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Abstract

Key message By studying three cv. Malbec clones cultivated in two vineyards with contrasting environmental condi-
tions, we demonstrated that DNA methylation has an important role in the phenotypic plasticity and that epigenetic
modulation is clone-dependent.

Abstract Clonal selection and vegetative propagation determine low genetic variability in grapevine cultivars, although it is
common to observe diverse phenotypes. Environmental signals may induce epigenetic changes altering gene expression and
phenotype. The range of phenotypes that a genotype expresses in different environments is known as phenotypic plasticity.
DNA methylation is the most studied epigenetic mechanism, but only few works evaluated this novel source of variability in
grapevines. In the present study, we analyzed the effects on phenotypic traits and epigenome of three Vitis vinifera cv. Malbec
clones cultivated in two contrasting vineyards of Mendoza, Argentina. Anonymous genome regions were analyzed using
methylation-sensitive amplified polymorphism (MSAP) markers. Clone-dependent phenotypic and epigenetic variability
between vineyards were found. The clone that presented the clearer MSAP differentiation between vineyards was selected
and analyzed through reduced representation bisulfite sequencing. Twenty-nine differentially methylated regions between
vineyards were identified and associated to genes and/or promoters. We discuss about a group of genes related to hormones
homeostasis and sensing that could provide a hint of the epigenetic role in the determination of the different phenotypes
observed between vineyards and conclude that DNA methylation has an important role in the phenotypic plasticity and that
epigenetic modulation is clone-dependent.
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artificial selection of desirable traits and the asexual
propagation has been carried out from the beginning of
viticulture allowing the formation of cultivars. Therefore,
low genetic differences within grapevines are observed.

Besides the somatic mutations, the epigenetic poly-
morphism is another source of variability. The epigenetic
mechanisms include cytosine DNA methylation, histone
post-translational modifications, and small RNAs regu-
lation (Norouzitallab et al. 2019). DNA methylation in
higher plants occurs on cytosine residues in the CpG,
CpHpG and CpHpH (H denotes nucleotides A, C or T)
sequence contexts (Henderson and Jacobsen 2007; Zhang
et al. 2018). Differences in DNA methylation play a role
in phenotype traits as flowering time and plant height in
Arabidopsis thaliana (Johannes et al. 2009). DNA meth-
ylation contributes to the adaptation of perennial species
with low genetic variation to changing environments; as
in Pinus pinea L. (Séez-Laguna et al. 2014) and Populus
tremuloides (Ahn et al. 2017).

The phenotypic plasticity is defined as the capacity of a
genotype to express different phenotypes when exposed to
different environments throughout its ontogeny (Pigliucci
2005). Grapevine is considered one of the most environmen-
tally sensitive crops and has a broad phenotypic plasticity
(Dal Santo et al. 2016). However, the knowledge of grape-
vine epigenome and its effect on the phenotypic plasticity
are limited (Fabres et al. 2017). Previous studies showed
changes in grapevine DNA methylation induced by harsh
environmental conditions like in vitro cultivation (Baranek
et al. 2015; Schellenbaum et al. 2008), high ultraviolet-
B and C radiation (UV-B and UV-C) (Marfil et al. 2019;
Tyunin and Kiselev 2016), and kaolin treatments (Bernardo
et al. 2017).

The wine industry often relates wine sensory attributes
to its geographic origin using the French term terroir (Fab-
res et al. 2017). Terroir refers to the complex interactions
between the genotype, the environment and human cul-
tural practices, and there are approaches in the literature to
understand the concept objectively. Environment-dependent
changes in the transcriptome and metabolome were evalu-
ated for a single clone of V. vinifera cv. Corvina in three
macrozones of Verona (Italy) during 3 years. Results showed
secondary metabolism transcripts mostly influenced by sea-
son (Dal Santo et al. 2013) and berries’ metabolic profiles
associated with each macrozone (Anesi et al. 2015). In addi-
tion, Dal Santo et al. (2016) evaluated a V. vinifera cv. Gar-
ganega clone cultivated in four sites of Verona and found
site-dependent gene expression of the phenylpropanoid and
flavonoid pathways. Moreover, comparison between culti-
vars showed that the Garganega berries were more plastic
than Corvina, particularly in the accumulation of phenolic
compounds. These results demonstrated that grapevine cul-
tivars may differ in the phenotypic plasticity for some traits.
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The inclusion of epigenomic data is necessary to under-
stand the environmental effect on grapevine phenotypes
(Fabres et al. 2017). Xie et al. (2017) analyzed the molecu-
lar diversity of cv. Shiraz in 22 vineyards of Australia and
observed low genetic differentiation, but a high level of epi-
genetic variation between vineyards. Similarly, we previ-
ously found DNA methylation patterns of cv. Malbec that
changed in response to UV-B, water restriction and abscisic
acid (ABA) treatments (Marfil et al. 2019). We showed DNA
methylation patterns that are mitotically heritable, affecting
the hydroxycinnamic acids accumulation in the early fruit
shoots.

There are few studies in field experiments with plants
exposed to multiple environmental stimuli. In the present
study, we evaluate the role of DNA methylation in the phe-
notypic plasticity of three Malbec clones cultivated in two
environmentally contrasting vineyards. Clone-dependent
responses and correlations between environmentally induced
epigenetic and phenotypic changes were detected. We iden-
tified epigenetic changes in gene and promoter regions and
discussed the function of those genes and their possible
relationship with the differences observed in the pheno-
typic traits. Future research will be focused on assessing
the impact of these promoter and gene body methylation
differences on gene expression and grapevine phenotype.

