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Abstract

‘Nebbiolo’ (Vitis vinifera L.) is renowned for its use in producing monovarietal high-quality red
wines, such Barolo and Barbaresco. The fight against fraud to safeguard high-quality productions
requires an effective varietal identification system applicable in musts and wines. ‘Nebbiolo’-specific
single-nucleotide polymorphisms (SNPs) were identified starting from available databases and 260
genotypes analysed by Vitis18kSNP array. Two SNPs were sufficient to identify ‘Nebbiolo’ from
1,157 genotypes. The SNP TagMan® genotyping assays developed in this work successfully
identified ‘Nebbiolo’ in all musts and wines collected at different experimental wine-making steps.

The high sensitivity of the assays allowed identification of must mixtures at 1% and wine mixtures at
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1U—2U% WIIn Non- INebbI0I0  genotypes. In commercial wines, the ampliricaton errciency was
limited by the low amount of grapevine DNA and the presence of PCR inhibitors. The TagMan®
genotyping assay is a rapid, highly sensitive and specific methodology with remarkable potential for

varietal identification in wines.

Keywords: Grapevine; musts; wines; genetic traceability; SNP; blends.

1. Introduction

‘Nebbiolo’ (Vitis vinifera L.) is one of the most ancient and prestigious Italian grape cultivars and
is renowned for its use in producing monovarietal high-quality wines. It is characterised by a great
intra-varietal phenotypical polymorphism, resulting in 44 clonal selections officially registered in the
[talian National Register of Grape Varieties (http://catalogoviti.politicheagricole.it/catalogo.php),
which vary in morphological and physiological traits (e.g., leaf shape and size, shoot vigour, yield,
phenolic content of juice at harvest). ‘Nebbiolo’ cultivation is widespread, although on limited
surfaces, in different regions of the world (especially California and Australia), reaching a consistent
acreage only in the traditional cultivation area limited to the hilly and mountainous zones of North-
western Italy (Piedmont, Lombardy and Aosta Valley). The Langhe and Roero hills (southern
Piedmont) represent the main cultivation area where the most renowned wines Barolo and Barbaresco
are produced. These wines, as well as the appellation Roero, are certified DOCG (Denominazione di
Origine Controllata e Garantita), the most prestigious Italian Appellation of Origin. In the northern
corner of Piedmont, where ‘Nebbiolo’ is also named ‘Spanna’, ‘Picoltener’ and ‘Prunent’, it is the
basis of the DOCG wines Ghemme and Gattinara. Significant planting is present in the Valtellina
sub-alpine area (Lombardy), where it is also known as ‘Chiavennasca’ and is used to make the DOCG
wines Sforzato di Valtellina and Valtellina Superiore. In addition to the production of seven DOCG
wines, ‘Nebbiolo’ grapes are also used to produce 22 different wines certified with the DOC

(Denominazione di Origine Controllata) appellation.
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wine 1s one oI the economically most 1mportant beverages ana may be supject 10 Iraud anda
mislabelling, although that there are specific and strict rules protecting its authenticity in Europe
(Regulation (EU) No. 1151/2012 and subsequent amendments, https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A32012R1151). Adulterations can be ascribed to both its intrinsic
(e.g., addition of water, sugar, colouring or flavouring substances) and extrinsic properties (e.g.,
fraudulent misrepresentation of the cultivar and its geographical origin) (Holmberg, 2010). The final
characteristics of the wines are strongly influenced by the must varietal composition, which directly
impacts on the wine’s market price, especially in mono-varietal wines for which only one cultivar is
used. Wine quality and value can be heavily modified if cultivars other than those allowed are
employed. Therefore, the protection of local and regional wines with designation of origin labels is
necessary for authenticity reasons, protecting consumers against frauds and speculations.

Besides controls on vineyards and harvest quantity declarations, methods used for the varietal
identification of musts and wines are traditionally based on chemical and biochemical parameters,
such as protein and amino acid profiles, trace elements and isotopes, as well as aroma compounds
(Verasari, Laurie, Ricci, Laghi & Parpinello, 2014; Perini et al., 2015; Villano et al., 2017). However,
such methods are often time-consuming and influenced by cultural practices, environmental
conditions and the wine-making process. DNA typing has proved to be a valuable technique for
accurately identifying cultivars due to its independence from external conditions and its high
discriminating power. Among the available DNA markers, microsatellite or simple-sequence repeats
(SSRs) are the markers of choice for grapevine fingerprinting (This et al., 2004). Owing to their
extensive use worldwide, large international Vitis databases containing SSR profiles are now
available as references for cultivar identification (http://www.eu-vitis.de/index.php;
http://www.vivec.de). SSR markers have also been used to distinguish between cultivars using residual
grape DNA extracted from either or both mono-varietal and multi-varietal musts and wines
(Agrimonti & Marmiroli, 2018; Bigliazzi, Scali, Paolucci, Cresti & Vignani, 2012; Boccacci, Akkak,

Torello Marinoni, Gerbi & Schneider, 2012; Catalano, Moreno-Sanz, Lorenzi & Grando, 2016; di
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K1enzo et al., ZUlob; reretra et al., ZUlZ; Kecupero et al., ZUl3; vignant, L10 & dcall, ZUlY). All
authors obtained positive results in must analysis but reported reproducibility problems for the
systematic authentication of either or both finished experimental and commercial wines. The main
limiting factors were the low DNA quality and quantity, mainly due to DNA degradation during the
wine-making processes, reduction of DNA quantity by clarification and filtration of wines, presence
of yeasts” DNA, and PCR inhibitors, such as polyphenols, polysaccharides and proteins.
Single-nucleotide polymorphisms (SNPs) are considered the newest type of molecular marker for
grapevine identification. They are mostly bi-allelic, abundant in the genome, genetically stable, and
highly reproducible among laboratories and detection techniques (Cabezas et al., 2011). Moreover,
SNPs can be employed to overcome the degradation limitations, allowing DNA amplification using
more sensitive techniques, such as quantitative real-time polymerase chain reaction (qPCR).
Although SNP polymorphism information content is lower compared with SSR, the high-throughput,
next-generation sequencing technologies allow identifying a large number of SNPs in several
genomes and develop panels of markers useful for cultivar identification, genetic diversity and
mapping (Torkamaneh, Boyle & Belzile, 2018). These technologies are still expensive to process
many samples, but the progressive reduction of sequencing and data analysis costs suggest that these
genotyping approaches will be increasingly used in the future. In grapevine, the genome sequence
has been available since 2007 based on a cv. Pinot selfing line (Jaillon et al., 2007), and several recent
projects have involved the sequencing or re-sequencing of other grape cultivars, such as ‘Nebbiolo’
(Gambino et al., 2017). Furthermore, a large-scale SNP discovery and genotyping have been reported
(Lijavetzky, Cabezas, Ibafiez, Rodriguez, & Martinez-Zapater 2007; Pindo et al., 2008) and an
informative set of SNP markers for fingerprinting cultivars (Cabezas et al., 2011; Emanuelli et al.,
2013) and clones were identified (Carrier et al., 2012; Gambino et al., 2017). Moreover, two different
high-throughput, SNP genotyping arrays are also available: one containing 9000 SNPs (Myles et al.,
2010) and another including 18,000 SNPs (https://urgi.versailles.inra.fr/Projects/Achieved-

projects/GrapeReSeq) recently used by several authors (De Lorenzis, Chipashvili, Failla &
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IVlagnraqaze, 2U1; De Lorenzis €t al., ZU1Y; Laucou €t al., ZU1y; IViercatt et al., ZU10). In musts ana
wines, an SNP-based method using a cleaved amplified polymorphic sequence was firstly applied to
must mixtures during alcoholic fermentation (Spaniolas, Tsachaki, Bennet, & Tucker, 2008). Only
recently, SNPs have also been tested on experimental and commercial wines by qPCR, using specific
TagMan® probes (Catalano et al., 2016) or a high-resolution melting (HRM) approach (Pereira et al.,
2017) and by a long-period grating DNA-based biosensor (Barrias, Fernandes, Eiras-Dias, Brazdo &
Martins-Lopes, 2019).

