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Summary

Minor varieties represent a significant part of the grapevine
germplasm (Vitis vinifera L. subsp. vinifera) in Croatia. Dur-
ing the long history of grape cultivation in insular, coastal and
continental Croatia, numerous local varieties were cultivat-
ed, many of which are still used today. There are also several
populations of wild grapevine (Vitis vinifera subsp. sylvestris
Hegi Gmel) that have survived until the present in natural
sites. Here, we developed a single primer enrichment tech-
nology (SPET) panel consisting of 61,308 probes for targeted
sequencing of the V. vinifera gene space. In doing so, we ex-
amined a total of 28,092 gene models, 88.2% of all predicted
genes, interrogating an average of 19 Mb nucleotides per in-
dividual genome, which corresponds to 4% of the haploid ge-
nome length. This is the first time that SPET-based sequencing
has been applied to Croatian grapevine germplasm to gen-
erate multilocus genotype data of 126 cultivated accessions
and 50 wild specimens. We identified 531,900 variants sites,
208,802 of which reside in coding sequences, 140,836 in in-
trons, 118,416 in UTRs, and 63,424 in the nearby intergenic
space that revealed the presence of 33 clonally propagated
specimens representing both synonymies and clones within
local varieties (22) as well as synonymies between local and
international varieties (11), mostly from neighbouring coun-
tries. To investigate possible contribution of wild grapevine
(Vitis vinifera subsp. sylvestris Hegi Gmel) to the development
of present cultivars, four wild grapevine populations were in-
cluded. None of the cultivated varieties showed close kinship
with local wild specimens. This study opens new possibilities
for studying the genetic diversity of Croatian grapevine ger-
mplasm and provides additional information with respect to
SSR genotyping and phenotyping.
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Introduction

Research on Croatian grapevine germplasm began in the ear-
ly 19t century. One of the most important ampelographic
studies was presented by Buli¢ (1949) with the description
of 200 varieties grown in Dalmatia. The occurrence of wild
grapevine (Vitis vinifera subsp. sylvestris) on Croatian terri-
tory was documented by Sulek in the late 19th century and
the first detailed morphological descriptions were published
by Turkovi¢ (1953). Much of the genetic diversity was lost in
the last century due to phylloxera (Daktulosphaira vitifoli-
ae) and the adoption of international or high yield varieties.
Nevertheless, a high phenotypic diversity can be observed in
Croatian grapevine germplasm. Set of 140 grapevine varie-
ties were described with OIV descriptors and genetic profiles
(9 SSR markers), 103 of them considered traditional Croatian
varieties (Maletic¢ et al., 2015). Later, 145 unique accessions
of varieties were analysed with a set of 36 microsatellite (SSR)
markers, reporting 24 full parentages and identifying 'Plavac
Mali' as the variety with the highest number of parent-off-
spring relationships within the Croatian set (Zulj Mihaljevi¢
et al., 2020). Analysis of wild accessions from Croatia, the
Mediterranean region, and Central Asia with SSR markers re-
vealed a decrease in diversity among sylvestris from east to
west, high haplotype diversity, and allele richness of acces-
sions from the Middle East and Caucasus, suggesting a prima-
ry centre of domestication (Butorac et al., 2018; Riaz et al.,
2018; Zdunié et al., 2013, 2019, 2020).

During the migration events, there were two main transit
routes of grapevine varieties towards Europe, the northern
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route from the Middle East through the Balkans and Central
Europe, and the Southern Mediterranean route through Egypt
to Spain (Bacilieri et al., 2013). It has been shown that the
identification of clear geographic patterns of genetic diversity
is difficult at a small geographic scale or using small germplasm
collections (Aradhya et al., 2003). Nevertheless, with analysis
of 20 SSR markers Bacilieri et al. (2013) have confirmed the
eco-geographic grouping proposed by Negrul using a large set
of genotypes. The varieties from the East (Eastern Mediterra-
nean, Caucasus and Middle East) appeared to be the most di-
verse in terms of allele number, number of private alleles and
unbiased heterozygosity, which is consistent with the hypoth-
esis of an Eastern event of grapevine domestication (Aradhya
et al., 2003; Arroyo-Garcia et al., 2006; Bacilieri et al., 2013).
Analysis of the genetic structure of Croatian germplasm, based
on 36 SSR markers, confirmed that the Croatian germplasm is
predominantly part of the Balkan grape gene pool (Zulj Mihal-
jevic et al., 2020). Although most of varieties grown in Croatia
are used for winemaking, Magris et al. (2021) pointed out that
most Mediterranean wine grapes from the Balkans, Sicily, and
southern Italy largely correspond to pontica balcanica and ap-
pear to be genetically more similar to orientalis ancestors (ta-
ble grapes) than to pontica georgica ancestors (Caucasian wine
grapes), which was concluded on basis of 6357 SNPs.