Materials and methods
Plant material

The study was performed using V. vinifera cv. Malbec clones
MBO01, MB04 and MB10 (Catena Institute of Wine, Bodega
Catena Zapata) cultivated in Agrelo (68° 54’ 40" W, 33°
09’ 58" S; 955 m a.s.l.) and Gualtallary (69° 14’ 54" W,
33°23"42" S; 1343 m a.s.1.), Mendoza, Argentina (Fig. 1a).
Vineyards were selected to maximize the differences in envi-
ronmental conditions, while minimizing the differences in
cultural practices. Between the two vineyards, there is a lin-
ear distance of 41 km and an altitude difference of 388 m
(Fig. 1a). There are differences in the soil types, being sandy
loam with clay at 0.3-0.6 m depth in Agrelo and sandy in
Gualtallary. Grapevines were planted in Agrelo and Gualtal-
lary during the years of 1995 and 1999, respectively, with
anti-hail nets only in Gualtallary. In both sites, grapevines
were planted on their own roots, with a planting density
of 4000 vines/ha, trained on a vertical trellis system, cane
pruned to 14-16 buds, arranged in north—south oriented
rows (2 m row spacing and 1.25 m between plants), and
maintained with a drip irrigation system.

In 20162017 growing season, when the shoots reached
10 cm long, stage 12 (Coombe 1995), five plants (biological
replicates; n=35) per clone and vineyard were selected (based
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Fig.1 Overview of the experimental site locations in Agrelo and Gualtallary, Mendoza province, Argentina, planted with Vitis vinifera cv. Mal-
bec clones (a). 2016-2017 growing season daily mean air temperatures, monthly rain fall records and sampling dates (b)

on their trunk diameter homogeneity and located in different
panel) and used to collect apical meristems for DNA extrac-
tion and molecular analyses. Samples were chilled with ice
in the field, frozen with liquid nitrogen in the laboratory and
then kept at — 80 °C until processing. At stage 38 (Coombe
1995), one shoot per experimental unit was chosen and the
basal bunch and its opposite leaf were extracted and used for
a phenotypic characterization. Samples were placed in nylon
bags, kept on ice and carried to the laboratory where bunch
and berry fresh weight were determined. The berries were
stored at — 20 °C until further analyses.

Meteorological data

The daily mean air temperature was calculated measur-
ing the air temperature for each vineyard every 15 min
from March 2016 to February 2017, with HOBO tempera-
ture data loggers (Onset Computer Corporation, Bourne,
MA, USA), located at a height of 1.5 m above the ground
and housed in a weather instrument shelter, close to the
experimental sites. Daily rainfall was monitored using a
cylindrical rain gauge placed at a distance of 2 m from the
weather shelter.
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Phenotypic analyses

Sixteen phenotypic traits were measured: trunk diameter (at
65 cm from ground level), bunch fresh weight (FW), number
of berries per bunch (# berries), berry FW, berry dry weight
(DW; dried at 60 °C to a constant weight), berry water con-
tent (estimated as berry FW-berry DW), berry total soluble
solids (TSS) in concentration (TSS conc) and TSS in a per
berry basis (TSS abs), number of seeds per berry (# seeds),
berry skin DW, berry skin total anthocyanins (TA conc and
TA abs), berry skin polyphenolic content (TP conc and TP
abs), specific leaf area (SLA), and leaf DW (Supplementary
Data S1).

The berry TSS accumulation and berry skin phenolics
were determined according to Berli et al. (2011) using a
Pocket PAL-1 digital hand-held refractometer (Atago Co.,
Ltd., Tokyo, Japan) and a Cary UV-Vis spectrophotometer
(Varian Inc., CA, USA), respectively. Berry skins were
separated from pulps and seeds by hand and after phenolic
extraction, the berry skins were dried at 60 °C until constant
weight. The leaf area (LA) was estimated by digital images
using the Easy Leaf Area software (Easlon and Bloom
2014). Then, samples were dry weight (DW; leaf dried at
60 °C to a constant weight) and the leaf DW per area (SLA)
was calculated.

DNA extraction and methylation-sensitive amplified
polymorphism (MSAP) analysis

Genomic DNA was extracted from the apical meristem fol-
lowing the protocol described by Lodhi et al. (1994), replac-
ing the extraction with chloroform: octanol by chloroform:
isoamyl alcohol. After measuring the quantity and quality of
the DNA by spectrophotometry (Ampliquant AQ-07 spectro-
photometer), the samples were diluted to 50 ng/pl.

DNA samples were treated according to the MSAP proto-
col described by Cara et al. (2013). This analysis allows the
evaluation of methylation patterns of anonymous sequences
distributed throughout the genome by selective PCR ampli-
fication of digested fragments using the restriction enzymes
EcoRI, Hpall, and Mspl. Hpall and Mspl are isoschizom-
ers with differential sensitivity to the methylation of the
cytosines present in the 5'-CCGG cleavage site. Fragments
obtained from the digestion with EcoRI/Hpall indicate that
an external cytosine is hemimethylated, while those obtained
with EcoRI/Mspl indicate a methylation in the internal
cytosine (Schulz et al. 2013). The presence of fragments in
both digestions indicates that cytosines are non-methylated.
Finally, the absence of fragments in both amplifications
gives rise to an ambiguous interpretation since it may be due
to a complete methylation or to a mutation in the nucleotide
sequence of the restriction site (Supplementary Fig. S1a).
Two selective fluorescent-labeled *EcoRI primers (FAM)
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were combined with three Hpall/Mspl primers chosen for
their polymorphism and repeatability in a previous assay.
The amplification products were electrophoretically sepa-
rated using the LIZ1200 marker (GeneScan™) and the ABI
PRISM 3500 genetic analyzer (Applied Biosystems, Foster
City, CA, USA) at the Genomics/Platform Node Genome
CATG Unit of the National Institute of Agricultural Tech-
nology (INTA), Buenos Aires, Argentina.