The aim of this work was to develop an effective assay for the genetic traceability of ‘Nebbiolo’
mono-varietal musts and wines. In particular, we focused on three main tasks: i) identification of
Nebbiolo’-specific SNPs starting from available databases and genotypes analysed by Vitis] 8kSNP
array; i1) optimization of DNA extraction protocols from must and wine; iii) development of

TagMan® SNP assays for varietal authentication in ‘Nebbiolo’ musts and wines.

2. Materials and methods
2.1 Plant material and SNP hybridisation

A total of 260 accessions (cultivars, clones and somatic mutations) of V. vinifera white and red
grapes were selected, including international and national cultivars, local accessions from North-
western Italy (the typical cultivation area of ‘Nebbiolo”) or cultivars potentially usable in Nebbiolo’s
wine blends (Table S1). DNA was extracted from young leaves using a Plant/Fungi DNA Isolation
Kit (Norgen Biotek Corp., Thorold, Canada) by following the manufacturer’s instructions.
Accessions were genotyped at six SSR markers (This et al., 2004) by following the procedure reported
by Ruffa, Raimondi, Boccacci, Abba and Schneider (2016), in order to confirm their cultivar identity,
together with ampelographic observations. Successively, the genomic DNA of true-to-type genotypes
was subjected to SNP analysis using Vitis18kSNP array (Illumina, Inc., San Diego, CA, USA), using
an external service for the chip hybridisations (TraitGenetics GmbH, Gatersleben, Germany). SNP

data were analysed by GenomeStudio Data Analysis v2011.1 software (Illumina, Inc.), and subjected
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10 several Titering steps. In a IIrst me, >INPS With missing data even in a single genotype were
discarded. Then were selected SNPs that showed: i) a homozygous allelic profile without
polymorphisms within all ‘Nebbiolo’ and ‘Nebbiolo ros¢’ clones, and ii) an allelic profile
homozygous alternative to ‘Nebbiolo’ in the largest number of non-‘Nebbiolo’ cultivars. Finally, the
polymorphism of the selected SNPs was verified among the genotypes reported in two available SNP
databases (Laucou et al., 2018; De Lorenzis et al., 2019). The four best SNPs respecting these
parameters were validated by PCR amplification of 600-700 bp genomic regions, containing the SNP,
followed by Sanger sequencing, as reported by Gambino et al. (2017). The primers used are reported
in the Table S2. The linkage disequilibrium (LD) between the four selected markers was calculated

using F-STAT software (Goudet, 1995).

2.2 Experimental vinification and commercial wines

Grapes harvested from true-to-type ‘Nebbiolo’ and ‘Barbera’ cultivars (100 Kg for each cultivar)
were crushed in a TEMA de-stemmer—crusher (Enoveneta, Piazzola sul Brenta, Italy). The mash was
added with 25 mg/L of potassium metabisulphite. ‘Barbera’ was used as example of a non-‘Nebbiolo’
genotype, for it is widely cultivated in the same production area of ‘Nebbiolo’. After about 6 h,
selected yeasts (Lalvin BRL97, Lallemand, Inc., Montreal, Canada) were inoculated at a dose of 20
g/hL. Two punch-down per day were carried out in the first 3 days, then two pumping-over per day
(each one using one-third of the total volume) until the end of maceration, which lasted 10 days. The
end of macerations was followed by the gentle pressing of the pomace cap using a PMA 4 pneumatic
press (Velo SpA, Altivole, Italy) with a maximum pressure of 1.2 bar. A small aliquot of the press
wine was joined to the free-run wine. The first racking occurred after a week, and then the wine was
inoculated with Oenococcus oeni Lalvin VP41 strain (Lallemand) to induce malolactic fermentation
(MLF). Once MLF was completed, the wines were racked to remove lees, and free SO, concentration
was adjusted to 50 mg/L. The alcoholic fermentation (AF) and MLF were carried out at controlled

temperatures of 27+2 and 20+1 °C, respectively. At the end of the fermentations, 60 mg/L of
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potassium metapisulpnite was aaaed, ana wines were cola-stapilisea at U “C I10r Z weeks, Tiered
(Seitz K300 grade filter sheets, Pall Corporation, Port Washington, NY, USA) and then bottled in
glass bottles of 0.75 L with cork stoppers.

During the vinification process, 500 mL of must was collected at six wine-making steps: (i)
mashing (M1); (ii) after punch-down at 48 h after yeast inoculum (M2); (iii) after punch-down at 96
h after yeast inoculum (M3); (iv) at the end of maceration and after addition of a part of press wine
(M4); (v) after first racking at the end of AF (M5); (vi) after racking at the end of MLF (M6). Wines
were sampled from 750 mL bottles at 1 month (W1) and 1 year (W2) after the bottling. All samples
were stored at -20 °C until the DNA extraction.

Bottles (750 mL) of commercial mono-varietal wines obtained from ‘Nebbiolo’ (Barolo 2013 and
Nebbiolo d'Alba 2015) and ‘Barbera’ grapes (Barbera d'Alba Superiore 2013 and Barbera d'Alba
2015) were provided by Enocontrol Scarl (Alba, Italy). Before the aliquots collection for DNA

isolation, each wine was homogenised by inverting the bottle several times.

2.3 DNA extraction from musts and wines

Total DNA extraction from each must (M1-M6) and wine (W1 and W2) type sampled at eight
time-points during the vinification processes was performed using three different commercial kits: 1)
Plant/Fungi DNA Isolation Kit (Norgen Biotek Corp.); ii) NucleoSpin® Plant II (Macherey-Nagel
GmbH&Co. KG, Diiren, Germany); ii1) NucleoSpin® Food (Macherey-Nagel). Three replicates per
sample were extracted from 100 (Plant/Fungi DNA Isolation and NucleoSpin® Plant II kits) and 200
mg (NucleoSpin® Food Kit) of must and wine pellets obtained after centrifugation at 4,000 g at 4 °C
for 1 h. The solid fraction was frozen in liquid nitrogen and ground using a TissueLyser II (Qiagen,
Hilden, Germany). All DNA extractions were performed by following the manufacturer’s
instructions, excluding the RNase step and eluting samples in an equal volume (45 pL).

‘Nebbiolo’ and ‘Barbera’ musts (M1, M3, M4, M6) and wines (W1) were mixed starting from the

pure samples collected from the different wine-making steps to obtain decreasing mixtures (v/v) of



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

‘Barpera 1 INebplolo (4U%, ZU%, 1U%, 370 and 170 OT Barbera 1n the corresponaing samples ot
‘Nebbiolo’). The resultant blends were extracted, in triplicate, using the Plant/Fungi DNA Isolation
Kit (Norgen Biotek Corp), as described above.

