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Environmental conditions and agronomic practices induce consistent global changes in DNA
methylation patternsin grapevine (Vitis vinifera cv Shiraz).
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Abstract

Fruit attributes that affect wine quality are thought to be largely driven by the interaction of
grapevine’s genetic characteristics with environmental factors (i.e. climate, soil and topography) and
vineyard management. All these variables, in conjunction with the wine making process, give a wine
its distinctive character. Understanding how grapevines perceive and adapt to a changing
environment will provide us with an insight into how to better manage crop quality. Mounting
evidence suggests that epigenetic mechanisms are a key interface between the environment and the
genotype that ultimately affect the plant’s phenotype. Moreover, it is now widely accepted that
epigenetic mechanisms are a source of useful variability during crop varietal selection that could
affect crop performance. While the contribution of DNA methylation to plant performance has been
extensively studied in other major crops, very little work has been done in grapevine. Here we used
Methylation Sensitive Amplified Polymorphisms to obtain global patterns of DNA methylation, and
to identify the main drivers of epigenetic diversity across 22 vineyards planted with the cultivar
Shiraz in six distinctive wine areas of a major wine zone, The Barossa, South Australia. The
observed epigenetic profiles showed a high level of differentiation that grouped vineyards by their
area of provenance despite the low genetic differentiation between vineyards and sub-regions.
Furthermore, pairwise epigenetic distances between vineyards with similar management systems
showed a significant correlation with geographic distance. Finally, methylation sensitive Genotyping
By Sequencing identified 3,598 differentially methylated genes that were assigned to 1,144 unique
GO terms of which 8.6% were associated with response to environmental stimulus. Taken together,
our results indicate that the intensity and directionality of DNA methylation differentiation between
vineyards and wine sub-regions within The Barossa are driven by management and local growing
conditions. Finally, we discuss how epigenetic variability can be used as a tool to understand and
potentially modulate terroir in grapevine.
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I ntroduction

The ability of plants to produce alternative phenotypes in response to changing environments is
known as phenotypic plasticity (Pigliucci, 2005). Genotypes with this characteristic are able to
produce a variety of phenotypes including improved growth and reproduction (Lacaze et al., 2009).
Grapevine (Vitis vinifera L.) is a highly-plastic crop that exhibits large differences in fruit quality
from a given variety depending upon the environmental conditions of the vineyard of origin (Dal
Santo et al., 2016). Fruit traits that affect wine quality are thought to be largely driven by the
interaction of a grapevine’s genetic characteristics with environmental factors (i.e. climate, soil and
topography) and vineyard management (Robinson et al., 2012). All these variables, in conjunction
with the wine making process, give a wine its distinctive character. The impact of the environment on
grape quality and subsequent wine excellence has given rise to the concept of “terroir’, a French term
referring to terre, “land” (Fanet and Brutton, 2004).

Terroir is defined as the interaction between the physical and biological environment and applied
viticultural and oenological practices that lead to unique characteristics in a final wine (Seguin,
1986). Extensive studies have been published on terroir, but generally, these focus on a single
parameter such as climatic factors, soil structure or soil microbiology (Harrison, 2000; Tonietto and
Carbonneau, 2004;). However, studying only one environmental parameter does not provide an entire
understanding of how wine quality is influenced by terroir (Van Leeuwen et al., 2004). A significant
amount of work has also been published on the genetic basis of fruit quality in grapevines (eg.
Doligez et al, 2002). Despite these insights, further research is required on the molecular changes that
are involved in the vine interaction with its environment.

One of the molecular changes worth investigating relates to environmentally induced epigenetic
modifications. In fact, phenotypic plasticity has been previously associated to epigenetic variation
(Vogt, 2015). Interestingly, analysis of epigenetic diversity has been shown to be more effective in
discriminating inter-clonal variability in grapevine than the use of purely genetic molecular markers
such as simple sequence repeats (SSRs) or amplified fragment length polymorphisms (AFLPs)
(Imazio et al., 2002; Schellenbaum et al., 2008; Ocafia et al., 2013).

Epigenetic mechanisms refer to molecular changes that affect gene expression without changing the
organism DNA sequence (Jaenisch and Bird, 2003; Haig, 2004). Epigenetic mechanisms act as an
interface between the environment and the genotype by regulating gene expression in response to
development and environmental cues and, ultimately affect the plant’s phenotype (Tricker et al.,
2012; Kumar et al., 2016). Epigenetic priming is an adaptive strategy by which plants use their
memory of the environment to modify their phenotypes to adapt to subsequent conditions (Kelly et
al., 2012; Tricker et al., 2013a; 2013b, Vogt, 2015). It is now also widely accepted that epigenetic
mechanisms have been the source of useful variability during crop varietal selection (Amoah et al.,
2012; Bloomfield et al., 2014; Rodriguez Lopez and Wilkinson, 2015). Of the known epigenetic
mechanisms, cytosine methylation (5mC) is arguably the best understood (Goldberg et al., 2007). In
plants, 5mC occurs at different cytosine contexts (CpG, CpHpG or CpHpH) (H = A, T or C)
(Richards, 1997) and it is induced, maintained or removed by different classes of methyltransferase
in conjunction with environmental and developmental cues (Jaenisch and Bird, 2003). It is
commonly accepted that DNA methylation constitutes an adaptation strategy to the environment
(YunLei et al., 2009), and that changes in DNA methylation can produce altered phenotypes (Zhang
et al., 2006; Herrera and Bazaga, 2011; Igbal et al., 2011). To this extent, there have been extensive
studies establishing a link between DNA methylation in plants and environmental conditions
(Fonseca Lira-Medeiros et al., 2010; Herrera and Bazaga, 2010; Alonso et al., 2016).
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99  The contribution of DNA methylation to plant performance has been extensively studied in model
100  organisms and some annual crops (Rodriguez Lopez and Wilkinson, 2015). However, we are only
101  beginning to understand how long-living plants, such as grapevines, use epigenetic mechanisms to
102  adapt to changing environments (Fortes and Gallusci, 2017). Effects of environmental conditions on
103 non-annual crops performance can be very difficult to evaluate since many environmental factors
104  interact over the life of the plant to ultimately contribute towards the plant’s phenotype (Fortes and
105  Gallusci, 2017). Although epigenetic mechanisms have been shown to act as a system that allows
106  information storage in organisms across all kingdoms (Levenson and Sweatt, 2005), very few studies
107 have focussed on DNA methylation changes in grapevine. The few known studies in this field used
108  Methylation Sensitive Amplified Polymorphisms (MSAPs) (Reyna-Lopez et al., 1997) for the
109  detection of in vitro culture induced epigenetic somaclonal variability (Baranek et al., 2015), and the
110  identification of commercial clones (Imazio et al., 2002; Schellenbaum et al., 2008; Ocafa et al.,
111 2013). However, these studies did not investigate the molecular drivers of terroir.