The electropherograms were analyzed with GeneMarker
software V2.7.0 (SoftGenetics, PA, USA) taking into
account sizes between 100 and 600 bp and a threshold of 50
RFU (Relative Fluorescent Units). Electropherograms were
manually checked. Presence/absence of MSAP fragments
were codified in a binary matrix of 1/0, and transformed
into a matrix of methylation patterns from 0O to 3 (0, ambigu-
ous; 1, non-methylated; 2, hemimethylated; 3, methylated;
Supplementary Fig. Sla). Loci that were hemimethylated
or methylated in one or more plants were considered as epi-
genetic loci (‘epiloci’ hereafter). Epiloci were coded in a
binary matrix and used for the study of the epigenetic vari-
ability. Methylation patterns present only in a single indi-
vidual (singletons) were considered artifacts and excluded
from the analysis (Bonin et al. 2004; Supplementary Fig.
S1b). The methylation level was calculated as the percentage
of non-methylated, methylated or hemimethylated loci per
clone and site of cultivation (Cara et al. 2013), and the epi-
genetic differences were analyzed using only polymorphic
epiloci. To estimate the error rate of the MSAP technique,
two plants from each vineyard (four plants in total) were
randomly selected and analyzed per duplicate, starting from
independent DNA extraction.

The genetic variability among and within clones was
evaluated because after many cultivation years, the grape-
vine clones may have accumulated somatic mutations,
inducing phenotypic differences (This et al. 2006). To this
end, loci that were non-methylated and/or ambiguous in all
analyzed plants were considered as genetic loci and used to
analyze the genetic variability (Marfil et al. 2009; see below
in “Molecular data (genetic and epigenetic)” section).

Reduced representation bisulfite sequencing (RRBS)
and bioinformatic analysis

Based on the MSAP results, the clone MB10 was selected
for the RRBS assay. Three virus-free plants (see “Virus
analysis” section) from each vineyard were selected to ana-
lyze with Premium RRBS kit (Diagenode®, https://www.
diagenode.com/). RRBS libraries were constructed with
100 ng of genomic DNA digested with Mspl according
to the manufacturer’s instructions and validated using a
Bioanalyzer analysis system (Agilent, Santa Clara, USA).
DNA fragments were then bisulfite-converted and ampli-
fied using PCR. Libraries were sequenced with the Illumina
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NextSeq 550 platform (Illumina, USA) in single-end 75-bp
runs. Raw sequencing data quality was evaluated using
FastQC software (Babraham Institute, https://www.babra
ham.ac.uk/). Adaptor sequences and low-quality reads were
trimmed using Trim Galore (Babraham Institute). Bisulfite
conversion rate was higher than 99%; it was estimated by
processing the spike-in-controls (sequence with all their C’s
unmethylated) included in the RRBS kit. Cleaned reads were
aligned to the grapevine reference genome (Vitis vinifera
12X.44; Jaillon et al. 2007) using Bismark v0.22 (Babra-
ham Institute). Methylation calling output files from Bis-
mark were used as input to methylKit R package (Akalin
et al. 2012) to determine differentially methylated regions
(DMRs) and differentially methylated cytosine (DMCs)
between vineyards. A minimum coverage of 10X and bins
size of 1000 nt were fixed for the analysis. Differences of
25% for CpG, 10% for CHG and 10% for CHH were con-
sidered to determine the DMR and DMC. In-house scripts
were used to correlate DMRs to genes and promoters. Genes
and promoters associated with DMRs regions were identi-
fied using UniProt database (https://www.uniprot.org/) and
Gene Ontology annotations were assigned using PANTHER
Classification System (https://www.pantherdb.org/).

Virus analysis

The MB10 plants were analyzed to select virus-free plants
for RRBS analysis since stress can induce changes in DNA
methylation (Chinnusamy and Zhu 2009). Two-node canes
from each analyzed plant were collected during October
2018. Total RNA was extracted as described in Gambino
et al. (2008). Its quality was determined by non-denaturing
agarose gel electrophoresis, after that was random-primed
and reverse-transcribed. The cDNA was evaluated by PCR
amplifying the 18S ribosomal gene (Gambino and Grib-
audo 2006). The cDNA was subsequently amplified by
PCR to assess the presence of Grapevine Fanleaf Virus
(GFLV), Arabis Mosaic Virus (AtMV), Grapevine Virus A
(GVA), Grapevine Virus B (GVB), Grapevine Fleck Virus
(GFkV), Rupestris Stem Pitting-associated Virus (RSPaV)
and Grapevine Leafroll-associated Virus (GLRaV)-1, -2,
-3, using the primers described by Gambino and Gribaudo
(2006) and for GLRaV-4 using the primers described by
Poojari et al. (2016).

Statistical analysis

Phenotypic traits

A multifactorial ANOVA was used to test the effects of
clone, vineyard and their interactions for each trait, using

LSD Fisher comparison test (P <0.05). A dendrogram of
phenotypic standardized Euclidean distance generated with

UPGMA and a Principal Components Analysis (PCA)
together with its biplot graph were performed with InfoStat
software (InfoStat version 2009, Grupo InfoStat, Cérdoba,
Argentina).

Molecular data (genetic and epigenetic)

Genetic and epigenetic data obtained with the MSAP mark-
ers were analyzed separately. The inter-clone genetic vari-
ability was calculated as the observed proportion of poly-
morphic loci among clones for all analyzed plants, while the
intra-clone genetic variability was calculated as the observed
proportion of polymorphic loci within the biological repli-
cates of each clone. Dendrograms were constructed from the
genetic and epigenetic Dice similarity matrix with InfoStat
software (Grupo InfoStat, Cérdoba, Argentina) and sub-
jected to bootstrapping to obtain values for the reliability
of the consensus dendrogram using the WinBoot program
with 1000 permutations (Yap and Nelson 1996). Also, a
Principal Coordinate Analysis (PCoA) was performed with
polymorphic epiloci for all analyzed plants and for each
clone separately, with a permutational analysis of variance
(PERMANOVA), using the R programming language with
the Vegan package (Oksanen et al. 2019). Methylation lev-
els of clones were computed as the observed percentage of
methylated, hemimethylated, and non-methylated loci (Cara
et al. 2013), and evaluated with InfoStat by a generalized
linear model (GLM) with log as link function for Binomial
distribution.