DNA extraction from commercial wines was performed by using several different protocols: (i)
Plant/Fungi DNA Isolation Kit (Norgen Biotek Corp.), starting from the pellet obtained by
centrifugation of 45 mL of wine at 4,000 g at 4 °C for 60 min (Norgen protocol); (ii) The
cetyltrimethylammonium bromide (CTAB)-based method by Pereira, Guedes-Pinto and Martins-
Lopes (2011) with minor modifications, namely, the starting volume was increased from 10 to 20
mL, the initial precipitation of the wine samples by adding 0.7 (v/v) 2-propanol at -20 °C was reduced
from 2 weeks to 3 days and the RNase treatment was eliminated to limit the loss of genomic material
(PerM protocol); (iii) The CTAB-based method by Pereira et al. (2011) with the aforementioned
modifications and adding a final purification using the Plant/Fungi DNA Isolation Kit (Norgen Biotek
Corp.) (PerMK protocol); (iv) The CTAB-based method by Siret, Gigaud, Rosec and This (2002),
modified according to Agrimonti and Marmiroli (2018) (SirM protocol).

DNA quantity and quality were estimated using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) by determining the spectrophotometric absorbance of the

samples at 230, 260 and 280 nm and the ratios of A,40/A280 and A,40/A4230. DNA was stored at -20 °C.

2.4 Grapevine DNA quantification by gPCR

All DNA samples were initially analysed by 9-cis-epoxycarotenoid dioxygenase (VvNCED?2) for
grapevine DNA quantification using the primers and the TagMan® FAM-labelled probe reported by
Savazzini and Martinelli (2006). The amplification reaction was performed in a final volume of 20
pL, containing 5 pL of DNA, 10 pL of TagMan® Environmental Master Mix 2.0 (Thermo Fisher
Scientific), 0.3 uM of each primer and 0.2 uM of FAM probe. The following amplification profile
was used: an initial denaturation step at 95 °C for 15 min, followed by 65 cycles of 95 °C for 15 s

and 60 °C for 1 min. Allelic discrimination plots were constructed using the CFX96 Detection System
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(B10-Kaa Lapboratories, Inc., Hercules, LA, UDA). Lhe grapevine DINA concentration (ng/fLL) was
calculated plotting the Ct values obtained from the DNA extracted from musts and wines with the
standard curve of the VwNCED2 TagMan® assay produced with serial dilutions of DNA of

‘Nebbiolo’ extracted from leaves. All samples were analysed in triplicate.

2.5 Determination of PCR inhibitors in DNA

The presence of PCR inhibitors in the extracted DNA was evaluated by adding TagMan®
Exogenous Internal Positive Control (EIPC) reagents (Thermo Fisher Scientific) to the qPCR mix.
The amplification reaction was performed in a final volume of 20 pL, containing 5 pL. of genomic
DNA, 10 pL TagMan® Environmental Master Mix 2.0 (Thermo Fisher Scientific), 0.4 uL of EIPC
DNA, 2 puL of EIPC mix (containing pre-mixed forward, reverse primers and VIC probe specific for
EIPC) and 2.6 pL of sterile water. The amplification profile used was the same as reported in 2.4.
The percentage of PCR inhibition was calculated from a calibration curve with serial dilution of EIPC,
assuming 100% amplification efficiency of EIPC in samples containing DNA of optimal quality

extracted from leaves. All samples were analysed in triplicate.

2.6 SNP genotyping protocol and data analysis
SNP assays to genotype the samples were performed using specific TagMan® probes designed using
Primer Express version 3.0 (Thermo Fisher Scientific) (Table S3). The amplification reaction was
performed in a final volume of 20 pL, containing 5 pL of DNA, 10 pL TagMan® Environmental
Master Mix 2.0 (Thermo Fisher Scientific), 0.5 pL of 40X TagMan® SNP Genotyping Assay
(containing pre-mixed forward and reverse primers, VIC probe and FAM probe) and 4.5 pL of sterile
water. The amplification profile used was the same reported in 2.4 for V'vNCED?2 probe. All samples
were analysed in triplicate.

The baseline cycles and the threshold position were defined automatically by Bio-Rad CFX

Manager 3.1 software (Bio-Rad Laboratories, Inc.). The correlation coefficient, slope and PCR
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€ITICIeNCy OT each laqivian® assay were calculated and visualised by the same sortware ana starting
from a standard curve produced with serial dilutions of DNA of ‘Nebbiolo’ and ‘Barbera’ extracted
from leaves.

The limit of detection (LODys) of the TagMan® assays was determined using eight serial dilutions
of DNA from ‘Nebbiolo’ (50, 20, 10, 5, 2.5, 1, 0.1 and 0.01 pg DNA), analysing each dilution point
six times in three different runs (totalling 18 data per dilution point). The LODys was determined as
the lowest amount of DNA detected in 95% of the reactions (Forootan, Sjoback, Bjérkman, Sjogreen,
Linz & Kubista, 2017). In our experiments, it corresponded to the lowest dilution of DNA in which

at least 17 positive amplifications on 18 replicates were obtained.

3. Results and discussion
3.1 Identification of ‘Nebbiolo -specific SNPs

SSRs are the markers of choice for cultivar identification in grapevine, and large databases are
available on-line (http://www.eu-vitis.de/index.php; http://www.vive.de). However, because of some
characteristics of SSRs, such as PCR with relatively long amplicons analysed by semi-automatic
sequencers, they may not be the ideal markers for cultivar identification in wines (Boccacci et al.,
2012; Catalano et al., 2016; Recupero et al., 2013). Recently, SNP markers analysed by HRM qPCR
(Pereira et al., 2017) or SNP TagMan® genotyping assays (Catalano et al., 2016) have proved to be
useful for varietal authentication of musts and, partially, wines. Moreover, open databases containing
SNP profiles of a large number of genotypes, necessary to select cultivar-specific SNPs markers, are
now available and were used in this work (Laucou et al., 2018; De Lorenzis et al., 2019).

A first step in developing an SNP genotyping assay for the varietal authentication of ‘Nebbiolo’
musts and wines is the identification and validation of ‘Nebbiolo’ specific SNP markers. Thus, a
Vitis18kSNP array containing 18,071 SNPs was used to genotype 260 different accessions (Table
S1), including: (i) 24 different ‘Nebbiolo’ clones, in order to overcome the genetic variants linked to

the large intra-varietal variability of ‘Nebbiolo’ (Gambino et al., 2017); (ii) 3 clones of ‘Nebbiolo

10
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rose , a aIsunct genotype (previously consiaered a INebpiolo sup-variety) related 1o INeppiolo by
kinship and permitted in the production of ‘Nebbiolo’ wines (Schneider, Boccacci, Torello Marinoni,
Botta, Akkak & Vouillamoz, 2004). Among the 18,000 SNPs analysed, 8,581 markers that failed or
showed an unclear hybridisation signal, even in a single sample, were discarded. The remaining 9,490
SNPs were further filtered and a total of 6,920 SNPs that are homozygous and without polymorphisms
within all “Nebbiolo’ and ‘Nebbiolo ros¢’ clones were selected. Among them, 4,959 SNPs showed
polymorphisms in other cultivars, but none of these was unique in ‘Nebbiolo’. In order to overcome
this issue, among these 4,959 markers, we chose at least four SNPs that showed an allelic profile
homozygous alternative to ‘Nebbiolo’ in the largest number of non-‘Nebbiolo’ cultivars, thus
potentially more discriminating in subsequent SNP genotyping assays. Then, these four SNPs
(SNP_14701, SNP_15082, SNP 14783 and SNP_2274) were further investigated in other grapevine
cultivars previously analysed with the same Vitis18kSNP array. Laucou et al. (2018) genotyped 783
accessions (48 of which included in our database), and De Lorenzis et al. (2019) analysed 187
accessions from southern Italy (25 of which are identical to cultivars in our database). The analysis
of the resulting 1,157 unique genotypes reported in these two databases and our dataset (deriving
from the total number of analysed genotypes after removing the duplicates), revealed that these four
SNPs showed one or two loci with allelic combinations identical to ‘Nebbiolo’ only in 24 genotypes
(Table S4). Nevertheless, based on the combination of allelic calls, only two SNPs (SNP_14783 and
SNP_15082) are sufficient to identify uniquely ‘Nebbiolo’ from the all investigated 1,157 grapevine
genotypes (Table S4).