Next-generation DNA sequencing (NGS) technologies have
led to rapid and genome-wide detection of Single Nucleotide
Polymorphisms (SNP) in various plant species (Taranto et al.,
2016; Alipour et al., 2017; D’Agostino et al., 2018). For iden-
tification and pedigree reconstruction, SSR markers are still
the most commonly used genotyping markers in long-lived
and vegetatively propagated perennials, although SNPs are
biallelic and less hypervariable than SSR markers, which may
represent an advantage rather than a limitation for pedigree
reconstruction in those species. SNPs are abundant in the ge-
nome and genotypic calling is relatively easy to perform in
a reproducible and cost-effective manner, as well as associa-
tions with phenotypic differences (Rafalski, 2002; Deschamps
et al., 2012; Scheben et al., 2017). In order to define the
events that have led to the origin of varieties it is necessary
to investigate as much grapevine genetic diversity as possi-
ble. The development of 'Vitis9kSNP' (Myles et al., 2010) and
'Vitis18KSNP' arrays (https://urgi.versailles.inra.fr/Projects/
Achieved-projects/GrapeReSeq) led to a more comprehen-
sive SNP analysis of large grapevine collections (Laucou et al.,
2018; D’Onofrio et al., 2021). SNP analysis allowed reliable
analysis of parentage and genetic structure, confirmation of
the initial domestication in the Middle East, and detection of
introgression from wild sylvestris (Myles et al., 2011; Laucou
et al., 2018; D’Onofrio et al., 2021; Dong et al., 2023). In ad-
dition to the widely used genotyping arrays, whole-genome
sequencing (WGS) data analysis was performed on 472 Vitis
accessions (Liang et al., 2019) and 204 V. vinifera accessions
(Magris et al., 2021) to discover a large number of SNPs that
revealed associations between SNPs and desirable agronomic
traits and provided better insight into evolutionary biology.

To date, only one genotyping study with SNP markers has
been performed on Croatian grapevine germplasm using a
small panel of 48 pre-ascertained SNPs (Zulj Mihaljevi¢ et al.,
2020). As part of NGS, genotyping by sequencing (GBS) is a

widely used method for simultaneous SNP discovery and SNP
genotyping. A major limitation of GBS is the reliance on re-
striction enzymes to generate fragment sizes to be captured
and sequenced and thus the inability to generate markers
that are systematically localized within or nearby genes and
could have functional significance (Elshire et al., 2011; Sche-
ben et al., 2017; Barchi et al., 2019). However, recent studies
have introduced a new GBS concept that combines a highly
reproducible and cost-effective approach with precise target-
ing of reduce-representation genome sequencing to the de-
sired genomic fractions (Scaglione et al., 2019). SNP discovery
by single primer enrichment technology (SPET) has already
been successfully applied to annual (Scaglione et al., 2019)
and horticultural (Gramazio et al., 2020) species, as well as to
perennial crops such as apricot (Baccichet et al., 2022).

In this study, we present a GBS analysis protocol for Croa-
tian germplasm using a targeted sequencing system based
on single primer enrichment technology. Using this method
with state-of-the-art sequencing platforms allowed us both
to discover novel polymorphisms that increase the depth of
the analysis and to score known polymorphisms that allow
for cross-comparisons with existing datasets. We verified the
presence of homonyms and synonyms and determined the
identity of Croatian cultivated and wild grapevine accessions
with more than 500 000 SNP markers.

Material and Methods

Plant material and DNA extraction

Atotal of 176 grapevine accessions, including 126 cultivated (V.
vinifera subsp. vinifera) and 50 wild accessions (Vitis vinifera
subsp. sylvestris) were collected and genotyped. Plant materi-
al of varieties was obtained from the germplasm repositories
at the Institute for Adriatic Crops and Karst Reclamation (Split)
(83), the Institute of Agriculture and Tourism (Porec) (10), and
the University of Zagreb Faculty of Agriculture (Zagreb) (33).
Wild specimens were collected in their natural habitat at
three different and distanced sites in Croatia (Psunj, Paklenica,
Modro jezero) and one in Bosnia and Herzegovina (Cerovica).
The geographical location of germplasm repositories and wild
populations is shown in Fig. 1, while the complete list of ana-
lysed accessions can be found in Supplementary table 1.