Mantel correlation tests

Phenotypic, genetic and epigenetic differences were evalu-
ated by Mantel correlation tests. Phenotypic—epigenetic cor-
relations were also performed for each clone and vineyard
separately. Correlations with the RRBS data were performed
for each context and for groups of selected phenotypic traits.
Pearson correlation coefficients (R) were considered signifi-
cant when P <0.05. Phenotypic and RRBS matrices were
analyzed with Euclidean distance while MSAP genetic and
epigenetic dissimilarity matrices were generated based on
the Dice coefficient (Sneath and Sokal 1973).

Results

Climatic variability between vineyards

Gualtallary vineyard was more humid and colder than
Agrelo during the 2016/2017 season, in line with the his-
toric records (Fig. 1b, Supplementary Data S2). On average,

Gualtallary presented 14 mm more rainfall and 2 °C less
in temperature than Agrelo. The months with the biggest

@ Springer


https://www.babraham.ac.uk/
https://www.babraham.ac.uk/
https://www.uniprot.org/
https://www.pantherdb.org/

Plant Cell Reports

Gualtallary/Agrelo contrasts were October (55 mm rainfall)
and December (— 4 °C) 2016.

Phenotypic variability was observed among clones
and sites

SLA and leaf DW were not affected by clones, vineyards or
clone/vineyard interaction and they were excluded from the
PCA and ANOVA analyses. Clone and vineyard interaction
were identified in five traits (Fig. 2). MBO1 presented signifi-
cant differences between vineyards in bunch FW, # berries
(per bunch), berry water content, # seeds (per berry), skin
DW, TA abs and TP abs. In Agrelo, MBO1 presented heavier

bunches with higher number of berries than in Gualtallary,
without changing the TP and TA concentrations. The high-
est accumulation of TP abs and TA abs was observed in
MBO01/Gualtallary, without significant effects in concentra-
tion. MB10 presented the highest values of @ trunk, regard-
less of the vineyard. In Agrelo, MB10 presented the highest
TSS conc and TSS abs. Also, MB10 showed higher TP conc
in Agrelo than in Gualtallary. Finally, MB04 presented no
significant differences between vineyards in most of the ana-
lyzed traits (Fig. 2).

The dendrogram grouped MBO1 and MBO04 (Fig. 3a).
MBOI showed a clear clustering based on the vineyard, in
which the first two components explained 72.7% of the total
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Fig.2 Multifactorial analysis of the phenotypes of three Vitis vinif-
era cv. Malbec clones cultivated in two different vineyards of Men-
doza, Argentina. Parameters of vigor, yield and quality traits. Values
are means for each factor (n=5)+ SEM and different letters indicate
significant differences (Fisher’s LSD, P <0.05). The effects on pheno-
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MBO1 MB04 MB10

type of clones (Pc); vineyards (Pv) and interaction clones X vineyards
(Pcxv) were established. @ trunk trunk diameter, # berries number of
berries, FW fresh weight, DW dry weight, TSS total soluble solutes,
TA total anthocyanins, TP total polyphenols, conc concentration, abs
absolute amounts
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variance. Also, the fruit yield traits as # berries (per bunch)
and bunch FW were associated with Agrelo (Fig. 3b). No
clustering according to vineyard was observed for MB04,
with the 62.9% of the total variance explained by the first
two components (Fig. 3¢). For MB10, the first two com-
ponents explained 64.5% of the total variance and partial
differentiation between vineyards was observed with Skin
DW associated with Gualtallary (Fig. 3d).

MSAP markers confirmed genetic differences
among clones revealing low genetic variability
within clones

The three primer combinations amplified 732 fragments,
which were evaluated as different loci (Table 1, Supplemen-
tary Data S3). The error rate calculated from four duplicated
samples was 5.3%. The primer combination *AAG/AAT
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triangle); vineyards Agrelo (gray) and Gualtallary (black). @ trunk
trunk diameter, # berries number of berries, FW fresh weight, DW
dry weight, TSS total soluble solutes, TA total anthocyanins, 7P total
polyphenols, conc concentration, abs absolute

Table 1 Methylation sensitive amplified polymorphism (MSAP) frag-
ments obtained in Agrelo and Gualtallary vineyards for three Vitis
vinifera cv. Malbec clones

Fragments Genetic loci Epiloci Total
Monomorphic 35 (56%) 15 2%) -
Singletons 14 (23%) 160 (24%) -
Polymorphic 13 21%) 495 (74%) -

Total 62 (8%) 670 (92%) 732 (100%)

Number and percentages of monomorphic, singletons and polymor-
phic MSAP fragments for the genetic loci and epiloci analyzed

generated 40% of the total fragments, followed by *ACG/
ATG (31%) and *AAG/ATC (29%) as shown in Supplemen-
tary Fig. S2. In average, each sample presented 275 frag-
ments, with a minimum value for MB04/Gualtallary (194)
and a maximum for MBO1/Gualtallary (413; Supplementary
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Data S3). From the total of analyzed loci, 92% were consid-
ered as epiloci and 8% as genetic loci (Table 1; Supplemen-
tary Fig. S2).