The four SNPs selected were validated by Sanger sequencing using ‘Nebbiolo’ and two non-
‘Nebbiolo’ cultivars (‘Barbera’ and ‘Cabernet Sauvignon’), confirming the hybridisation results.
Moreover, no linkage disequilibrium was observed between each of the four selected markers,
indicating that they are not strongly linked. TagMan® genotyping assays were designed for each SNP
(Table S3) and were tested on 98 ‘Nebbiolo’ clonal variants, previously collected from the typical

cultivation areas of ‘Nebbiolo’ (Gambino et al., 2017). The TagMan® discrimination plots

11
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aemonstrated that all "INebb1010 accesslons had the same allelic proriles, Contrming tnat tnese SINF'S
are very robust ‘Nebbiolo’-specific markers (Fig. S1). The SNP_14701 assay showed some technical
problems and ambiguity for the signal separation between heterozygous and homozygous alternatives
to ‘Nebbiolo’, and so it was discarded from subsequent analyses (Fig. S1). SNP_15082, SNP 14783
and SNP_ 2274 were subsequently evaluated for the varietal authentication of ‘Nebbiolo’ musts and
wines, although the combination of allelic calls of SNP 15082 and SNP 14783 were sufficient to

identify the ‘Nebbiolo’ uniquely (Table S4).

3.2 Amplification parameters of TagMan® genotyping assays

The amplification parameters of the TagMan® genotyping assays SNP_15082, SNP_ 14783 and
SNP 2274 were evaluated and compared with those of the endogenous control V'vNCED2 TagMan®
probe (Savazzini & Martinelli, 2006), used commonly for V. vinifera DNA quantification in musts
and wines (Bigliazzi et al., 2012; Scali, Paolucci, Bigliazzi, Cresti & Vignani, 2014; Vignani et al.,
2019). The qPCR parameters (LODys, correlation coefficient, slope and PCR efficiency) of each SNP
assay were optimal and in line with the data obtained for VvNCED?2 probe. Furthermore, the
SNP 2274 assay showed a lower LODys than the endogenous control (Table S5).

Increasing levels of non-‘Nebbiolo” DNA (from 0.1% to 20% v/v of contamination) were mixed
with ‘Nebbiolo” DNA, both extracted from leaves, in order to assess the limits of SNP assays to detect
blends. Two independent DNA mixing tests were performed using both homozygous (‘Barbera’) and
heterozygous non-’Nebbiolo’ cultivars (‘Sangiovese’ or ‘Freisa’) to understand if the allelic
conditions of these genotypes could influence the test sensitivity. Data obtained from allelic
discrimination plots and relative fluorescence unit levels of each non-‘Nebbiolo’ allele showed that
the detection limit of non-‘Nebbiolo’ cultivars in the DNA mixture was 1%, regardless of the SNP
genotyping assays (Fig. 1, Fig. S2 and S3). Interestingly, the allelic conditions (homozygous or

heterozygous) of the cultivar mixed with ‘Nebbiolo’ did not influence the detection limit. This result
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Our data confirmed the potentiality and sensitivity of the SNP genotyping using TagMan® probes.
Remarkably, the detection limit of 1% in the discrimination of DNA extract mixtures is the lowest
level described in the literature to date. For example, Catalano et al. (2016) reported a detection limit
of 5% for the DNA mixtures using SNP markers, while Siret et al. (2002) identified 4% of foreign

DNA using SSRs.

3.3 SNP genotyping in experimental musts and wines

Experimental vinifications were performed using true-to-type grapes from ‘Nebbiolo’ and
‘Barbera’, analysed as a non-’Nebbiolo’ cultivar. Musts and wines were collected during different
time-points from the initial mashing (Table 1). In order to develop a rapid and standardised protocol
for varietal authentication, complex and laborious homemade extraction methods reported in
literature were avoided, at least for the musts, and three commercial kits extensively used in the
extraction of plant material (Plant/Fungi DNA Isolation Kit and NucleoSpin® Plant II) and food
(NucleoSpin® Food) were compared in ‘Nebbiolo’ samples. Extraction results obtained using the
Plant/Fungi DNA Isolation Kit (Norgen) were the best for both DNA concentration and quality in all
the sampling points (Table 1 and Table S6). This assay was then used in ‘Barbera’ samples (Table
1). In the first four sampling points (M1-M4), optimal quality and quantity of DNA were obtained,
while in the latest must samples (M5 and M6) and wines (W1 and W2), the DNA concentration
reduced considerably, as well as the Aye:4230 ratio, suggesting an increase of polysaccharide
contamination in the DNA (Table 1). However, previous works (Savazzini & Martinelli, 2006;
Vignani et al., 2019) suggested that spectrophotometric quantification is not reliable for the actual
quantification of grapevine DNA extracted from musts and wines, due to the considerable presence
of'yeasts’ contamination and the partial DNA degradation. This overestimation is particularly evident

in M2 (after 48 h of yeast inoculum), the time-point in which apparently more DNA was extracted
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contained in these musts and wines was determined. Already, at the first sampling time (M1), the
amount of grapevine DNA was at least 25 times less than the DNA quantified through a
spectrophotometer (Table 1 and Table S6). A greater reduction was observed at wine stages W1 and
W2, in which the extracted DNA was more than 20,000 times lower to the levels indicated by the
spectrophotometric quantification. Indeed, at these sampling points, the concentration of grapevine
DNA was highly limited (around 2—4 pg/uL) and was very close to the detection limit of the
VvNCED?2 probe and SNP genotyping assays (Table 1). Consequently, the amplification efficiency
can be sub-optimal. In addition to low DNA concentration, the PCR efficiency can be influenced by
the presence of PCR inhibitors in the DNA extracted. Thus, the amplification efficiency of an EIPC
added to the extracts was determined. Considering a 100% amplification efficiency of the controls
containing DNA of optimal quality extracted from leaves, the amplification efficiency of all musts
and wines samples ranged between 96% and 108%, without differences when compared with the
controls (Table 1 and Table S6). Interestingly, none of the extracts contained PCR inhibitors,
including those obtained from wines or using an inefficient kit, such as NucleoSpin® Food,
characterised by low-quality DNA (Table S6).