Three to five young leaves were collected from individual
plants and dried in silica gel. DNA was extracted using the
NucleoSpin Plant Il kit (Macherey-Nagel, Diiren, Germany).
Genomic DNA was quantified using the Qubit 2.0 Fluorome-
ter (Invitrogen, Carlsbad, CA, USA).

Probe design

Probes were designed to target CDS, introns, and UTRs in the
V. vinifera gene space using the 12Xv0 assembly of the strain
PN40024 (GCA_000003745.2) and the gene models in the V2.1
version of gene prediction. Targets for probe design were de-
fined as follows. For monoexonic genes, one target was placed
25 bp 3’-apart from the 5’ end of the exon and the other target
was placed 25 bp 5’—apart from the 3’ end of the exon. For mo-
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noexonic genes > 500 bp in length, a third target was placed in
the middle position of the predicted transcript. For a random
half of the monoexonic genes, probes were designed 3’ to the
targets in antisense orientation to sequence intervals that in-
clude each target and the 5’ region. For the other half probes
were designed 5’ to the targets in sense orientation to sequence
intervals that include each target and the 3’ region. For multiex-
onic genes regardless of their size, one target was placed 25 bp
3’—apart from the start of the first exon, the second target was
placed 25 bp 5'—apart from the end of the last exon and the
third target was placed in the middle position of the internal
exon that was situated the closest to the middle point of the
transcript. For a random half of the multiexonic genes, probes
were designed 5’ to each target in sense orientation and for the
other half 3’ to each target in antisense orientation. One of the
targets and the corresponding probe within each gene was re-
moved if two targets were < 200 bp apart. The targets and the
corresponding probe were also removed if the target site and
a = 75-bp interval overlapped with a predicted transposable el-
ement or any other type of repetitive DNA. As a result, 68,782
targets were used for primer design and oligonucleotides could
be synthesized by Tecan Trading AG (Mannedorf, Switzerland)
for 61,308 targets. As many as 28,092 genes out of the 31,845
gene models of the V2.1 gene prediction is targeted by at least
one primer included into the SPET primer panel.

Library preparation and SPET sequencing

Libraries were prepared using the Allegro Targeted Geno-
typing Kit (Tecan Trading AG) with 100 ng of DNA as input
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Figure 1: Sampling locations.
Blue circle represents reposi-
tories (1- Institute for Adriatic
Crops and Karst Reclamation,
Split, 2- Institute for Agriculture
and Tourism, Pore¢, 3- Facul-
ty of Agriculture, Zagreb), red
rectangle represents sampling
locations of spontaneous popu-
lations (1- Cerovica, Bosnia and
Herzegovina, 2- Modro jezero,
Croatia, 3- Paklenica, Croatia, 4-
Psunj, Croatia). Source: Google
maps

and following the manufacturer's instructions. Libraries were
quantified using a Qubit 2.0 Fluorometer and their size was
checked using the High Sensitivity DNA assay from Caliper
LabChip GX (Caliper Life Sciences, Alameda CA, USA). Libraries
were sequenced using an lllumina NovaSeq 6000 sequencer
(lumina, San Carlos, CA, USA).

Bioinformatics analysis

Raw sequences were trimmed for quality and adapter se-
quences using ERNE (del Fabbro et al., 2013) and Cutadapt
(Martin, 2011) with default parameters. Reads were aligned
to the reference genome (GCA_000003745.2) using BWA-
MEM (Li, 2013; Li and Durbin, 2009) with default parame-
ters. Raw variant sites were called using uniquely mapping
reads and GATK Haplotype Caller (Poplin et al., 2018). Indi-
vidual genotypic calls were retained if read coverage was
comprised between 10 and 1000. We used the thresholds
of reference/alternative allele coverage ratio between 0.25
and 0.75 for calling heterozygous genotypes. Homozygous
genotypes were called with no read carrying mismatches.
Variant sites were retained if genotype calls passed the fil-
ters in > 50% of the accessions. Variant sites overlapping
with primers sequences or repetitive DNA intervals were
removed from the dataset. The first report of a relationship
analysis based on identity-by-state (IBS), was used to identi-
fy possible synonyms between our dataset using PLINK ver-
sion 1.07. (Purcell et al., 2007).
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Genealogical relationships