112 In this study, we hypothesize that DNA methylation can play a role in defining terroir. To test this
113 hypothesis we investigated the effect of environmental and management conditions on DNA
114  methylation variation in grapevine cultivar Shiraz across 22 vineyards representative of The Barossa
115  wine zone (Australia) (Robinson and Sandercock, 2014) using MSAPs. Finally, we used methylation
116  sensitive Genotyping By Sequencing to characterize the genomic context of the observed regional
117  genetic and epigenetic variability.

118
119 Material and Methods
120  Vineyard selection and plant material

121 Vines from 22 commercial vineyards located in the iconic Barossa wine zone (The Barossa hereafter)
122 (Australia) were included in this study. Vineyards were selected to be representative of the two
123 Barossa Regions as described by the Barossa Grounds Project (Robinson and Sandercock, 2014) (i.e.
124  Eden Valley (three vineyards) and Barossa Valley (19 vineyards which included vineyards in the five
125  distinctive sub-regions within the Barossa Valley Region: Northern Grounds (four vineyards),
126 Central Grounds (four vineyards), Eastern Edge (four vineyards), Western Ridge (four vineyards),
127  Southern Grounds (three vineyards)) (Table S1). To simplify the nomenclature, the Eden Valley
128  region, Northern, Central, Southern Grounds, Eastern Edge and Western Ridge will be defined as
129  sub-regions hereafter. All vineyards were planted with own-rooted vines of the cv Shiraz. Ten
130  vineyards were planted with clone SA 1654 (Whiting, 2003), one with clone BVRC30 (Whiting,
131 2003), one with clone PT15 Griffith (Farquhar, 2005) and 10 of ‘unknown’ clonal status (Table S1).

132

133 A total of 198 plants (nine plants per vineyard) were selected to capture the diversity from each
134  vineyard. Leaf samples (first fully expanded leaf at bud burst, E-L 7) (Coombe, 1995) were collected
135  from three nodes per plant and pooled into a single sample per plant. All samples were taken before
136  dawn (between 10:00 pm and sunrise) to minimize variability associated with differences in plant
137  water status (Williams and Araujo, 2002). Samples were immediately snap-frozen in liquid nitrogen
138 inthe vineyard and stored at -80°C until DNA extraction.

139

140 DNA Isolation

141 Genomic DNA (gDNA) extractions from all 198 samples were performed using the three pooled
142 leaves per plant powdered using an automatic mill grinder (Genogrinder). The obtained frozen
143  powder was used for DNA extraction using the Oktopure automated DNA extraction platform (LGC

3
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144  Genomics GmbH) according to the manufacturer’s instructions. Isolated DNA was quantified using
145  the Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, USA). DNA final
146  concentrations were normalised to 20 ng/ul using nanopure water (Eppendorf, Germany).

147

148  Analysisof genetic/epigenetic variability usng M SAP

149  MSAP analysis was performed as described by Rodriguez Lopez et al., (2012). In brief, genomic
150 DNA from 88 plants (four plants per vineyard) was digested with a combination of the restriction
151  enzymes EcoRI and one of two DNA methylation sensitive isoschizomers (Hpall or Mspl). Double
152 stranded DNA adapters (See Table S2 for the sequence of all oligonucleotides used) containing co-
153  adhesive ends complementary to those generated by EcoRI and Hpall/Mspl were ligated to the
154  digested gDNA and then used as a template for the first of two consecutive selective PCR
155  amplifications in which the primers were complementary to the adaptors but possessed unique 3’
156  overhangs. The second selective PCR amplification used primers containing 3’ overhangs previously
157  tested on grapevine (Baranek et al., 2015). Hpall/Mspl selective primer was 5’ end-labelled using a
158  6-FAM reporter molecule for fragment detection using capillary electrophoresis on a ABI PRISM
159 3130 (Applied Biosystems, Foster City, CA) housed at the Australian Genome Research Facility Ltd,
160  Adelaide, South Australia.

161

162  Generated electropherograms were visualized using GeneMapper Software v4 (Applied Biosystems,
163  Foster City, CA). A binary matrix containing presence (1) absence (0) epilocus information was
164  generated for each enzyme combination (i.e. EcoRI/Hpall and EcoRI/Mspl). MSAP fragment
165  selection was limited to allelic sizes between 95 and 500 bp to reduce the potential impact of size co-
166 migration during capillary electrophoresis (Caballero et al., 2008). Different levels of hierarchy were
167 used to group the samples. Samples were first grouped according to vineyard of origin. Then,
168  samples were divided into their sub-regions of origin. Finally, samples were further separated into
169  groups according to clones and the vineyard management systems (i.e. pruning system used in their
170  vineyard of origin) (Table S1).

171

172 Hpall and Mspl binary matrices were then used to compute Shannon's Diversity Index implemented
173 using msap R package (v. 1.1.8) (Perez-Figueroa, 2013) and Principal Coordinate Analysis (PCoA)
174  was estimated in all regions to determine and visualize the contribution to the observed molecular
175  variability within regions of non-methylated polymorphic loci (NML) and of methylation sensitive
176  polymorphic loci (MSL) (genetic and epigenetic variability respectively) (Smouse et al., 2015).

177

178  GenAlex v 6.5 software (Peakall and Smouse, 2006) was used for Principal Coordinate Analysis
179  PCoA in order to visualise the molecular differentiation between Barossa sub-regions detected using
180  MSAP profiles generated after the restriction of gDNA with Hpall or Mspl. We then used analysis of
181  molecular variance (AMOVA) to determine the structure of the observed variability using PCoA.
182 Molecular differences between vineyards and regions was inferred as pairwise PhiPT distances
183  (Michalakis and Excoffier, 1996).