DNA extracted from experimental musts and wines was analysed by SNP 15082, SNP_14783 and
SNP_2274. For the first four sampling points (M1-M4), the allele calls at each genotyping assay
correspond to those expected in all samples analysed (Table 1). In the musts after AF (M5) and MLF
(M6), and wines (W1 and W2), the SNP genotyping assays showed some amplification problems,
probably attributed to the small amount of grapevine DNA. In at least one replicate for sample, using
SNP 15082 and SNP 14783 assays, it was possible to identify ‘Nebbiolo’ or ‘Barbera’ correctly,
including the wine after 1-year from bottling (Table 1). The SNP 2274 assay was extremely sensitive
with good amplification efficiency in wines, as well as in the last sampling stages of musts (M5 and
M6) characterised by a small amount of DNA. However, some incorrect allelic calls both in

‘Nebbiolo’ and ‘Barbera’ were observed with this assay, suggesting it had low specificity (Table 1).
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showed several amplification problems associated, primarily, with samples of low DNA
concentration (Table S6).

In addition to pure musts and wines, blends were also analysed (Table 2). In the must mixtures
(M1, M3 and M4), SNP 15082 and SNP_14783 assays were able to detect up to 1% of ‘Barbera’
contaminating ‘Nebbiolo’, confirming the data obtained mixing DNA extracted from leaves (Table
2). As reported above (Table 1), some replicates of M6 and W1 did not amplify because of the low
amount of DNA, which was very close to the detection limits of the assays. In the mixture must M6
(after MLF), the detection limits of the blend increased, only 10% or greater percentages of ‘Barbera’
in ‘Nebbiolo’ were detectable and distinguishable when compared with ‘Nebbiolo’ in purity (Table
2, Fig. 2 and Fig. S4). Moreover, in the mixture wine W1 (1 month after bottling), the detection limit
was confirmed at 10% for SNP 14783 (Table 2 and Fig. 2), while only a mixture with over 20% of
‘Barbera’ was detectable in ‘Nebbiolo’ wine using SNP_15082 (Table 2 and Fig. S4). The results
confirmed the sensitivity of our SNP genotyping assays developed for ‘Nebbiolo’. Notably, the
detection limits in must and wine mixtures from different wine-making stages are the lowest among
those reported in the current literature. A detection limit of 33.3% (Faria, Magalhaes, Ferreira,
Meredith & Ferreira Monteiro, 2000), 30% (Baleiras-Couto & Eiras-Dias, 2006; Siret et al., 2002)
and 50% (Recupero et al., 2013) was observed in different must mixtures using SSR markers, while
this detection limit dropped to 2.5% when using an HRM analysis always in musts (di Rienzo et al.,
2016). According to the procedure presented here, it was possible to identify blends in experimental
wines for the first time.

The protocol developed for varietal authentication in ‘Nebbiolo’, including the DNA extraction
using the Plant/Fungi DNA Isolation Kit associated with SNP 15082 and SNP 14783 TagMan®
genotyping assays, allowed a rapid and user-friendly identification of ‘Nebbiolo’ grapes in all phases

of wine-making, including wines 1 year after production. Since in the last stages of the process, the
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analyse each sample at least in triplicate.

3.4 SNP genotyping in commercial wines

In the literature, the efficiency of varietal identification in commercial wines is generally lower
than experimental wines (Baleiras-Couto & Eiras-Dias, 2006; Boccacci et al., 2012; Catalano et al.,
2016; Recupero et al., 2013). All wine-making steps aimed at “cleaning” the wine, are more
intensively applied in wine industries than in experimental vinification processes. Thus, the solid
parts, basically composed by traces of grape seed and skin tissues, are gradually removed during the
post-fermentation steps (decanting, clarification and filtration), eliminating the main source of DNA
(Boccacci et al., 2012; Catalano et al., 2016; Garcia-Beneytez, Moreno-Arribas, Borrego, Polo &
Ibanez, 2002; Siret et al., 2002). In order to evaluate our SNP genotyping assay on commercial wines,
we analysed 2-year-old (Barolo 2013 and Barbera d'Alba Superiore 2013) and 4-year old (Nebbiolo
d'Alba 2015 and Barbera d'Alba 2015) ‘Nebbiolo’ and ‘Barbera’ wines. In addition to the Plant/Fungi
DNA Isolation Kit (Norgen), very effective in the extraction from samples collected during
experimental vinification, we also evaluated the efficiency of three modified extraction methods
reported in the literature: two Pereira et al. (2011)-based protocols (PerM and PerMK) and one Siret
et al. (2002)-based protocol (SirM). The DNA extracted with all methods showed generally high
levels of contaminants (protein, polysaccharide and phenolic compounds) and the highest A260:4230
and A,g0:A4230 ratios were obtained using the SirM protocol (Table 3). The DNA concentration
determined by spectrophotometry was limited, in line with the quantity obtained by Catalano et al.
(2016), but inferior in quality and quantity to other works (Bigliazzi et al., 2012; Pereira et al., 2011),
suggesting that the grape genotype and the wine-making process can be crucial for the quality of
DNA extraction. The DNA concentration obtained using the PerM method was apparently very high,
but, as reported by the authors who developed this method, the contamination of phenol (used for

DNA purification) can influence the correct spectrophotometric quantification of DNA (Pereira et al.,
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2U11). Inaeeq, arter a purirication using a commercial Kit (Perivik protocol), the pnenol traces were
removed, and the DNA concentration obtained was in line with the other extraction methods tested
(Table 3). The quantification using the V'vNCED? probe showed a very limited presence of grapevine
DNA. In many cases, the gene did non amplified and the few positive samples showed a DNA level
very close to the detection limit of the qPCR reaction (Table 3 and Fig. 3A). In addition, the DNA
extracts contained PCR inhibitors. The amplification efficiency of EIPC averaged 15% lower than
the controls containing water or high-quality DNA, with the highest levels of inhibition in the extracts
obtained using the PerM and PerMK methods (Table 3). Therefore, considering the low concentration
of plant DNA and the presence of some PCR inhibitors, the genotyping assays SNP 15082,
SNP 14783 and SNP 2274 showed difficulties in amplifying DNA from commercial wines. In
particular, SNP_15082 and SNP_ 14783 did not amplify the DNA obtained by the PerM and PerMK
methods at all and showed sporadic amplification when using the Plant/Fungi DNA Isolation Kit.
The best results were obtained by analysing DNA extracted using the SirM protocol, in which
SNP 15082 was correctly amplified in 25% of samples, while SNP_14783 was amplified in 33.3%
of the cases (Table 3 and Fig. 3). Substantially, among all wines extracted using the SirM method, at
least one genotyping assay provided the expected results. The SNP 2274 assay confirmed the
problems reported above with the experimental musts. This assay was generally very sensitive, but
with problems of specificity in the presence of a low concentration of DNA, considering six out of
seven DNA samples extracted using the SirM method provided incorrect allelic calls (Table 3).

The results confirmed the difficulties reported by other authors (Baleiras-Couto & Eiras-Dias,
2006; Boccacci et al., 2012; Catalano et al., 2016; Recupero et al., 2013) regarding the cultivar
identification of commercial wines. Our SNP genotyping assays were very reliable and repeatable
with experimental musts and wines, while in commercial wines it needs some technical improvement.
Considering that both SNP_15082 and SNP_ 14783 assays must give positive results to uniquely
identify ‘Nebbiolo’ cultivar, in two of four wines (Nebbiolo 2015 and Barbera 2015), only one of the

two assays worked. Hence, it was not possible to correctly determine the grapes genotype in these
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WINes. A similar result was optained by rereira etal. (ZU1 /) since oI tne tnree aevelopea HKIVI assays,
only one produced a melting curve shape in sample types (leaf and wine) coincident with the
corresponding genotypes. Nevertheless, our SNP genotyping assays were more effective and
sensitive than traditional SSR (Baleiras-Couto & Eiras-Dias, 2006; Boccacci et al., 2012; Recupero
et al., 2013) or other SNP markers (Catalano et al., 2016) since, in 50% of the commercial wines
tested, a correct genotype identification was possible. The effectiveness and sensitivity of TagMan®
assays are related to the DNA sequences around the SNP. Besides, not all loci are suitable for the
design of TagMan® probes. Among the four ‘Nebbiolo’-specific SNP markers identified after the
Vitis18kSNP analysis, SNP_ 14701 was discarded owing to its difficulty in separating heterozygote
and homozygote genotypes (Fig. S1), while the SNP 2274 assay was not reliable for the low
specificity in allelic discrimination with low-quality DNA (Table 1 and 3). These reasons probably
explain why the TagMan® SNP assays used by Catalano et al. (2016) were less sensitive in
discriminating blends and wines.