Genealogical relationships were analysed with pairwise iden-
tical-by-descent (IBD) estimated in 100 Kb windows of non-re-
petitive DNA as described in Magris et al., 2021. The degree
of kinship was assigned based on the length and distribution
of IBD =0 (no shared haplotypes), IBD = 1 (one shared haplo-
type) and IBD = 2 (two shared haplotypes) windows using the
following parameters. Parent-offspring: IBD = O cumulative
length < 50 Mb, no IBD = 0 segment > 3 Mb; IBD = 1 cumu-
lative length > 50% of the genome size, standard deviation
across the genome (st.dev.genome) of IBD = 0 segment length
<0.1 Mb; clonal variants or duplicated samples: IBD = 0 < 3%,
IBD =1 > 3%, IBD = 2 > 90% of the genome length (Magris et
al., 2021).

Results and Discussion

For identity determination and diversity analysis of Croatian
germplasm we genotyped 126 V. vinifera accessions and 50 V.
sylvestris individuals. Genotyping was performed using GBS
based on SPET, which allowed us to discover a large number
of SNPs that proved to be a reliable input for the analysis of
genealogical relationships with pairwise IBD, as used in sim-
ilar studies on grapevine with SNP markers (D’Onofrio et al.,
2021).

The designed single primer enrichment technology (SPET)
panel consisted of 61,308 probes for targeted sequencing
of the V. vinifera gene space, which collectively investigat-
ed 28,092 gene models, 88.2% of all predicted genes, at an
average of 19 Mb nucleotides per individual genome, which
corresponds to 4% of the haploid genome length. Using SPET-
based sequencing, we generated multilocus genotype data of
178 grapevine (V. vinifera) accessions at 531,900 variant sites,
208,802 of which reside in coding sequences, 140,836 in in-
trons, 118,416 in UTRs, and 63,424 in the nearby intergenic
space. Data were filtered for repetitive regions and homozy-
gous calls with either 0 or 1 allele read coverage ratio. After
filtering for MAF < 0.05, a total of 212,120 SNPs were retained
for further analysis.

An initial relationship analysis based on IBS was performed in
PLINK to identify synonyms and clonal replicates in our dataset.
Total of 17 clonal replicates among varieties were found (Ta-
ble 1). Nine clones of 'Tribidrag', four clones of 'Posip bijeli', two
clones of 'Malvazija istarska' and two clones of 'Welschriesling'
were detected. Within the dataset, five cases of synonymy and
somatic mutations were observed. Synonymy between 'Chas-
selas blanc' and 'Chasselas rouge', 'Plavac mali crni' and 'Plavac
mali sivi', '‘Babi¢' and 'Rogoznicka’, 'Vlaska' and 'Tanetova loza',
'Marastina' and 'Rukatac' was already known (Maleti¢ et al.,
2015; Zulj Mihaljevi¢ et al., 2020). In this dataset, 11 varieties
matched SNP profiles of accessions present in a WGS dataset

Table 1: List of accessions with the same genotype (synonyms) based on SNP markers and calculated Identity by State (IBS) coefficients
within the analysed data set (internal matches) and compared to the Whole Genome Sequencing (WGS) dataset of Magris et al. 2021.

No. Accession 1 Internal matches Matches with WGS data
set (Magris et al., 2021)
1 Pribidrag (HRO7) Tribidrag VV079 (HR13), Tribidrag IP130 (HR14), Zinfadel 01 Tribidrag
(HR31), Prim FPS03 (HR10), Prim FPS 06 (HR09), Zin-Her 1-10
(HR08), Zin-Her 1-24 (HR11), Zin-Her 1-31 (HR12)
2 Posip bijeli obi¢ni (HRO5) Posip B1 (HR03), Posip B2 (HRO4), Posip sitni (HRO6)
3 Rukatac (HRO1) Marastina (HR02) Malvasia Bianca Lunga
4 Grasevina (HR17) Grasevina OB402 (TLV2) Welschriesling
5 Babic¢ (HR29) Rogoznicka (HR35)
6 Plemenka bijela (HR46) Plemenka crvena (HR84) Chasselas Blanc
7 Plavac mali crni (HR33) Plavac Mali Sivi (HR65)
8 Malvazija istarska (IPTPO01) Malvasija VCR 26 (TLV1) Malvasia Istriana
9 Vlaska (HR15) Tanetova loza (HR16)
10 Belina starohrvatska (AF13) Heunisch Weiss
11 Malvasia dubrovacka (HR21) Malvasia di Lipari
12 Verdi¢ (AF19) Glera
13 Muskat momjanski (IPTPO06) Muscat a Petits Grains