184

185  Mantel test analysis (Hutchison and Templeton, 1999) was used to estimate the correlation between
186  the calculated pairwise molecular distances with 1. the geographic distance (GeoD) (i.e.
187  Log(1+GeoD (km)) and 2. differences in environmental variables among vineyards (i.e, vineyard
188  altitude, regional average annual rainfall, regional growing season rainfall, regional mean January
189  temperature, regional growing season temperature and growing degree days). Mantel test was
190 implemented in Genalex v 6.5 as described by Rois et al., (2013) and significance was assigned by
191  random permutations tests (based on 9,999 replicates).
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192

193  Characterization of genetic/epigenetic variability usng msGBS

194  msGBS was performed as described by Kitimu et al (2015). In brief, 200ng of genomic DNA from 9
195  samples from Northern, Central and Southern Grounds (vineyards 1-4, 5-8 and 13-15 respectively)
196  were digested using 8U of HF-EcoRI and 8 U of Mspl (New England BioLabs Inc., Ipswich, MA,
197  USA) in a volume of 20 pl containing 2 pl of NEB Smartcut buffer at 3707 for 2 h followed by
198  enzyme inactivation at 65 for 10 min. Sequencing adapters were ligated by adding 0.1 pmol of the
199  Mspl adapters (uniquely barcoded for each of the 198 samples) and 15 pmol of the common EcoRI1 Y
200 adapter (See Table S2 for the sequence of all oligonucleotides used), 200 U of T4 Ligase and T4
201 Ligase buffer (New England BioLabs Inc., Ipswich, MA, USA) in a total volume of 40 pul at 24 | for
202 2 h followed by an enzyme inactivation step at 657 for 10 min. Excess adapters were removed from
203  ligation products using Agencourt AMPure XP beads (Beckman Coulter, Australia) at the ratio of
204  0.85 and following manufacturer’s instructions. Single sample msGBS libraries were then quantified
205 using Qbit 3 (Thermofisher). A single library was generated by pooling 25 ng of DNA from each
206  sample. Library was then amplified in 8 separate PCR reactions (25 pl each) containing 10 pl of
207  library DNA, 5 pl of 5x Q5 high fidelity buffer, 0.25 ul polymerase Q5 high fidelity, 1 ul of each
208  forward and reverse common primers at 10 uM, 0.5 pl of 10 uM dNTP and 7.25 pl of pure sterile
209  water. PCR amplification was performed in a BioRad T100 thermocycler consisting of DNA
210  denaturation at 98°C (30 s) and 10 cycles of 98°C (30 s), 62°C (20 s) and 72°C (30 s), followed by
211 72°C for 5 minutes. PCR products were then re-pooled and DNA fragments ranging between 200 and
212 350 bp in size were captured using the AMPure XP beads following manufacturer’s instructions.
213 Libraries were sequenced using an Illumina NextSeq High Output 75bp pair-end run (lllumina Inc.,
214  San Diego, CA, USA) at the Australian Genome Research Facility (AGRF, Adelaide, Australia).

215

216 msGBS Data analysis

217  Analysis of genetic diversity between regions was performed by single nucleotide polymorphism
218  (SNP) calling using TASSEL 3 (Bradbury et al, 2007) on msGBS sequencing results. Only SNPs
219  present in at least 80% of the samples were considered for analysis. Principal component
220  analysis (PCA) was implemented on TASSEL 3 using the selected SNPs. To identify any possible
221 geographical genetic structure, the optimal number of genetic clusters present in the three regions
222 were computed using Bayesian Information Criterion (BIC) as effected by Discriminant Analysis of
223 Principal Components (DAPC) using adegenet 2.0.0 (http://adegenet.r-forge.r-project.org/).

224

225 Identification of significant differentially methylated markers (DMMSs) between regions was then
226 computed using the package msgbsR (https://github.com/BenjaminAdelaide/msgbsR), accessed on
227  26/08/2016). In brief, raw sequencing data was first demultiplexed using GBSX (Herten et al, 2015)
228 and filtered to remove any reads that did not match the barcode sequence used for library
229  construction. Following demultiplexing, paired-end reads were merged using bbmerge in bbtools
230  package (Bushnell, 2016). Merged reads were next aligned to the 12X grapevine reference genome
231 (http://plants.ensembl.org/Vitis_vinifera/). Alignment BAM files where then used to generate a read
232 count matrix with marker sequence tags, and used as source data to perform subsequent analyses
233 using msgbsk in the R environment (R Core Team, 2015). Finally, the presence of differential
234  methylation between regions was inferred from the difference in the number of read counts from all
235  sequenced Mspl containing loci that had at least 1 count per million (CPM) reads and present in at
236 least 15 samples per region. Significance threshold was set at Bonferroni adjusted P-value (or false
237  discovery rate, FDR) < 0.01 for difference in read counts per million. The logFC (logarithm 2 of fold

5
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238  change) was computed to evaluate the intensity and direction of the region specific DNA methylation
239  polymorphism.

240

241 To determine how the observed changes in DNA methylation between sub-regions were associated to
242  protein coding genes, the distribution of DMMs was assessed around such genomic features, as
243  defined in Ensembl database (http://plants.ensembl.org/biomart/martview/), by tallying the number of
244  DMMs between the transcription start site (TSS) and the transcription end site (TES) and within five
245 1 Kb windows before the TSS and after TES of all V. Vinifera genes, using bedtools (Quinlan and
246  Hall, 2010).

247

248  Genes within 5 Kb of a DMM were referred to as differentially methylated genes (DMGs). DMGs in
249  each pairwise regional comparison were grouped into those showing hypermethylation or
250  hypomethylation, and were next used separately for GO terms enrichment, using the R packages:
251  GO.db (Carlson, 2016) and annotate (Gentlemen, 2016). Significant GO terms were selected based
252 on Bonferroni adjusted P-values at significance threshold of 0.05. Finally, GO terms containing
253  DMGs in all three pairwise comparisons were visualized using Revigo (Supek et al, 2011).

