VvMLP
expression in V. vinifera cv. Cabernet Sauvignon in the control condi-
tions either 12 or 24 h post-treatment

contributes to the expansion of gene families (Cannon et al.
2004; Yang et al. 2008), and gene loss is a common aspect
of evolutionary dynamics after gene duplication (Yang and
Tuskan 2006; Freeling 2009).

Functional categories of MLP genes with other Bet v
1-containing protein in Vitis plants

It has been reported that the Bet v 1 fold is an ancient, ver-
satile scaffold for binding of large, hydrophobic ligands
(Radauer et al. 2008). Also, previous reports indicated that
the plant-specific MLPs belong to the Bet v 1 protein fam-
ily (Yang et al. 2015). To date, there are no reports on the
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biological roles of MLP members in grapevine. The released
complete genome of V. vinifera cv. Pinort Noir (PN40024)
(Jaillon et al. 2007) and assembled sequence from V. vin-
ifera cv. Cabernet Sauvignon (Chin et al. 2016), makes it
possible to allow us to characterize the MLP gene family
and compare their gene structures, evolution, duplication
event and expression profiles in response to various envi-
ronmental stresses. Our phylogenetical analysis within plant
Bet v 1-containing proteins, yielded a classification into five
groups (Fig. 1). We noted that several members of the Bet
v1 related structure were found in Vitis genome. Interest-
ingly, although the predicted MLP-like proteins contain the
allergen Betv 1 domain, they are distinct from proteins in
the other clusters (Fig. 1). It is generally accepted that genes
belonging to the same functional group tend to have similar
expression patterns and share expression regulation mecha-
nisms (Siu-Ming et al. 2008; Yang et al. 2015).

Several other proteins were clustered into the group of
major allergen Pru av 1/pathogenesis-related protein STH-2s
(Fig. 1), among which PR10 proteins are represented mem-
bers involved in various pathogens, low temperature, UV
radiation, or oxidative stress (Hammondkosack and Jones
1996; Lcvan and Eavan 1999; Markovié-Housley et al.
2003; Van et al. 2006). One Bet v 1-related protein in grape
was found in group of S-norcoclaurine synthase, which is
the only known member of the PR10/Bet v1 family shown
unequivocally to possess catalytic activity in plants (Lee and
Facchini 2010). ABA receptors are considered the major
regulators of ABA-dependent gene expression (Guo et al.
2011b), participating in various abiotic stress response in
rice(Ye et al. 2012; He et al. 2014). The occurrence of three
members from grape indicated that the ABA receptors are
highly conserved in dicot and monocot plants evolutionarily.
Similar to the structure of an uncharacterized protein from
Arabidopsis (Radauer et al. 2008), one member from grape
also fells into this group (Fig. 1). These results suggest the
diverse roles of Bet v 1-containg proteins in grapevine.

Co-expression of genes and its functional
implications

A further focus on the 14 identified MLPs from V. vinif-
era revealed that they could be classified into three clusters
(Fig. 4a). We therefore, infer that these MLPs in the same
cluster have similar functions. Interestingly, we found the
genomic arrangement of the 14 MLPs in Vitis genome is
relatively uncommon, which are predominantly arranged in
tandem clusters of chromosome 1 (Fig. 3a). What is surpris-
ing is that members of the V. vinifera pathogenesis-related
10 (PR10)-like protein family are also located in a single
cluster on chromosome 5 (Lebel et al. 2010). Whether the
other Betv 1-related proteins with same distribution feature
are still required to be determined.
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Importantly, we note that promoter-sharing by several
members with high level of coding region sequence iden-
tity in the same cluster, e.g., VVMLP2/3/6, VvMLP4/5,
VvMLP7/8 and VvMLP11/12/13 (Table S3 and S5). Par-
ticularly, two adjacent members of VVMLP7/8 are identity
in both the coding regions and promoter region sequences
but the arrangement location in chromosome is different.
For gene pair of VVMLP2/6, they share relatively high iden-
tity in the coding regions except for VvMLP2 has a 30-bp
longer in 5’ exon 1 than that of VvMLP6, suggesting alter-
native splicing event occurred between these two gene. The
promoter-sharing by different genes and the conservation
of this phenomenon are reported on CPNEI and RBM12
of human genome (Siu-Ming et al. 2008). It is possible that
this arrangement reflects a selection constraint to keep these
genes co-regulated during evolutionary courses (Siu-Ming
et al. 2008).

Expression patterns of VVMLPs in different tissues

The diverse expression patterns of genes in different plant
tissues may provide comprehensive insights into the genetic
basis of plant. We, therefore, investigated expression profiles
of MLP genes in various organs of two cultivars from both
Corvina and Cabernet Sauvignon. A comprehensive analy-
sis of the global grape (cv. Corvina) transcriptome profiles
of various tissues/organs at different developmental stages
was previously reported (Fasoli et al. 2012). We used this
information, focusing on the genes corresponding to the 14
VvMLP genes, and analyzed their transcript profiles using
the Grape eFP Browser microarray database. We found the
VVMLP genes to be expressed in different tissues in V. vin-
ifera cv. Corvina, suggesting that the physiological roles of
these gene may be distinct. We observed that most of the
VVMLP genes in Cabernet Sauvignon showed similar pat-
terns to those available in the Corvina microarray databases
(Fig. 6a, b).