The main issues encountered in the identification of ‘Barbera’ and ‘Nebbiolo’ commercial wines
were the low DNA quality and quantity obtained. Thus, future efforts will have to focus on these
aspects. Although several wine-extraction protocols have been published, their effectiveness is often
linked to the specific type of wine and wine-making process, and the starting genotype seems to be
decisive for the success of the DNA extraction. For example, the protocol proposed by Bigliazzi et
al. (2012) was very effective with the wines tested by the authors, but not with those used by other
authors (Catalano et al., 2016). Furthermore, for ‘Nebbiolo’ and ‘Barbera’ wines of this study, the
method by Bigliazzi et al. (2012) was excluded, because, after preliminary extraction tests, the DNA
obtained was of inferior quality (A60:4280 = 1.25 = 0.19; Ape9:4230 = 0.17 £ 0.08) and the EIPC

amplification was completely inhibited by the presence of PCR inhibitors.

4. Conclusion
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We aevelopea ana investigated tne eIrciency oI SINP  lagivian® assays In the varietal
authentication of ‘Nebbiolo’ musts and wines. Unlike SSRs, for which large databases are available,
up to now there are still limited reference data for SNPs. However, using two set of data already
published (Laucou et al., 2018; De Lorenzis et al., 2019) and analysing a group of genotypes ad hoc
for the purposes of our work, we obtained a database of 1,157 different genotypes, from which
‘Nebbiolo’-specific SNPs were selected, and specific markers for other cultivars could be identified
in the future. Only two markers, SNP 15082 and SNP 14783, are sufficient to distinguish ‘Nebbiolo’
from more than 1,100 genotypes. These markers were applied in the varietal identification of
‘Nebbiolo’ and ‘Barbera’ (as an example of a non-‘Nebbiolo’ cultivar) in musts and wines. In
experimental vinifications, these SNPs amplified using the TagMan® assays correctly identified
‘Nebbiolo’ or ‘Barbera’ in all wine-making steps, including wines 1 year after bottling. The high
sensitivity of the assays allowed identifying, for the first time, mixtures of 1% of ‘Barbera’ in
‘Nebbiolo’ musts at the end of maceration, blends of 10% in musts at the end of MLF and
contamination of 10-20% of ‘Barbera’ in ‘Nebbiolo’ wines. In commercial wines, the amplification
efficiency of these SNPs was partially limited by the low amount of grapevine DNA and the presence
of PCR inhibitors in DNA extracts. However, at least one SNP amplified correctly in all the wines
tested. The TagMan® genotyping protocol is a highly promising assay for varietal identification in
wines for several reasons, including (i) high sensitivity and specificity in detecting DNA;; (ii) reduced
analysis time; and (ii1) straightforward interpretation of results, even in non-specialised laboratories.
The limited positive results obtained with commercial wines confirmed the difficulties reported in
other works, and further improvements of the extraction techniques of nucleic acids from wine will

be necessary.
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Kigure 1. Detection 1imit 0T 1agivian® SINP_ 14/33 genotyping assay in mixtures oI DINA extracted
from leaves. Scatter plot and relative fluorescence unit (RFU) of the TagMan® probe tagged with
FAM dye (allele A no-’Nebbiolo’). Increasing levels of non-‘Nebbiolo’ DNA (0.1-20%) of (A)
‘Sangiovese’ (heterozygous genotype) and (B) ‘Barbera’ (homozygous genotype alternative to
‘Nebbiolo’) were mixed with ‘Nebbiolo’ DNA. All DNA were extracted from leaves. The blue line
in the amplification plot indicates the RFU level of ‘Nebbiolo’ 100%, above which it was possible to
detect contamination of non-‘Nebbiolo’ DNA. Below the blue line, the ‘Nebbiolo’ 99.9% sample was
not distinguishable from ‘Nebbiolo’ 100%. The detection limit of 1% of non-‘Nebbiolo’ DNA mixed

in ‘Nebbiolo” DNA was determined using triplicates of each sample.

Figure 2. Detection limit of TagMan® SNP_ 14783 genotyping assay in mixtures of must and wine.
Scatter plot and relative fluorescence unit (RFU) of the TagMan® probe tagged with FAM dye (allele
A no-"Nebbiolo’). Increasing levels (1-40%) of (A) ‘Barbera’ must M6 and (B) wine W1 were mixed
with ‘Nebbiolo’ must M6 and wine W1, respectively. The blue line in the amplification plot indicates
the RFU level of Nebbiolo 100%, above which, it was possible to detect contamination of non-
‘Nebbiolo’ DNA. Below the blue line, the samples ‘Nebbiolo’ 95% and 99% were not distinguishable
from ‘Nebbiolo’ 100%. The detection limit of 10% of ‘Barbera’ must M6 and wine W1 mixed in

‘Nebbiolo” was determined using triplicates of each sample.

Figure 3. SNP genotyping in commercial wines. (A) Standard curve of V'wNCED2 TagMan® probe
used to quantify grapevine DNA present in the extracts from commercial wines. DNA from
‘Nebbiolo’ leaves was used as calibrator for the standard curve. (B) Scatterplot of TagMan®
SNP 14783 genotyping assay with commercial wines of ‘Nebbiolo’ and ‘Barbera’. (C) Relative
fluorescence unit (RFU) of the TagMan® probe tagged with FAM dye (allele A non-"Nebbiolo’) and
(D) RFU of the TagMan® probe tagged with VIC dye (allele G *Nebbiolo’). The blue line in the

amplification plot (C) indicates the RFU level of the ‘Nebbiolo’ control, above which, it was possible
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677 10 ACIeCt NON- INEDDIOIO™ WINES. 1Nne yellow 1ine 1n the amplification plot () 1ndicates tne Kr U 1evel
678  of ‘Barbera’ (non-‘Nebbiolo’ control), above which, it was possible to detect ‘Nebbiolo’ wines. The
679  control DNA from ‘Nebbiolo’, ‘Barbera’ and ‘Sangiovese’ were extracted from leaves.