254

255  Results

256 Analysis of MSAP profiles obtained from DNA extractions of the first fully expanded leaf of 88
257 individual vines selected from 22 commercial vineyards within the six Barossa sub-regions (Figure 1;
258  Table S1) yielded 215 fragments comprising 189 from Mspl and 211 from Hpall, of which 80% and
259  84% respectively, were polymorphic (i.e. not present in all the analysed samples/replicates when
260  restricted with one of the isoschizomers).

261

262  Analysis of genome/methylome differ ences within wine sub-regionsin The Bar ossa.

263  PCoA of the MSAP profiles generated from non-methylated polymorphic loci (NML) (genetic
264  variability) and by methylation sensitive polymorphic loci (MSL) (epigenetic variability) (Pérez-
265  Figueroa, 2013) revealed a higher separation between vineyards when using epigenetic information
266  than when using genetic (Figure S1). The capacity of both types of variability to differentiate
267  between vineyards was more evident on vineyards in the Southern Grounds (Figure 2 C-D). Both
268  PCOA analysis and Shannon’s diversity index showed significantly higher epigenetic than genetic
269  diversity for all sub-regions (Figure S2, Table 1). Among sub-regions, Southern Grounds had the
270 highest epigenetic diversity (0.581 + 0.124) and Western Ridge the lowest (0.536 * 0.143). Genetic
271 diversity showed the highest value in the Southern Grounds (0.374 + 0.143) and the lowest in the
272 Northern Grounds (0.240 + 0.030).

273

274  Analysis of genome/methylome differ ences between wine sub-regionsin The Bar ossa.

275  We used analysis of the molecular variance (AMOVA) (Table 2) to obtain an overview of the
276 molecular variability between all the studied sub-regions. Overall, MSAP profiles generated using
277  restriction enzyme Mspl achieved better separation between sub-regions than those generated using
278  Hpall. Of all 30 calculated molecular pairwise distances between sub-regions (PhiPTs), 25 were
279  significant (P<0.05) (Table 2). Calculated PhiPT values ranged from 0.115 (PhiPT of Northern
280  Grounds vs Southern Grounds calculated using Mspl) and 0.012 (PhiPT of Central Grounds vs
281  Eastern Edge calculated using Hpall).

282
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283  AMOVA on MSAP profiles indicates that the majority of the observed variability is explained by
284  differences within vineyards (81% using profiles generated with Mspl and 91% with Hpall). A
285  significant proportion of the total variability detected was associated to differences between
286  vineyards (17% with Mspl and 8% with Hpall) and 2% and 1% was due to differences between sub-
287  regions (Mspl and Hpall respectively).

288

289  Effect of vineyard location on methylome differentiation

290 To determine if environmental differences between vineyards influenced the observed epigenetic
291  differences we studied the vineyards’ pairwise geographic and molecular distances correlation.
292  Vineyards located on the North-South axis of the Barossa Valley (i.e, vineyards 1, 2, 3 and 4
293 (Northern Grounds), 5, 6, 7 and 8 (Central Grounds), and 13, 14 and 15 (Southern Grounds)) (Figure
294  2A) were selected as Northern and Southern Grounds showed the greatest epigenetic differentiation
295 (Table 2). PCoA analysis showed that Central Grounds samples occupied an intermediate Eigen
296  space between Northern and Southern Grounds samples with coordinate 1 (24% of the observed
297  variability) representing the North-South axis (Figure 2B). Moreover, Mantel test showed a
298  significant (P = 0.0003) positive correlation (R?=0.3066) between pairwise vineyard epigenetic and
299  geographic distances (Figure 2C). Then, Mantel test analysis was implemented to compare the
300 observed molecular differences against environmental variables. Differences in vineyard altitude
301 showed a small but significant positive correlations (R*=0.1615, P=0.013) with PhiPT values
302  between vineyards (Figure S3). We then investigated if clone and vineyard management systems
303 could be contributing to this correlation, by comparing the epigenetic/geographic distances
304  correlation of 10 vineyards planted with clone 1654 (vineyards 1 and 4 (Northern Grounds), 7
305 (Central Grounds), 9 and 12 (Eastern Ridge), 15 (Southern Grounds) 16, 17, 18 and 19 (Western
306  Ridge) (Figure 3A) and of 6 vineyards planted with the same clone (1654) and trained using the same
307  pruning system (i.e. spur pruning) (vineyards 1 (Northern Grounds), 7 (Central Grounds), 9 (Eastern
308 Ridge), 15 (Southern Grounds) 16 and 19 (Western Ridge) (Figure 4A)). Again, PCoA shows that the
309  main contributor (23-24%) to the detected variability is associated to the distribution of the vineyards
310 on the N-S axis. Mantel test showed a positive correlation for both epigenetic/geographic distance
311 comparisons, however, although both correlations were significant (P< 0.05), the correlation among
312 vineyards pruned using the same system (Figure 4B-C) was higher than that observed when all
313 pruning systems were incorporated in the analysis (Figure 3B-C).

314

315 msGBS analysis of genome/methylome differ entiation between Northern, Central and Southern
316  Grounds

317  TASSEL 3 was then implemented on msGBS data for single nucleotide polymorphism (SNP) calling
318  from 99 samples collected in 11 vineyards in the Northern, Central and Southern Grounds sub-
319  regions. This generated a total of 8,139 SNPs of which 4,893 were present in at least 80% of the
320  sequenced samples. PCA analysis using filtered SNPs showed very low level of genetic structure,
321 with only five plants from vineyard 3 (Northern Grounds) separating from the rest (Figure S4A).
322 However, this clustering was not supported by DAPC (i.e. the optimal clustering solution should
323 correspond to the lowest BIC) which indicated the optimal number of clusters for this data set is 1
324  (Figure S4B) suggesting a lack of genetic structure in the vineyards/regions analysed.

325 PC-LDA analysis was then used to visualize differences in DNA methylation detected using msGBS.
326  DNA methylation profiles clustered samples by their sub-region of origin, with Northern and Central
327  Grounds being separated by differential factor (DF1) from Southern Grounds while DF2 separated
328  Northern from Central Grounds (Figure 5). These results were supported by the higher number of


https://doi.org/10.1101/127977
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/127977; this version posted April 29, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

329 DMMs found when comparing samples from Southern to samples from Central or Northern Grounds
330 than when comparing Northern to Central (Table 3).