However, we observed that not all members between two
cultivars have the same organ-specific expression pattern.
VvMLP?2 expression was constitutively high in all tissue/
organs at different developmental stages in Corvina (Fig. 6a)
but was preferentially expressed in the roots of Cabernet
Sauvignon (Fig. 6b). Similar observation was reported on
C. pepo ssp. Pepo where the expression levels of MLPGR3
in Black Beauty, Gold Rush, Raven, and Magda, were
much higher than in the Patty Green (Inui et al. 2013). It
is generally accepted that gene expression is influenced by
multiple factors, such as polymorphisms, the genomic back-
grounds and environment. A recent De novo transcriptome
revealed the characterization of varietal diversity between
V. vinifera cv. Corvina and the PN40024 reference genome
(Venturini et al. 2013). Thus, this discrepancy could be
explained, in part, by assuming that some of the MLP genes
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were expressed in a variety-dependent manner. Although a
detailed investigation of these factors is beyond the scope
of this work, we cannot rule out the possibility that prim-
ers designed on the basis of the V. vinifera cv. Pinot noir
clone PN40024 genome sequence did not anneal to cDNA
molecules derived from V. vinifera cv. Cabernet Sauvignon
because of sequence divergence of these loci between the
two grape genotypes. However, tissue-specific variations in
transcript abundance among the VvMLP genes is consistent
with previous results shown for the MLP gene family of A.
thaliana (Chen and Dai 2010). Considering the data from
both grape varieties, we concluded that different genes are
expressed in specific tissues/organs, likely associated with
gene functional differentiation.

Functions of VvMLPs in response to various abiotic
and hormone stresses

It has been reported that a peach MLP gene is involved
in fruit and flower development and in pathogen defense
responses (Ruperti et al. 2002). In A. thaliana, the expres-
sion of MLP genes was shown to be induced by a variety of
environmental stimuli or stresses (Chen and Dai 2010), and
the expression of two members with high sequence similar-
ity, AtMLP28 (At1G70830) and AtMLP43 (At1G70890), as
well as At4G23670 was induced by gravity or mechanical
stimulus (Kimbrough et al. 2004). At4G23670 expression
can be observed only during germination and seedling devel-
opment, and only in flowers (Guo et al. 2011a). In contrast,
At4G23780 shows continuous expression throughout devel-
opment in all tissues. Although the biological roles of the
MLPs is still unknown, these investigations suggest that the
roles of the expression patterns were involved in defense or
stress responses.

To gain a better understanding of how these VvMLPs
respond to environmental stresses, the cis-regulatory ele-
ments analysis was determined over the upstream regions
of the gene family in Cabernet Sauvignon. Our analysis
revealed that there are several cis-acting regulatory ele-
ments associated with biotic/abiotic stress and phytohor-
mone responses (Fig. 5). LTRE (Low temperature Respon-
sive Element), a cis-element was reported in response to
low temperature in Arabidopsis (Baker et al. 1994). We
found this cis-element was present in the promoter regions
of four VvMLP members (VWMLPI, 4/5, and 14), and the
cold-inducible profile occurred with either up-regulation
or down-regulation in the four genes at either 12 or 24 h
(Fig. 7).

Interestingly, we observed that several members (e.g.,
VvMLP2/3/6/9, and 7/8 at 12 h) were involved in cold-
induced expression, although there were no such LTRE
elements detected in their upstream regions (Fig. 6). Sim-
ilarly, ABRE, an ABA-responsive element (Kuroi and

Nakamoto 2003), was detected in the upstream region of
VvMLP2/3/6, 4/5, 9, and 10 but not in the others. How-
ever, these members were still responded to ABA (Fig. 7).
This finding was unexpected and suggests that the pres-
ence or absence of cis-acting elements in the promoter
region is not directly related to the corresponding stress
expression pattern. Contrary to VvMLP14, VvMLPI is
transcriptionally up-regulated by various tested stresses,
which suggests the two genes are simultaneously activated
under an abiotic stress condition could exert reverse roles
in response to abiotic stresses. This finding also provides
two candidate gene resources in which could be used for
grape stress-resistant improvement through forward or
reverse genetics, respectively. We also found most of the
highly induced VvMLP genes have overlapping responses
to salt, heat and cold stress, similar to observations from
transcriptome analyses of A. thaliana responses to salt,
osmotic, and cold stress (Kreps et al. 2002). The VvMLP
genes also showed different expression profiles in response
to phytohormone treatments, but all members responded
to at least one phytohormone treatment, with the excep-
tion of VWMLP11/12/13. It is possible that these genes
are independent of the phytohormone regulatory signaling
pathway.

It remains unresolved, however, whether promoter-
sharing by non-identical but highly similar members of
VVMLP could play same biological roles. Our ability to
better understand their potential roles would depend on
detailed investigation of the functional roles and expres-
sion profiles of these genes in transgenic plants. Our data
provide evidence that the VVMLP family is likely to be
involved in responses to abiotic stresses, in addition to
phytohormones, and their different expression suggests
distinct roles during these responses.

In conclusion, to the best of our knowledge, this is the
first comprehensive genome-wide analysis of the MLP
gene family in V. vinifera. The V. vinifera genome has a
family of 14 VWMLP genes, which are tandemly arranged
and tightly paired on chromosome 1. Importantly, pro-
moter-sharing by non-identical but highly similar mem-
bers was found over these VvMLP family clustered single
chromosome. Our findings may represent a new phenom-
enon in gene expression regulation. Several of them are
transcriptionally active in different grapevine tissues, and
some VVMLP genes such as VWMLPI, and 14 are good
candidate genes for grape stress-resistant improvement.
Our study provides a comprehensive understanding and
facilitates further functional characterization of the grape
MLP gene family in gene regulation networks of stress
resistance and development.
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