A SNP_14783

oo
@ Allelic Discrimination Amplification
A‘Q'O\U' & ' ' ' ! : ! ' ! 'Snnglmss
700 £ & o g i - ————Nebbiolo 80%
Aéo\o \o‘h : : Nebbiolo 90%
5 i w i Nebbiolo 95%
600 & m ¥ 4 ¢ aNebbiolo 90% H "
w Nebbialo 99.9% / 100% ewe) 4 Nebbiola 80% ° — = ',‘."';'{,'f,'!?,'l‘; 13
Z 500 & Sangiovese :lmz Nebbiolo 99.9% /100%
o A k3 :
@ 400 + 2
o 2
T T I
200 + a
[
100 + 10"
°t . . . . A P
0 200 400 600 800 1000 ¢ 1 B 30 40 50 <
Allele A_no NE Cycles
Allelic Discrimination Amplification
700 T " ' i ’ T E 3 ; v ; T T T
L § _ 1 o T "Barbera
600 o Nebbiolo99% - webbialo 95% ] — N:B?ggig 8%
s A w :Nebbiolo 95%
A : Nebbiolo 98%
Y s00 &° Nebbiolo 98% Nebibiolo 90% 1% i
UI éﬁ b Nebbiolo 99%
400 < 1 o,
2 Nebbiolo 80% < Nebbiolo 99.9% / 100%
0
i 300 E
<
200 i3
'™
100 . ]
Barbera] 10"
o B
0 200 400 600 800 1000 0 10 20 30 40 50 80
Allele A_no NE Cycles
W Homozygous Allele G/ Allele G A Heterozygous Allele G/ Allele A
680 ® Homozygous Allele A/ Allele A
1500 Allelic Discrimination SNP_1 4783 Amplification
- " Nebbiola 80% M6 : Barbera
1600 o ] 10° : R
g & A Nebbiolo 90%
1400 1 ‘;\.‘ ] w
N A Nebbiolo 60% z Nebbiolo 60%
Y1200 18° 1 e
1 & |
s <
O q000%L 1% Nebbiolo B0%
%’, B 102 90%
= 800 } 13 Nebbiolo 95% |
< 3 99% 100%
600 1
4
q00 1 ] : :
Barbera H :
200 I ] } } ¥ } } |
} | | } | ! | E 0 10 20 30 40 50 60
0 200 400 600 800 1000 1200 1400 Cycles
Allele A_no NE
B .e\‘ Allelic Discrimination Ampliﬁcation
' S A Nebbiolo 80% ' ! ! T T T T T T
n » N W1 3 : : : - = Barbera
s . ANebbiolo 60% 10 ¢
1500 Nebbiolo 90% 1 g
w
z e Nebbiolo 60%
3 |
o ¥ < N
2 1000 i@ Nebbiolo 80%
° s Nebbiolo 90%
= 0T " Nebbiolo 95% /
= 99% / 100%
w
500 + -
o 1 Barbera | H H 1 H I ;
t + t t t + e 0 10 20 30 40 50 60
0 200 400 600 800 1000 1200 Cycles
Allele A_no NE
W Homozygous Allele G/ Allele G A Heterozygous Allele G/ Allele A
681 ® Homozygous Allele A/ Allele A

28



682

683

684

685

686

687

688

689

690

691

A B _é\“ Allelic Discnimination
5% T
Standard Curve l,‘?\ m Nebbiolo control
o
w I - DR - ] 1200 -+ v\o‘ B Barolo 2013, wine
wine samples H : 30
44 1. et 1000 ¥ HBarolo 2013, wine
42t w Sangiovese control
A
1w Z, 800
o Nebbiolo control o
Q 38 F... “ee P R P 2 o0
]
38 I- eeeend 1 =
w“ < 400
E=104,4% R*2=0,931 Slope=-3,222 y-int=37.414 \@ 200 Und " Barbera 2015, wine
ndetermined wines
K R 1 o 1
2 1 . 0 ~ 2 x* Barbera control
Log Starting Quantity X + ' L
0 500 1000 1500
Allele A_no NE
C Ampllflcallon Amplification
...... —
Barbera conlrol-—.___)_ JE— ' Nebbiolo control _.__* B
3 e — L ] e Tt
0+ Iy e . 10 ; 7/«.,4 —
w - Sanglnvssa control -_).., gy U
__——)-—/ / : w
z Sanngese control / / H N =z / arolo 2013, wine
e 4 /=e—Barbera 2015, wine °|
<| Nobtio o 7 - "‘r — —_— ———— o f .‘"‘ -(——Nebbmlo 2015, wine
@ lebbiolo control———" / — < I [/
® 0+ / / [ < 107 s" [E| = T
= : [ i i ] [ ] T Barbera control
< I's Nebbiolo wines o - e :
/ — —S— A (T / p i
E / \_'L ) \/ \,ﬁ\ o / | /f ‘Barbera 2015, wine
& ‘ ‘ Jes e /
: \T AN A /
10! ; —‘ 10! /NN R . SN N i
0 10 80 o 10 20 30 40 50 60

Table 1. DNA quantity and quality extracted from ‘Nebbiolo’ (_N) and ‘Barbera’ (_B) musts (M)

Cycles

W Homozygous Allele G/ Allele G A Heterozygous Allele G/ Allele A

Cycles

Homozygous Allele A/ Allele A

and wines (W) collected during eight experimental wine-making steps. Extraction was performed

using a Plant/Fungi DNA Isolation Kit (Norgen). Purity and yield measured by NanoDrop; yield

evaluated by a standard curve with FAM-labelled endogenous gene VvNCEDZ2; amplification
efficiency of exogenous internal positive control (EIPC) added to extracted DNA (100% refers to
EIPC amplification in a control DNA extracted from leaves). Allelic profiles of genotyping assays
SNP 15082, SNP 14783 and SNP 2274. Lower-case letters in the allelic profile denote an incorrect

call of the genotyping assay;

C‘ 2

independent extractions were analysed (R1, R2, R3). Data are means + SDs of three replicates.

indicates a sample without amplification. For each sample, three

NanoDrop quantification VyNCED?2 EIPC SNP_15082

Must/ A . quantification amplification Alleles

Wine Descrlptlon DN;A] yleld A260:A280 A260:A230 DNA yield efficiency Rl R2 T

(ng/uD (ng/u) (%)

M1 N mashing 101 £51.6 1.9+£0.03 14+0.12 4266+1.552 102.1+£5.9 TT TT 1
M2 N 48hyeast inoculum 422+ 172.2 1.9+0.11 19+0.27 0.468+0.057 100.2+19 TT TT 1
M3 N  96h yeast inoculum 99.9 +21.3 1.9+0.14 12+0.25 0.265+0.057 974+93 TT TT 1
M4 N end maceration 1662+42.1 19+0.15 15+028 0.286+0.054 98.7+7.7 TT TT 1

MS N  after AF* 443 +255 1.7£0.04 0.6+0.12 0.061+£0.042 104.9+15 TT TT 1

M6 N  after MLF** 39.7+4.9 1.5+0.08 0.5+0.13 0.004+0.001 98.1+15.8 TT - T

W1 N wine 7.7+£2.2 1.3£0.03 02+0.01 0.002+£0.001 963+17.7 - TT 1T

W2 N wine | year 147+ 6.4 1.3£0.17 04+0.22 0.002+0.001 101.8+4.2 TT - -
M1 B  mashing 2749+624 19+£0.02 1.7+£022 5.067+1.761 106.7+9.7 CC CC

M2 B  48hyeastinoculum 1867 +321.2 24+0.08 2.2+£0.04 0.788+0.228 104.5+9.9 CC CC «
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693

694

695

696

697

698

M3_B  vonyeastmoculum 44/.1 + 135  1.Y*TU.IU 1./ *TU.24 UDULTU.3/1  Y0./ £3.5 CC CC
M4 B  end maceration 167.4+93.7 19+0.09 14+034 0.191+0.162 1054+6.9 CC CC
M5 B  after AF* 283+ 11.1 1.6+0.15 04+0.14 0.004+0.011 992+7.6 - CC
M6 _B  after MLF** 13.3+1.1 1.8+£0.23 03+0.04 0.003+£0.001 1083+10.5 - cCc -
WI1_B  wine 19.8+7.5 1.1£0.25 04+0.14 0.002+0.001 102.8+4.3 - cC -
W2 B wine 1 year 47+4.24 14+034 08+0.14 0.002+0.001 98.6+74 - CC

* AF= alcoholic fermentation

**MLF=malolactic fermentation

Table 2. Allelic profiles of genotyping assays SNP_15082 and SNP 14783 in artificial must (M) and

wine (W) mixtures of ‘Barbera’ and ‘Nebbiolo’. “-” indicates a sample without amplification. In bold

were indicated the detection limit for each mixture. For each sample, three independent extractions

were analysed (R1, R2, R3).