331 We next investigated the association of the detected DMMs to annotated protein-coding genes in the
332 grapevine genome by surveying their location and density within and flanking such genomic features.
333 A total of 3,598 genes were deemed differentially methylated (i.e. presented one or more DMMs
334  within 5kb of the TSS or the TSE) or within genes (Table 3). Quantification of such DNA
335 methylation changes showed that, in average, methylation levels are higher in the northern most
336  region in each comparison (i.e. NG > CG > SG) (Figure 6A). The majority of detected DMMs
337  associated to a gene were present in the body of the gene and the number of DMMs decreased
338  symmetrically with distance from the TSS and the TES (Figure 6B and Tables S3, S4 & S5). Finally,
339  as observed with all DMMs, the comparison between Northern and Central Grounds samples showed
340  the lowest number of DMGs (Table 3, Figure 6C and Supplementary Tables S3, S4 & S5).

341 To gain further insight into the functional implications of the DNA methylation differences
342  detected between sub-regions, we used GO.db (Carlson, 2016) and annotate (Gentleman, 2016) to
343  assign 1144 unique GO terms to the observed DMGs (Adjusted P value <0.05). As observed with
344 DMMs and DMGs the comparison between Northern and Central Grounds samples showed the
345  lowest number of GO terms containing differentially methylated genes (DMGOs) (Table 3, Figure
346 6C and Tables S3, S4 & S5). REVIGO semantic analysis of GO terms shared by all 3 pairwise
347  regional comparisons (Figure 7) showed an increase of gene enrichment (i.e. a decrease in adjusted P
348  values) with geographic distance (e.g. see Figure 7 for comparisons between Northern Grounds and
349  Southern Grounds (A-B) and Central Grounds and Northern Grounds (C-D). 311 DMGs (8.6% of the
350 total) were allocated in GO terms associated to response to environmental stimulus (161 and 150
351  abiotic and biotic challenges respectively) (Figure 7, Tables S6 & S7), which included GO terms in
352  the semantic space of plant response to light, temperature, osmotic/salt stress and defence to biotic
353  stimulus.

354
355  Discussion

356  Grapevine DNA methylation patternsareregion specific

357  Analysis of Hpall and Mspl generated MSAP profiles showed that the methylation profiles of the six
358  different sub-regions were significantly different (P<0.05) in 25 of the 30 possible pairwise
359  comparisons (Table 2). Variability among vineyards and sub-regions was higher in Mspl generated
360 profiles (17 and 2%) than in Hpall profiles (8 and 1%), indicating that the detected regional
361  epigenetic differences are, at least partially, sequence context specific (Tricker et al., 2012; Meyer,
362  2015). Calculated PhiPT values showed low levels of molecular differentiation between sub-regions,
363  even when those differences were statistically significant (Table 2). This could be explained by the
364  high proportion of the total variability associated to differences between individual plants (81-91%)
365 compared to 1-2% associated to differences between sub-regions. Such high levels of molecular
366  differentiation between individuals could be due to the random accumulation of somatic variation
367  with age, which can be genetic or epigenetic in nature. PCA of genetic polymorphisms detected using
368  msGBS results showed a high level of genetic variability between plants (Figure S4A) which is
369  characteristic of long living plants in general (Baali-Cherif and Besnard, 2005) and in grapevine in
370  particular (Torregrosa et al., 2011). However, Discriminant Analysis of Principal Components did
371 not detect any sample clustering associated to their origin (Figure S4B) indicating that genetic
372 diversity is not structured in a geographic manner. Although both genetic and epigenetic somatic
373  variation can be random (Vogt, 2015), different growing conditions will differentially affect the DNA
374  methylation profiles of otherwise genetically identical individuals (Consuegra and Rodriguez Lopez,
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375 2016) as previously shown on clonally propagated Populus alba (Guarino et al., 2015). It is,
376  therefore, not surprising to find that epigenetic profiling was a better predictor of sample origin than
377  genetic profiling alone both using MSAP data (Table 2, Figure S1) or msGBS data (Figure 5-7 and
378  Figure S4). This suggests that although genetic differences between regions or vineyards can partly
379  contribute to the observed molecular differentiation between vineyards/sub-regions, epigenetic
380 differences are the major driver of such differentiation.

381

382  Samples collected from vineyards in the Southern Grounds presented the highest levels of both
383 genetic and epigenetic diversity (Table 1). These vineyards also presented higher levels of
384  differentiation when inter-vineyard variability was analysed (Figure 2G-H), suggesting a major
385  contributor to the observed molecular variability between vines in the Southern Grounds is linked to
386  the vineyard of origin. Taken collectively, these results suggest that the specific growing conditions
387  from each subregion impose DNA methylation patterns on grapevine plants specific for each region
388  as previously shown both in cultivated (Guarino et al., 2015) and wild plant populations (Fonseca
389  Lira-Medeiros et al., 2010). Not surprisingly, and contrary to what has been shown in natural plant
390 populations (Fonseca Lira-Medeiros et al., 2010; Rdis et al., 2013), no clear negative correlation
391  between genetic and epigenetic diversity was observed in the studied vineyards. This is most
392  probably due to the intensive phenotypic selection to which grapevine cultivars have been under
393  since domestication and the relative low levels of environmental disparity to which vines growing in
394  the same vineyard are exposed to.