Sixty-two loci were scored as genetic loci [since it
included only non-methylated (1) or ambiguous (0) loci]
and used to analyze genetic variability (Table 1). From this
matrix, 14 singletons were excluded from the analysis. There
were genetic differences among clones (Fig. 4). MBO1 and
MBO04 plants grouped together at 94% of similarity, while
MB10 showed 91% of similarity with respect to the other
two clones. Within each clone, there was no clustering
according to vineyards of origin. MBO1 and MB10 presented
the greatest inter-clone variability (15%) while MBO1 and
MBO04 the lowest (2%). The intra-clone variability of the
polymorphic loci was 6%, 8% and 0% for MBO1, MB04 and
MBI10, respectively.

MSAP methylation patterns reveal epigenetic
differences between clones and vineyards

The number of polymorphic epiloci was higher than the
polymorphism exhibited by genetic loci (Table 1).
Singletons and monomorphic epiloci were excluded from
the analysis (Table 1). The proportion of polymorphic mark-
ers per clone ranged between 62 and 71%, where MBO1 and
MBO04 displayed higher levels of intra-clone polymorphism
(Table 2). The 495 polymorphic epiloci were transformed
into 696 epialleles (alternative methylation patterns at deter-
mined epilocus). The phenetic analysis grouped the samples
into three groups according to their clone identity, except for
clone MBO4. Plants form clone MB10 grouped according

0.91 _
0.93 |
81.2
0.95 | |99.5 35
0.98 57.1 95.4
411
1.00 40.7 jQQ

| 95.3
T T I T LI I T I TV

Fig.4 Genetic diversity of three Vitis vinifera cv. Malbec clones cul-
tivated in two contrasting vineyards. Dendrogram of genetic DICE
similarity coefficient generated with UPGMA. Value of 1.00 rep-
resents complete similarity; 0.00 represents complete dissimilarity.
Clones MBOLI (filled circle), MB04 (filled square), and MB10 (filled
triangle); vineyards Agrelo (gray) and Gualtallary (black)
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Table 2 Distribution of analyzed methylation-sensitive amplified pol-
ymorphism (MSAP) epiloci observed in three Vitis vinifera cv. Mal-
bec clones

Clone Epiloci

Monomorphic Polymorphic Total
MBO1 109 (24%) 309 (68%) 455
MBO04 24 (8%) 202 (71%) 283
MB10 62 (21%) 184 (62%) 296

For each clone, number and percentages of monomorphic and poly-
morphic epiloci are shown

to the vineyard (Supplementary Fig. S3). PCoA analysis
showed that each clone was grouped apart from the others
(Fig. 5a) and MB04 was the clone in which more dispersion
was observed among biological replicates. Also, Gualtal-
lary plants of MB10 showed more dispersion than Agrelo
plants. Moreover, the PERMANOVA analysis of DICE dis-
similarity matrices resulted in highly significant (P <0.001)
epigenetic variance among clones, accounting for 35.8% of
total variance while the contribution of vineyard to the total
observed variability was of 4% (Table 3). Then, the effects of
site on epigenetic variability were evaluated for each clone
independently, observing a significant effect for MBO1 and
MB10, accounting for 15% and 21.8% of the total variance,
respectively (Table 3). Similar results were visualized in
the PCoA analysis, where MBO1 and MB10 presented dif-
ferent methylation patterns associated with the vineyard,
being more notorious in MB 10, while plants of MB04 clone
showed no differences between vineyards (Fig. Sb—d).

Clones presented different methylation levels
regardless of the vineyards

On average, 49% of all MSAP fragments were non-methyl-
ated, while 30% were methylated. MLGL analysis of DNA
methylation level showed significant differences among
clones in the proportion of non-methylated, hemimethyl-
ated and methylated loci, while no differences were observed
among vineyards (Supplementary Fig. S4). MBO1 presented
most hemimethylated loci; moreover, a significant lower
proportion of methylated loci was observed in Gualtallary
vineyard plants in comparison with the other two clones. An
interaction between clone and the vineyard (P=0.0785) was
observed between MB0O1 and MB04 in the non-methylated
loci (Supplementary Fig. S4).

Correlation between MSAP epigenetic
and phenotypic variability was detected

Table 4 shows a high correlation between the MSAP genetic
and epigenetic variability, without association between
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Fig.5 Epigenetic variability
estimated with MSAP mark-
ers in three Vitis vinifera cv.
Malbec clones cultivated in two
contrasting vineyards. Biplot
visualization and 0.95 confi-
dence ellipses of the principal
coordinates analysis considering
all evaluated samples (a) and
per clone (b—d). Clones MBO1
(filled circle), MBO4 (filled
square), and MB10 (filled tri-
angle); vineyards Agrelo (gray)
and Gualtallary (black)

Table 3 Permutational

analysis of molecular

variance (PERMANOVA)

for the epigenetic DICE
dissimilarity matrices from
methylation-sensitive amplified
polymorphism (MSAP) markers
in three Vitis vinifera cv. Malbec
clones

genetic and phenotypic variability. On the other hand, epi-
genetic and phenotypic variability showed a small but sig-
nificant linear correlation when the entire sets of data for the
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-0.50 ‘ . , , -0.50 . , , ,
-0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.50
PC1 (30.8 %) PC1 (22.4%)
Clones Source of variation df Sums of squares Percentage of P value
variation
MBO01, MB04 Clone 2 2.5288 35.8 0.000999
and MB10 Site 1 0.2816 4 0.039960
Clone*site 2 0.5064 7.2 0.027972
Residuals 24 3.7469 53
MBO1 Site 1 0.19633 15 0.02398
Residuals 8 1.11350 85
MB04 Site 1 0.28309 15.7 0.08492
Residuals 8 1.52515 84.3
MB10 Site 1 0.30865 21.8 0.008991
Residuals 8 1.10824 78.2

Permutation test with 1000 repetitions

three clones were considered (Table 4). When clones were

analyzed separately, only MB 10 showed a linear correlation
between epigenetic and phenotypic variability. When vine-
yards were analyzed separately, only Agrelo plants showed
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Table 4 Correlation Mantel test between methylation-sensitive ampli-
fied polymorphism (MSAP) genetic and epigenetic distances with
their phenotypic distances

Correlations R P value
Genetic—epigenetic 0.63 <0.0001
Genetic—phenotypic 0.02 0.425
Epigenetic—phenotypic

All plants 0.15 0.002
MBO1 —0.08 0.693
MBO04 -0.34 0.97
MBI10 0.28 0.043
Agrelo 0.32 <0.0001
Gualtallary 0.12 0.154

Epigenetic and phenotypic correlation was performed for the entire
set of data and also separately for each Vitis vinifera cv. Malbec clone
and vineyard

a linear correlation between epigenetic and phenotypic dis-
tances (Table 4).