SNP_15082 SNP_14783
Must/Wine Mixtures (v/v) Alleles Alleles
Rl R2 R3 RI1 R2 R3
Barbera 100% CC CC CC AA AA AA
Nebbiolo 60% Barbera 40% CT CT CT AG AG AG
Nebbiolo 80% Barbera 20% CT CT CT AG AG AG
M1_mashing Nebbiolo 90% Barbera 10% CT CT CT AG AG AG
Nebbiolo 95% Barbera 5% CT CT CT AG AG AG
Nebbiolo 99% Barbera 1% CT CT CT AG AG AG
Nebbiolo 100% T TT TT GG GG GG
Barbera 100% CC CC CC AA AA AA
Nebbiolo 60% Barbera 40% CT CT CT AG AG AG
Nebbiolo 80% Barbera 20% CT CT CT AG AG AG
M3 _96h yeast inoculum Nebbiolo 90% Barbera 10% CT CT CT AG AG AG
Nebbiolo 95% Barbera 5% CT CT CT AG AG AG
Nebbiolo 99% Barbera 1% CT CT CT AG AG AG
Nebbiolo 100% T TT TT GG GG GG
Barbera 100% CC CC CC AA AA AA
Nebbiolo 60% Barbera 40% CT CT CT AG AG AG
Nebbiolo 80% Barbera 20% CT CT CT AG AG AG
M4 _end maceration Nebbiolo 90% Barbera 10% CT CT CT AG AG AG
Nebbiolo 95% Barbera 5% CT CT CT AG AG AG
Nebbiolo 99% Barbera 1% CT CT CT AG AG AG
Nebbiolo 100% TT TT TT GG GG GG
Barbera 100% - CC CC AA AA AA
Nebbiolo 60% Barbera 40% CT CT CT AG AG -
Nebbiolo 80% Barbera 20% cT CT - AG - AG
M6_after MLF Nebbiolo 90% Barbera 10% - CT CT AG AG AG
Nebbiolo 95% Barbera 5% TT TT TT GG GG GG
Nebbiolo 99% Barbera 1% TT - TT GG - GG
Nebbiolo 100% T TT TT GG GG -
W1_wine Barbera 100% cc - cc - AA  AA
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713

714

Nebbiolo 6UY Barbera 4U% Cl Cl Cl AG AU AG
Nebbiolo 80% Barbera 20% cT CT - AG - AG
Nebbiolo 90% Barbera 10% CcT - CT GG GG -

Nebbiolo 95% Barbera 5% TT TT - GG - GG
Nebbiolo 99% Barbera 1% TT TT TT GG GG GG
Nebbiolo 100% T - T - GG GG

Table 3. Purity and yield of DNA extracted from commercial wines of ‘Nebbiolo’ (Barolo 2013 and
Nebbiolo d'Alba 2015) and ‘Barbera’ (Barbera d'Alba Superiore 2013 and Barbera d'Alba 2015). The
wine from a single bottle was extracted using four separate extraction methods. Purity and yield
measured by NanoDrop; yield evaluated by a standard curve with FAM-labelled endogenous gene
VvNCED?2; amplification efficiency of exogenous internal positive control (EIPC) added to extracted
DNA (100% refers to EIPC amplification in a control DNA extracted from leaves). Allelic profiles
of genotyping assays SNP_15082, SNP 14783 and SNP 2274. Lower-case letters in the allelic

¢ 9

profile denote an incorrect call of the genotyping assay; “-” indicates a sample without amplification.

For each sample, three independent extractions were analysed (R1, R2, R3). Data are means + SDs

of three replicates.

NanoDrop quantification VoNCED2 EIPq ' SNP_15082
. . . amplificati  Alleles

Sample Extraction DNA yield quantli.icatlon on
method (ng/ul) A260.A280 Azgo.Az:;() DNA yleld efﬁCiency R1 R2 ¥
Barolo 2013 3247+83 1.03+£0.07 0.21+£0.03 0.005 783+£19.2 - - -
Nebbiolo 2015 Noreen 328+22  096+0.03 0.19+0.01 0.002 84.4+706 TT TT -
Barbera 2013 g 26.7+109 094+0.14 021+0.05 - 78.8+9.9 - - -
Barbera 2015 152+5.1 1.01£0.14 0.24+0.03 0.002 80.7+4.3 - - -
Barolo 2013 564+58.7 122+£0.07 055+0.19 - 74.7+3.3 - - -
Nebbiolo 2015 PerM 495+ 195.6 1.26+0.08 046+0.07 - 77.5+£6.7 - - -
Barbera 2013 51374153 129+0.03 0.54+0.03 - 83.1£5.8 - - -
Barbera 2015 4257+£114 131+£0.09 0.54+£0.06 0.002 86.9+139 - - -
Barolo 2013 40.1+4.07 1.02+0.03 0.18+0.03 - 929+112 - - -
Nebbiolo 2015 PerMK 29.6+104 1.05+0.03 0.17+0.01 - 91.6+12.7 - - -
Barbera 2013 30+£1.7 0.98+0.04 0.16+0.01 - 89.3+£4.2 - - -
Barbera 2015 26.6 +6.7 1.10£0.08 0.19+£0.03 - 73 +£18.7 - - -
Barolo 2013 41+£0.8 143+0.08 0.62+0.03 - 93.9+10.6 - - 1
Nebbiolo 2015 SirM 46+09 141+0.16 0.62+0.03 0.004+0.001 96.1+122 - - -
Barbera 2013 58+2.4 1.5+0.09 0.64+0.04 - 88.1+£6.3 - cC -
Barbera 2015 5.8+2.1 1.36 032 0.69+0.12 0.006 84.1+15.7 CC - -

Single-nucleotide polymorphism (SNP) genotyping assays for the varietal authentication of

‘Nebbiolo’ musts and wines.
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Highlights

e ‘Nebbiolo’-specific single-nucleotide polymorphisms (SNPs) were identified

SNP TagMan® genotyping assays detected ‘Nebbiolo’ genotype in all wine-making steps

SNP genotyping assays identified must mixtures at 1% and wine mixtures at 10-20%

¢ In commercial wines, low-quality DNA limited the efficiency of the SNP assays

SNPs are promising and user-friendly markers for varietal identification in wine

Paolo Boccacci: Conceptualization, Methodology, Validation, Writing-Original Draft, Reviewing
and Editing. Walter Chitarra: Conceptualization, Methodology, Validation. Anna Schneider:
Resources, Funding acquisition. Luca Rolle: Resources, Investigation. Giorgio Gambino:
Supervision, Conceptualization, Methodology, Writing-Original Draft, Reviewing and Editing,

Funding acquisition.

32