395

396 Environmental and vineyard management differences are drivers of regional epigenetic
397 differentiation

398  Principal coordinate and Mantel test analysis showed that the correlation between epigenetic and
399  geographic distance between vineyards on the North-South axis of the Barossa Valley (Figure 2A)
400 was significant (P=0.0003) (Figure 2C) and that the main contributor to the observed epigenetic
401  differences was the position of the studied vineyards along the N-S axis (Figure 2B). This suggests
402  that environmental differences between locations could be contributing to the observed molecular
403  differences between sub-regions or vineyards (Figure 3). Moreover, the correlation (R*> = 0.3066)
404  between epigenetic and geographic distance among vineyards planted with clone 1654 on the N-S
405 axis (Figure 2) supports the Shannon diversity analysis that indicate that the different genetic
406  backgrounds used in this study do not greatly affect the epigenetic differences observed between
407  regions (Table 1). Conversely, differences in vineyard altitude appear to be a contributor to the
408  detected epigenetic differentiation between vineyards (Figure S3). Previous work has shown that sun
409  exposure can have significant effects both in berry metabolomic profiles (Son et al., 2009; Tarr et al.,
410  2013) and on the epigenetic profiles of plants growing in different environments (Guarino et al.,
411 2015). Although altitude does not necessarily affect sun exposure, it can have a profound effect on
412  the UV levels experienced by plants (approximately 1% increase every 70 m gain in altitude). Our
413  results indicate that, although DNA methylation in and around genes changes in both directions
414  (hyper- and hypo-methylation), on average, it increases with altitude (i.e. NG > CG > SG (vineyard
415  average altitude 301, 277 and 236 m respectively) (Figure 6A). Functional analysis of the DMGs
416  between sub-regions generated GO terms associated to plant response to light stimulus (Table S7).
417  More importantly, the number of genes associated to such GO terms was higher in comparison
418  between regions with bigger differences in altitude (74 and 46 genes in comparison SG vs NG (65 m
419  difference) and SG vs CG (41 m) respectively) than in the pairwise comparison with lower difference
420 in altitude (6 genes NG vs CG (24 m)). Although this positive polynomial grade 2 correlation (R*=1)
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421  was generated using only three data points, it is tempting to speculate that differences in light
422  incidence due to differences in altitude are triggering the observed changes in DNA methylation in
423  response to light stimulus genes. Especially when previous work has shown that, in grapevine leaves,
424  increased UV levels trigger the synthesis of non-flavonoid phenolics such as resveratrol (Shaghi et
425 al., 1995; Teixeira et al., 2013). Interestingly, DNA methylation has been previously linked to the
426  regulation of the gene VaSTS10, which controls the synthesis of resveratrol in Vitis amurensis
427  (Tyunin et al., 2013; Kiselev et al., 2013).

428

429  To our knowledge the effect of pruning has not yet been studied at an epigenetic level. However
430 Herrera and Bazaga (2011) showed that long term defoliation by herbivory does have an effect on the
431 DNA methylation patterns of predated plants. The correlation between epigenetic and geographic
432  distances observed between vineyards planted with clone 1654 and pruned with the same method
433 (spur pruning) (Figure 4) was reduced when all vineyards planted with clone 1654 were considered
434  irrespectively of the pruning system used (Figure 3). This concerted epigenetic response of plants
435 growing in different environments towards the same human stimulus is consistent with the
436  hypothesis  that differences in cultural practices (e.g. pruning method) act together with
437  environmental conditions as major drivers of the epigenetic differences observed between vineyards
438  and sub-regions in this study.

439

440  Vintage, geographic location and vineyard management have been shown to influence both
441  vegetative growth (Jackson and Lombard 1993) and fruit quality in grapevine (Roullier-Gall et al.,
442  2014). In light of the results shown here, we propose that epigenetic processes in general and DNA
443 methylation in particular, could constitute an important set of molecular mechanisms implicated in
444  the effect that provenance and vintage has, not only on plant vegetative growth, but also on fruit and
445  wine quality. It is also tempting to speculate that in long living crops, such as grapevine, epigenetic
446 priming (Tricker et al., 2013) could allow for the storage of environmental information that would
447  ultimately contribute, at least partially, to the uniqueness of wines produced in different regions.
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474  Figure 1: Selected Barossa Region vineyard sites. Northern Grounds: Blue, Southern Grounds:
475  Yellow, Central Grounds: Green, Eastern Edge: Red, Western Ridge: Purple, Eden Valley:
476 Orange. Arrow indicates geographic north.
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Figure 2. Analysis of the correlation between epigenetic differentiation and geographic distance
of vineyards planted along the Barossa Valley North-South axis: (A) Location of the Barossa
Valley vineyards from the three sub-regions distributed along the Barossa Valley North-South axis;
Northern Grounds (blue), Central Grounds (Green) and Southern Grounds (Yellow). Arrow indicates
the direction of geographic North. (B) Principal Coordinate Analysis (PCoA) representing epigenetic
differences between leaf samples collected from 4 plants/vineyard. Percentage of the variability
capture by each Principal Coordinate (PC) is shown in parenthesis. (C) Correlation between pairwise

epigenetic distance (Mspl PhiPT) and geographical distance (Log(1+GeoD (km)) between vineyards.

Shown equations are the correlation’s R? and the Mantel test significance (P value was estimated

over 9,999 random permutations tests). PCoA and PhiPT for Mantel test were based on
presence/absence of 215 loci obtained from MSAP profiles generated using Mspl.
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490
491  Figure 3. Analysisof the correlation between epigenetic differentiation and geographic distance

492  of vineyards planted with clone 1654 in the Bar ossa Region: (A) Location of the selected Barossa
493  Valley vineyards from the three sub-regions distributed along the Barossa Valley North-South axis
494  Northern Grounds (blue), Central Grounds (Green), Eastern Edge (red), Southern Grounds (Yellow)
495 and Western Ridge (Purple). Arrow indicates the direction of geographic North. (B) Principal
496  Coordinate Analysis (PCoA) representing epigenetic differences between leaf samples collected from
497 4 plants/vineyard. Percentage of the variability captured by each Principal Coordinate (PC) is shown
498 in parenthesis. (C) Correlation between pairwise epigenetic distance (Mspl PhiPT) and geographical
499  distance (Log(1+GeoD (km)) between vineyards. Shown equations are the correlation’s R” and the
500 Mantel test significance (P value was estimated over 9,999 random permutations tests). PCoA and
501  PhiPT for Mantel test were based on presence/absence of 215 loci obtained from MSAP profiles
502  generated using Mspl.
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505
506 Figure4. Analysisof the correation between epigenetic differentiation and geographic distance