14 Bombino (HR44)
15 Cabernet sauvingon (IPTPO12)

16 PS 177 (Sy21)
181 (Sy27)

17 PS NN 1 (Sy31)
18 PAK 88 (Sy37)
19 PAK 110 (Sy39)

1IK88 (TLVA4)
1JK120 (TLV5)

Blancs
Bombino Bianco

Cabernet Sauvignon

PS 177/a (Sy22), PS 178 (Sy23), PS 180 (Sy25), PS 180/a (Sy26), PS

PS NN 2 (Sy32), PS NN 4 (Sy34)
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(Magris et al., 2021). All synonyms found are in agreement with
previous results based on SSR markers (Maleti¢ et al., 2015;
Zulj Mihaljevi¢ et al., 2020). Among wild accessions of V. syl-
vestris, five identical to 'PS 177', two identical to 'PS NN 1', one
identical to 'PAK88' and one identical to 'PAK110' accessions
were found, although leaf samples from Psunj location were
taken from different plants in close proximity (3-5 m). Thus, it
can be assumed that some wild individuals vegetatively propa-
gated in their habitat.

After removing redundant genotypes, the IBD data were used
for genealogical relationship analysis. IBD analysis allowed us
to reveal the complete pedigree of 14 varieties. Thirteen par-
entages were already proposed based on 20 SSR markers (Zulj
Mihaljevic¢ et al., 2020), but one novel parentage of cv. ‘Surina’
was discovered. Within the Croatian germplasm, the parent-off-
spring relationship was determined for 54 varieties (42,8%) with
the second parent missing in the analysed set. The analysis iden-
tified 'Plavac mali' as the main progenitor in our data set with
the highest number of parent-offspring (PO) relationships (13),
followed by 'Bombino bianco' with 11 PO, 'Belina starohrvatska'
with 10 PO, 'Bljuzgavac' with 8 PO and 'Tribidrag' with 6 PO rela-

tionships. The genealogical results and the constructed map of
the studied grapevine accession will be elaborated elsewhere
after the validation of the pedigree analysis for all possible trios.
Here, as an example, we present the full pedigree of cv. 'Posip
bijeli' with shared chromosomal segments (Fig. 2), which sup-
ports the previously reported pedigree with SSR markers (Piljac
et al., 2002; Zulj Mihaljevi¢ et al., 2020). Haplotype sharing and
the cumulative length of IBD = 0 between P1 and P2 indicates
a low degree of relatedness between the parents. Mendelian
inconsistencies that seemingly conflict with the proposed direc-
tion of the trio are only 0.66% of the analysed SNPs and they are
randomly distributed across the genome, suggesting that they
may be attributed to genotyping errors and that the genotyping
error rate is extremely low.

Croatian grapevine germplasm has been genotyped several
times with microsatellite markers (SSR) (Maleti¢ et al., 2015;
Zulj Mihaljevié et al., 2020; Zdunié et al., 2013, 2020). This study
represents the first preliminary application of genotyping by
sequencing (GBS) based on a targeted sequencing system of
single primer enrichment technology (SPET). The application of
this method on state-of-the-art sequencing platforms allowed
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Figure 2: An example of the graphical representation of pairwise IBD relationship for cv. ‘Posip Bijeli’ (Vitis vinifera L.) complete pedigree
and random distribution of unmatching SNP’s (A), Mendelian inconsistencies distributed across genome (B)
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us to discover more than 500 000 sites of polymorphisms that
reside in coding sequences, in introns, in UTRs, and in the
nearby intergenic space. The large number of SNP markers ob-
tained allowed us to gain a more detailed insight into the ge-
nealogical relationships between the observed accessions. SNP
data will be used in future research to perform principal com-
ponent analysis, to analyse population structure, and to study
genetic diversity and intravarietal variability. The SNPs derived
from the Croatian germplasm will allow us to combine genetic
data and phenotypic data in genome-wide association studies
(GWAS) and help us identify gene loci that control some phe-
notypic traits beneficial to grapevine breeding.
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