RRBS analysis reveals epigenetic differences
between vineyards in MB10 plants and correlations
with phenotypic traits

Three virus-free plants of Agrelo and Gualtallary were
used for RRBS analysis (Supplementary Table S1). The six
samples provided methylation data for an average of 6 mil-
lion, 4.5 million and 19 million of cytosines in the CpG,
CpHpG and CpHpH contexts, respectively. Of those, 7.4%
of cytosines were methylated in the CpG context, while
3.2% and 0.5% were methylated in the CpHpG and CpHpH
contexts, respectively. The samples were clustered based on
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the similarity of their methylation profiles. The resulting
dendrogram clustered the plants by vineyard when CpG and
CpHpG contexts were analyzed, but not in CpHpH context
(Fig. 6a—c). As seen in MSAP results, MB10 Gualtallary
plants also showed more dispersion than Agrelo plants.

No significant correlation was detected between the
RRBS methylome dataset and the whole phenotypic data-
set in either of the tree contexts. Then, sub-groups of traits
with significant clone and vineyard interactions were chosen
for further correlation analyses (Fig. 2). As seen in Table 5,
eight phenotypic sub-groups corresponding to TSS content,
quality and yield parameters were formed to establish cor-
relations with the epigenetic variability in CpG and CpHpG
contexts. Statistical significant correlations were observed
for Skin DW/TSS abs and Skin DW/TSS abs/TSS conc sub-
groups (Table 5).

RRBS analysis detected DMRs between vineyards

RRBS analysis comparing Gualtallary and Agrelo methyl-
omes identified 45 DMRs. Twenty-nine of those DMRs were
selected by having either genes or promoter regions (Sup-
plementary Data S4). Gene ontology (GO) assignments were
performed, and the main molecular functions represented by
the associated DMRs were catalytic and binding (Fig. 7a),
while the main biological process associated was related to
metabolic process (Fig. 7b).

Associated DMRs were ranked based on the degree of the
methylation difference between vineyards (Supplementary
Data S4). As expected, the biggest absolute methylation dif-
ference was found in the CpG context (Bartels et al. 2018),
but DMRs were also found in the CpHpG and CpHpH
contexts in similar proportion. The three top differentially

C
" j:jﬁ
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Fig.6 RRBS epigenetic diversity of Vitis vinifera cv. Malbec MB10 clone cultivated in two contrasting vineyards. Dendrogram of correlation
distance clustered with Ward’s method in CpG (a), CpHpG (b) and CpHpH (c) contexts. Vineyards Agrelo (gray) and Gualtallary (black)
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Table5 Correlation Mantel test for RRBS epigenetic distances of
Vitis vinifera cv. Malbec MB10 clone

Phenotypic variables CpG CpHpG
TSS abs/TSS conc R 0.12 0.22
P value 0.31 0.12
TP conc/TA conc R —0.03 0.03
P value 0.55 0.47
TP abs/TA abs R -0.17 -0.13
P value 0.71 0.69
Bunch FW/#Berries R —-0.02 —0.06
P value 0.56 0.69
Skin DW/TP conc/TA conc R 0.29 0.35
P value 0.21 0.16
Skin DW/TSS abs R 0.54 0.66
P value 0.058 0.018
Skin DW/TSS conc R 0.50 0.54
P value 0.11 0.068
Skin DW/TSS abs/TSS conc R 0.47 0.56
P value 0.04 0.016

Epigenetic and phenotypic correlation was performed for CpG and
CpHpG contexts and sub-groups of phenotypic traits that presented
significant differences among vineyards

methylated genes were: STAS (Sulfate Transporter and
Anti-Sigma factor antagonist) domain-containing protein
(VIT_11s0016g04160), a putative membrane protein still
uncharacterized (VIT_02s0025g03910) and O-acyltrans-
ferase (WSDI1-LIKE; VIT_16s0098g00380); for the whole
list, see Supplementary Data S4.

Some DMRs associated with genes related to hormones
homeostasis and sensing could provide a hint of the epi-
genetic role in the determination of the different pheno-
types observed between vineyards. Functional groups of
genes bearing this characteristics were: i) a Oxygenase
(VIT_15s0048g01960) involved brassinosteroid homeostasis
and sterol metabolic process; ii) a Oxysterol-binding pro-
tein-related protein 4B-like (VIT_11s0103g00530), involved

B Binding (G0O:0005488)
W Catalytic activity
(G0O:0003824)

Transcription regulator
activity (G0O:0140110)

Transporter activity
(G0:0005215)

Fig. 7 Reduced representation bisulfite sequencing analysis in plants
of Vitis vinifera cv. Malbec. Gene Onthology (GO) analysis for the
differentially methylated regions (DMRs) found on plants of clone

in Sterol transporter activity; iii) a transcription termination
factor mMTERFS (VIT_14s0171g00230) involved in response
to ABA, and salt stress regulation of transcription; and iv) an
AP2/ERF (APETALAZ2/ethylene-responsive factor) domain-
containing protein (VIT_09s0002g08830), a transcription
factor associated to ethylene response.