507 of vineyards planted with clone 1654 in the Barossa Region and trained using the spur pruned
508 method: (A) Location of the selected Barossa Valley vineyards: Northern Grounds (blue), Central
509  Grounds (Green), Eastern Edge (red), Southern Grounds (Yellow) and Western Ridge (Purple).
510 Arrow indicates the direction of geographic North. (B) Principal Coordinate Analysis (PCoA)
511  representing epigenetic differences between leaf samples collected from 4 plants/vineyard.
512  Percentage of the variability capture by each Principal Coordinate (PC) is shown in parenthesis. (C)
513  Correlation between pairwise epigenetic distance (Mspl PhiPT) and geographical distance
514  (Log(1+GeoD (km)) between vineyards. Shown equations are the correlation’s R? and the Mantel test
515  significance (P value was estimated over 9,999 random permutations tests). PCoA and PhiPT for
516  Mantel test are based on presence/absence of 215 loci obtained from MSAP profiles generated
517  using Mspl.
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519

520 Figureb5. Analysisof the correation between epigenetic differentiation and geographic distance
521  of vineyards planted along the Barossa Valley North-South axis: (A) Location of the Barossa
522  Valley vineyards from the three sub-regions distributed along the Barossa Valley North-South axis;
523  Northern Grounds (blue), Central Grounds (Green) and Southern Grounds (Yellow). Arrow
524  indicatesthe direction of geographic North. (B) Principal Components-Linear Discriminant Analysis
525 (PC-LDA) representing epigenetic differences between leaf samples collected from 9
526  plants/vineyard. Percentage of the variability capture by each differential factor (DF) is shown in
527  parenthesis. PC-LDA were based on read number of loci obtained from msGBS profiles.
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530 Figure 6. Analyssof differentially methylated genes (DM Gs) and GO terms (DM GOs) among
531 three wine sub-regions in Barossa Shiraz. Genes were considered differentially methylated if
532  located within 5kb of at least one differentially methylated marker (DMM) (FDR < 0.01). DMMs
533  were generated using msGBS on 9 plants per vineyard (Northern Grounds: four vineyards, Central
534  Grounds: four vineyards and Southern Grounds; three vineyards). (A) Directionality of methylation
535 differences between regions. Boxplots show the distribution of the intensity of changes in DNA
536  methylation level between regions, represented here as the fold-change (2 power l0g2FC) in read
537 counts for a given msGBS markers between two regions. Median shows the direction of the
538  methylation flux at a whole genome level in each region comparison (i.e. positive medians indicate a
539 global increase in DNA methylation (hypermethylation) while negative medians indicate a global
540 decrease in DNA methylation (hypomethylation) in the second region in the comparison (e.g.
541  Northern Grounds is hypermethylated compared to Southern Grounds). (B) Distribution of 3598
542  region specific DMMs around genes. Columns -5 to -1 and 1 to 5 represents the number of DMMs
543  per Kb around V. vinifera genes. Column 0O indicates the number of DMMs within the coding
544  sequence (i.e. between the transcription start and end sites) of V. vinifera genes. (C) Shared DMGs
545  and differentially methylated Gene Ontology Terms (DMGOs) between regional comparisons. Venn
546  diagrams show the number of unique and shared DMGs and DMGOs between each regional pairwise
547  comparison (i.e. Blue: hyper/hypomethylated genes and GOs in Northern Grounds compared to
548  Southern Grounds; Yellow: in Central Grounds compared to Southern Grounds; and Green: in
549  Central Grounds compared to Northern Grounds).
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Figure 7. REViGO semantic analysis of differentially methylated GO terms shared by all three
regional pairwise comparisons. Functional enrichment of GO-terms was carried out for the genes
deemed differentially methylated (DMGs) hypermethylated (185) (A-C) or hypomethylated (211) (B-
D) in Northern Grounds compared to Southern Grounds (A-B) and Central Grounds compared to
Northern Grounds (C-D) using GO.db and annotate and summarized using REViGO. Bubble color
indicates the p-value for the false discovery rates (the first 10 terms are labelled with legends in
black. A detailed list of all GO terms containing DMGs has been supplied as a Tables S6 and S7);
circle size indicates the frequency of the GO term in the underlying GO database (bubbles of more
general terms are larger).
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Shannon Index

Region MSL NML

Northern Grounds 0.542 (0.119) 0.240 (0.030)
Central Grounds 0.552 (0.124) 0.242 (0.035)
Eastern Edge 0.547 (0.138) 0.244 (0.038)

Southern Grounds

Western Ridge
Eden Valley

0.581 (0.124)
0.536 (0.133)
0.573 (0.095)

0.374 (0.143)
0.250 (0.048)
0.287 (0.000)

563 Table 1. Analysis of genetic (NML) and epigenetic (MSL) diversity within the six Barossa
564 Valley wine growing regions. Shannon diversity indices are reported as mean (x Standard
565  Deviation). Wilcoxon rank test provides statistical support for all Shannon diversity indices (P<
566 0.0001).
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North South Central East West Eden
North |— 0.115(1e-04)  0.043(8e-04)  0.062(2e-04)  0.082(1e-04)  0.069(0.001)
South | 0.028(0.0059) — 0.064(1e-04) 0.042(0.001) 0.027(0.024) 0.024(0.073)
Central | 0.012(0.1085) 0.025(0.0079) - 0.043(1e-04) 0.060(1le-04) 0.067(2e-04)
East 0.025(0.0043) 0.012(0.0712) 0.015(0.0474) - 0.029(0.004)  0.038(0.0011)
West 0.039(2e-04)  0.018(0.0426) 0.033(0.0001) 0.013(0.0651) - 0.024(0.024)
Eden | 0.056(0.0001) 0.043(4e-04) 0.015(0.0601) 0.031(0.0023) 0.031(0.0016) —

Table 2: Molecular distances (PhiPT) between Barossa Valley wine producing sub-regions.