Discussion

Two approaches, MSAP and RRBS, were used to study the
role of DNA methylation on phenotypic plasticity of three
Malbec clones cultivated in two contrasting vineyards of
Mendoza (Argentina). Agrelo and Gualtallary vineyards
showed differences in anti-hail nets protection, soil types,
daily mean air temperature, and monthly rainfall.

The phenotypic characterization of TP abs, anthocyanins
(TA conc, TA abs), total soluble accumulation (TSS conc,
TSS abs) and # berries showed significant clone and vine-
yard interactions, where the genotype (G) and environment
(E) interacted to produce the observed phenotypes (P). Cos-
seau et al. (2017), proposed that G should be replaced by
‘inheritance system’, including both genome and epigenome
(I) components that collectively interact with the environ-
ment to shape the phenotype [conceptualized as (G X I) X
E=P]. MBO1 and MB10 clones exhibited clear phenotypic
differences between vineyards, while MB04 showed sto-
chastic distribution of biological replicates. The possibil-
ity of MBO1 and MB10 to give rise to different phenotypes
between vineyards is an example of developmental plasticity
(Jablonka 2012), which depends on the regulatory modula-
tion of genes. TP and TA concentrations were one of most
environmentally dependent phenotypic variables. Grape
germplasm shows extensive phenotypic diversity, espe-
cially for berry traits (Magris et al. 2019). The plasticity
of Corvina transcriptome revealed that the phenylpropanoid
pathway was one of the most environmentally dependent
metabolic components (Dal Santo et al. 2013). Likewise, the

Biological regulation
(G0:0065007)

M Cellular process
(G0:0009987)

M Localization (GO:0051179)

W Metabolic process
(G0:0008152)
Multicellular organismal
process (GO:0032501)
Response to stimulus
(G0:0050896)

MBI10 from Agrelo and Gualtallary vineyards. The percentage of GO
category-related genes is shown insight the pie chart. a GO molecular
function. b GO biological process
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accumulation of hydroxycinnamic, hydroxybenzoic acids,
and flavonols was found to be highly responsive to the envi-
ronment (Dal Santo et al. 2016).

For the analysis of environmentally induced changes
in DNA methylation, it was relevant to confirm the clonal
homogeneity among plants of Agrelo and Gualtallary.
Clonal homogeneity removes the influence of the genetic
background, thus allowing within and among genotypes
comparisons (Ahn et al. 2017). MSAP markers have been
used in V. vinifera for clone identification (Imazio et al.
2002; Ocaiia et al. 2013), extensively validated and consid-
ered highly reliable (Xie et al. 2017). Using MSAP markers,
we confirmed the genetic homogeneity among samples of
different vineyards. The low genetic variation found within
clones and the phenotypic plasticity displayed supports V.
vinifera as a suitable model in epigenetics.

In Malbec, methylation-based epigenetic diversity
exceeds the genetic diversity among clones, suggesting an
epigenetic sensitivity to environmental conditions. Similar
results have been reported in other perennial (Marfil et al.
2009; Herrera and Bazaga 2010; Cara et al. 2013; Ahn et al.
2017) and annual species (Salmon et al. 2008). We observed
no correlation between genetic and phenotypic variability
and we can affirm that the environment had a different effect
in the phenotype of the clones despite their low genetic inter-
clone variability.

When the methylation patterns were analyzed, differences
were observed among clones and sites suggesting that both
genotype and environment influence the DNA methylation
patterns. The Malbec clones had the greatest influence on
the DNA methylation variability. The genotype influence
on methylation patterns can be observed in the PCoA, while
MBO04 clone showed a stochastic trend in the epigenetic vari-
ability among biological replicates (similar to the observed
in phenotypic analyses), MB10 presented a greater degree
of epigenetic plasticity that differentiated plants according
to vineyards. In line with this result, Busconi et al. (2018)
studied the epigenetic stability in Crocus sativus L. and
found that different accessions respond to the environment
in a different way despite having a similar genetic constitu-
tion. Li et al. (2008) stated that DNA methylation pattern
variations may be inter-related to DNA sequence variation.
A similar conclusion was proposed by Keyte et al. (2006)
with Gossypium hirsutum L. Our results are congruent with
these findings, since a strong correlation between the MSAP
epigenetic and genetic variability was found. A study done in
three natural oak populations (Quercus lobata Née) located
in contrasting environments also observed significant corre-
lation among CpG methylation differences and their genetic
differences analyzed as single-nucleotide differences (Platt
et al. 2015). Environmentally induced methylation patterns
were observed in the PCoA results for MBO1 and MB10.
A study of the effect of environmental and management
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conditions on DNA methylation variation made in Shiraz
across six wine sub-regions of the Barossa wine zone (Aus-
tralia), showed that MSAP methylation patterns were region-
dependent despite the low genetic differentiation between
sub-regions (Xie et al. 2017).

The correlation analysis between MSAP epigenetic and
phenotypic variability was low, but similar to what was
observed in other studies (Johannes et al. 2009; Reinders
et al. 2009). This low correlation could probably be due to
many small epigenetic changes across the genome rather
than few changes with a radical impact. Interestingly, when
the correlations were measured using MB10 separately, it
shows an increased correlation compared to when all clones
were used together. In summary, our MSAP results suggest
that the environment may affect the phenotype through a
change in the epigenome, what is known as a facultative
epigenetic control of development (Brautigam and Cronk
2018).

Clone MB10 was selected for further RRBS analysis
since it presented the highest epigenetic differences among
vineyards while having a low genetic variation among the
replicates. RRBS analysis allows further deepening from
genomic scale to specific genomics regions and also to dis-
criminate by methylation context. The methylation profiles
in CpG and CpHpG clustered the plants by vineyard, rein-
forcing the idea that the environmental context shapes the
epigenome somehow. Furthermore, the correlation between
RRBS epigenetic changes and sub-groups of selected phe-
notypic traits showed an increased R statistically significant
of ca. 0.6, indicating that the role of DNA methylation is
probably not associated with the phenotypic plasticity in
general, but rather with a subset of traits.

Differentially methylated regions (DMRs) among vine-
yards were found mainly at CpG context, similar to the
observed in natural oak populations (Platt et al. 2015).
DMRs corresponding to transcription factors and proteins
with regulatory roles were identified. Some DMRs related to
DNA methylation include E3 ubiquitin protein ligase (Marfil
et al. 2019; Tan et al. 2019) and pentatricopeptide repeat
proteins and F-box proteins (Ding et al. 2014).

Even though single gene analysis is of interest, a more
robust study arises when a group of related functional genes
respond to the same phenotype. Groups of genes associated
with DMR with similar functionality were found, result that
allows to hypothesize about the mechanistic bases and role
of epigenetics in the origin of the phenotypic differences
observed between vineyards. One example is the group of
genes related to hormone homeostasis and signaling. Two
genes related to the brassinosteroids pathway and two oth-
ers related to ABA and ethylene may indicate a way to
understand the complex hormone cross-talk in response to
environmental differences between the two vineyards. Fur-
thermore, the observed correlation between Skin DW/TSS
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abs and TSS conc with the epigenome could let us hypoth-
esize that the increased amount of TSS (including sugars)
observed in Agrelo is related to the genes associated with the
DMRs. These genes are Oxygenase (VIT_15s0048g01960)
involved in brassinosteroids homeostasis and sterol meta-
bolic process, and Oxysterol-binding protein-related protein
4B-like (VIT_11s0103g00530), involved in sterol trans-
porter activity that could be part of brassinosteroids activity
control level (Ohnishi 2018). It is known that brassinoster-
oids possess a role in controlling the sugar partitioning in
grapes (Xu et al. 2015; Babalik et al. 2020). On the other
hand, the increase Skin DW found in Gualtallary could be
related to two DMR: one associated with the O-acyltrans-
ferase (WSDI1-LIKE) protein and the other with the AP2/
ERF (APETALAZ2/ethylene-responsive factor) transcription
factor superfamily. Both DMRs were more methylated in
the Gualtallary vineyard. In a previous work, we demon-
strated that high UV-B levels induced hypermethylation in
the Malbec genome (Marfil et al. 2019) and one hypothesis
that emerges from this work is that the higher proportion
of 5-methylcytosine observed in Gualtallary on these two
genes is related to the high levels of UV-B radiation pre-
sent in this vineyard in relation with Agrelo (Berli et al.
2010). Further studies are required to understand the effects
of these differential methylation levels on gene expression.
The O-acyltransferase (WSD1-LIKE) gene expression has
been related to Arabidopsis cuticular wax biosynthesis and
might be important in plant response to environmental stress
(Lee and Suh 2015. Regarding the AP2/ERF (APETALA2/
ethylene-responsive factor) transcription factor superfam-
ily, many ERF genes are ethylene-responsive, hormone that
plays a role during grapevine ripening, by controlling antho-
cyanin accumulation (Licausi et al. 2010).

It is important to mention at this point that our RRBS
analysis only screened a small percentage of the Vitis
genome; therefore, it is not expected to detect the whole set
of genes related to a phenotype but instead just few that may
indicate possible involved mechanisms. Out of the 29 DMR
that corresponded with functional regions of the genome,
transcriptomic analysis through qRT-PCR will be done on
the related functional gene groups mentioned above and on
genes with transcription regulator activity. We pretend to
know if the methylation state causes an increase or decrease
on the expression of genes with functional categories. Previ-
ous research has associated DNA methylation at promoters
and transcriptional start sites with transcriptional repression
but the effect of gene body methylation is still unknown
(Briutigam and Cronk 2018).

Nowadays, clonal selection in grapes is the main solution
to obtain diversity without modifying the identity of culti-
vars with worldwide reputation. Since epigenetic characteri-
zation could be considered as an additional layer of informa-
tion to explain the source of natural variation among clones

(Niederhuth et al. 2016; Balao et al. 2018), in the future, we
may be able to also select plants based on their epigenetic
diversity. By keeping the genotype invariant, epiloci respon-
sible for desired phenotypic traits could be mapped using
epi Quantitative Trait Locus (Cosseau et al. 2017; Richards
et al. 2017). Breeders could use this knowledge for creating
new grapevine epiclones.

Empirical studies in productive contexts and over long
time periods are needed for understanding the dynamics and
adaptive importance of epigenetic variation and its effect
on phenotype. Some epigenetic studies have been made on
in situ plants and fewer on in situ clonal plants, but none of
these studies have been conducted over long time periods
(Ahn et al. 2017). In a recent study performed with clonally
propagated potatoes growing during 3 years at contrasting
altitudes and reciprocally transplanted, it was demonstrated
that the methylation patterns are re-written every year
(Ibafiez et al. 2020).

Since Dal Santo et al. (2013) and Anesi et al. (2015)
observed that the vintage effect masked environmental-
dependent berry transcriptome and metabolome changes,
grapevine epigenome long-term observations are mandatory.
To this end, cuttings of the evaluated plants were extracted
in 2015 from Agrelo and Gualtallary for asexual propagation
in a common vineyard in Mendoza, Argentina. Our aim is to
analyze with MSAP markers if the environmental-dependent
epigenetic differences observed in MB10 are stable (epige-
netic memory) or, on the contrary, if they reconfigure and
lose their differences in a 3-year study. We believe that such
study will allow us to better understand the involvement of
epigenetics in the definition of the terroir, searching for spe-
cific epigenetic signatures linked to each vineyard.
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