PhiPT values were calculated using MSAP profiles generated from 88 grapevine plants (4 individual

plants per vineyard) using restriction enzyme combinations Mspl/EcoRI (above diagonal) and

Hpall/EcoRI (below diagonal). P-values (shown in parenthesis) were calculated based on 9,999

permutations. Pairwise regional comparisons showing not significantly different PhiPT values are

highlighted in bold. A total of 22 vineyards were included in the analysis: Northern Grounds (4),

Central Grounds (4), Southern Grounds (3), 4 vineyards in Eastern Edge (4), 4 vineyards in Western

Ridge (4) and Eden valley (3).
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Differentially |Differentially methylated genes D'ffere”“a“érr?ne;hy'ated GO
methylated Hypometh Hypermeth |Hypometh GO [Hyper meth GO
markers
Genes Genes terms terms
NG vsCG 7465 374 178 327 204
SG vsCG 15276 691 2382 520 832
SG vsNG 12911 522 2094 500 815

Table 3: Identification of differentially methylated markers (DMMs), genes (DM Gs) and GO
terms (DM GOs) between sub-regions in Barossa Shiraz. Cells contain the number of DMMs,
DMGs or DMGOs detected in each pairwise comparison. Differential methylation between sub-
regions was calculated using msGBS data from 9 Shiraz plants per vineyard (Northern Grounds
(NG): four vineyards, Central Grounds (CG): Four vineyards and Southern Grounds (SG); Three
vineyards). Directionality of methylation (i.e. Hyper/hypomethylation) indicates an increase or
decrease in DNA methylation in the second region compared to the first region in each pairwise

comparison.
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Figure S1: Analysis of genetic and epigenetic differences within Barossa Valley sub-regions:
PCoAs represent variability of non-methylated polymorphic loci (Genetic variability) (A, C, E, G, |
and K) and of methylation sensitive polymorphic loci (Epigenetic variability) (B, D, F, H J and L)
as classified by the msap (v. 1.1.8) software (Pérez-Figueroa, 2013) of leaf samples in vineyards from
Northern Grounds (A-B), and the Barossa Valley’s Western Ridge Central Grounds (C-D), Eastern
Edge (E-F) and Southern Grounds (G-H), Western Ridge (1-J) and Eden valley (K-L). Coordinates 1
and 2 are shown with the percentage of variance explained by them. Points represent individuals
from each vineyard. Vineyard code (NG, CG, EE, SG, WR and EV) is shown as the centroid for each
vineyard. Ellipses represent the average dispersion of those poinst around their centre. The long axis
of the ellipse shows the direction of maximum dispersion and the short axis, the direction of

minimum dispersion.

24


https://doi.org/10.1101/127977
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/127977; this version posted April 29, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

4 4 4
° A B C
2 ° ™ ¢ 2@ L * 2 ¢ %
L ® * 9 ® [ T
0 ' 0 0
. o ° IR ¢ % o hd °
2 e® | ' . 2 *® o * .
'4 T T T '4 T T 4 T T T
-4 2 ] 2 2 1 1 3 -4 -2 0 2 4
4 4 4
D E ° of
. Y 2 -
2 - 2 %
“ .. . ® ® ® ® *. 0 . ‘.
0 0
° ¢ % . . ° 2{ o ¢
2{* ® b 2 ®e * 4 - °
.
-4 T T 4 T T T B T T T
3 -1 1 k] -4 2 Q 2 4 5 -3 1 1 3

602

603 Figure S2. Analyss of regional genetic and epigenetic diversity. Red symbols indicate samples
604  analysed using genetic information only, black symbols represent samples analysed using epigenetic
605 information only according to the R package for Statistical analysis of Methylation-Sensitive
606  Amplification Polymorphism data “msap”. PCoAs were calculated using MSAP profiles generated
607  from gDNA extracted from E-L 7 stage leaves (Coombe, 1995) of 88 grapevine plants grown in
608  vineyards located in the six Barossa Valley wine sub-regions (A Northern Grounds, B Central
609  Grounds, C Southern Grounds, D Eastern Edge, E Western Ridge, F Eden valley) (4 individual

610  plants per vineyard) using restriction enzyme combinations Mspl/EcoRI and Hpall/EcoRl.

611
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613

614  Figure S3. Analysis of the correlation between epigenetic differentiation and environmental
615 differences among vineyards planted along the Barossa Valley North-South axis. Mantel test
616  analysis of the correlation between pairwise epigenetic distance (Mspl PhiPT) and differences in
617  altitude between vineyards. Shown equations are the correlation’s R? and the Mantel test significance
618 (P value was estimated over 9,999 random permutations tests). PhiPT values were based on

619  presence/absence of 215 loci obtained from MSAP profiles generated using Mspl.
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Figure $4. Analysis of the grapevine genetic diversity in vineyards planted along the Barossa
Valley North-South axis: (A) Principal Component Analysis (PCA) representing genetic structure
calculated using 4893 high quality SNPs (i.e. present in at least 80% of the samples) in genomic
DNA collected from 11 vineyards (Northern Grounds (blue) 4 vineyards, Central Grounds (Green) 4
vineyards, and Southern Grounds (Yellow) 3 vineyards (9 plants/vineyard)). (B) Identification of the
optimal number of genetic clusters present within the three sub-regions compared using Bayesian
Information Criterion (BIC) as implemented by Discriminant Analysis of Principal Components
(DAPC) using adegenet 2.0.0 (i.e. the optimal clustering solution should correspond to the lowest

BIC).
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Table S2: Sequences of oligonucleotide used for MSAP. Selective bases in the primers used during

the preselective and selective amplifications are highlighted in bold. Uniqgue msBGS barcode bases

are represented as X.

Oligo name Function Seguence

Hpall/Mspl Reverse Adaptor ~ CGCTCAGGACTCAT

adaptor

Hpal /Mspl Forward Adaptor ~ GACGATGAGTCCTGAG

adaptor

EcoRI adaptor Reverse Adaptor ~ AATTGGTACGCAGTCTAC

EcoR| adaptor Forward Adaptor CTCGTAGACTGCGTACC

Pre- ECoRI Preselective GACTGCGTACCAATTCA
primer

Pre- Hpall/Mspl P'e;rei':]ztr"’e GATGAGTCCTGAGCGGC

EOOR ~ SelectiVe  selective primer  GACTGCGTACCAATTCACG

Hpall/Mspl Selective primer  GATGAGTCCTGAGCGGCAA

Selective Primer

Mspl msGBS
barcoded adaptor

Reverse Adaptor

CGXXXXAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT

Mspl msGBS
barcoded adaptor

Forward Adaptor

ACACTCTTTCCCTACACGACGCTCTTCCGATCTXXXXX

EcoRI msGBS Y
adaptor

Reverse Adaptor

CGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG

EcoRl msGBS Y

adaptor Forward Adaptor ~CTCGGCATTCCTGCTGAACCGCTCTTCCGATCT
Mspl msGBS
; AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT
primer Sequencing
EcoRI msGBS library primers
primer CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT
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