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Abstract: A growing need for the development of novel hop (Humulus lupulus) varieties has emerged
as a result of the increasing demand for beers with distinct organoleptic characteristics and the
expected impact of climate change on hop cultivars. As the genetic variation in the existing hop
cultivars is low, wild hop germplasm can be used as a source for the development of novel cultivars.
In this work, we analyzed, for the first time, the genetic diversity of H. lupulus var. lupulus wild
germplasm in Greece. A SNP-NGS genotyping approach using a set of nine specific genetic markers,
was employed in order to determine individual genotypes and to perform population structure
analyses of wild hops from a region with complex topography, namely the Region of Central Greece.
Our results revealed low differentiation among populations, with the spatial genetic patterns observed
relating mainly to topographical elements rather than geographic distance. Interestingly, within wild
hop populations, high genetic diversity was observed, showing that in the region of Central Greece,
wild H. lupulus germplasm has significant potential that can be exploited in breeding programs
towards the development of local, well adapted and potentially superior hop varieties.

Keywords: hop; single-nucleotide polymorphisms; next-generation sequencing; wild hop; genetic
diversity; population differentiation

1. Introduction

Hop (Humulus lupulus L.) is a dioecious, wind pollinated, diploid (2n = 18 + XX/XY)
plant of economic importance that belongs to the Cannabaceae family [1]. Hop most likely
originated in China; however, it thrives throughout the northern hemisphere [2–4]. Based
on both morphological characteristics and geographical distribution, wild hop has been
classified into five varieties: H. lupulus var. lupulus in Asia and Europe; H. lupulus var.
cordifolius in eastern Asia, as well as in Japan; and H. lupulus var. neomexicanus, H. lupulus var.
pubescens, and H. lupulus var. lupuloides in North America [4,5]. H. lupulus var. fengxianensis
has been described in Asia; however, it is not yet clear if this is a different variety [6].

The economic importance of hop is primarily due to the crucial role it has in beer
production and, to a lesser extent, to its pharmaceutical properties [7–10]. The mature
unfertilized hop cones from female plants (hops) contain a large number of secondary
metabolites; among these three major classes, namely prenylflavonoids, essential oils and
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bitter acids (α-and β-acids) largely accumulated in lupulin, the resinous substance synthe-
sized within the glandular hairs of the cones, have a crucial role in shaping the organoleptic
characteristics of the beer-bitter taste and aroma [10–12]. In addition, several studies
have shown that the compounds present in hops extracts can be used as antimicrobial or
anti-inflammatory agents as well as for the management of a number of diseases such as
insomnia, depression and anxiety [13,14].

A number of studies using gene markers (RAPD, RFLPs, nuclear rDNA, chloroplast
DNA regions, SSR) have been used so far to assess wild hop genetic heterogeneity, as well
as to validate commercial cultivars [3,15–19]. The use of SNPs (Single-Nucleotide Polymor-
phisms), a robust molecular identification approach, was applied in hop relatively late, and
SNPs characterization was only described in 2013 by Matthews et al. in a comprehensive
study that identified and validated a set of 17,128 SNPs in the 2.8 Gb hop genome [20,21].
Next-Generation Sequencing (NGS) is most suitable for SNP-based molecular identification;
this, along with the continuing cost reduction, has led to a significant increase in the use
of this method for the molecular identification and/or classification of plant species and
cultivars [22]. A prerequisite, however, for quick, efficient, and accurate NGS-SNP-based
molecular identification is the availability of optimal SNP panels—small sets of SNPs
capable of discriminating between varieties. In this vein, Jiang et al. selected 12 markers
out of 2000 SNPs and used them to successfully identify 16 hop varieties, while Henning
et al. managed to successfully distinguish 116 hop varieties using a panel consisting of just
7 SNPs [23,24].

Hop cultivars derive from breeding programs that aim to develop plants with desirable
traits (for instance, high yield or high bitter acids content); interestingly, many of the
commercial varieties used today are of European origin (var. lupulus) originally developed
in North European countries that are major beer producers (UK, Germany, Czech Republic,
etc.); as a result, the genetic diversity among hop cultivars is limited and this is, to a large
extend, reflected in their chemical profiles and, eventually, in the organoleptic characteristics
of the beer [4,8]. For this reason, breweries worldwide seek new hop varieties that can
increase the added valued of their products by providing unique taste and aromas [25].

Climate change is expected to have a major impact on commercial hop varieties, as
a decline in both yield and acids content is predicted; therefore, new varieties that are
better adapted to the new conditions will be needed [26]. Notably, the comparison of the
average annual yield of European aroma hops between 1971–1994 and 1995–2018 revealed
a significant decrease in the yield as well as in the alpha acids content [27]. Based on the
data from 1971–2018, models predict a climate-induced decline in both the yield and in the
bitter acids that give the beer its characteristic aroma.

Addressing both the market demand, as well as the climate change challenges, in
recent years, a trend has emerged involving the crossbreeding of established hop varieties
with wild hop plants, since the latter can support, as a source of high genetic diversity and
local adaptation, the generation of new cultivars [25,28–33].

In Greece, there is no hop cultivation tradition. Notably, systematic hop cultivation
of commercial varieties started in the past decade, following an increase in the number of
regional microbreweries; only one company is growing commercial varieties in the Region
of Peloponnese, the southernmost part of the Greek peninsula. Wild hop populations
have not been mapped or studied yet, despite the frequent occurrence of hop plants in the
Regions of Epirus, Macedonia, Thrace, Peloponnese, and Central Greece, which has been
observed since the ancient times [34]. In particular, the Region of Central Greece, with its
complex geomorphological landscape which includes a multitude of streams and rivers,
harbors a large number of potential hop habitats.

In this study, we have mapped the sites of wild hop populations in the Region of
Central Greece and used an NGS-SNP based genotyping approach to uncover the genetic
makeup of these wild populations, as well as their spatial genetic patterns. By doing so,
we aim to provide useful data for the design and implementation of future hop breeding
programs towards the development of local, well-adapted and potentially superior hop va-
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rieties, thereby providing breweries with a competitive advantage in producing distinctive
and high-quality beverages.

2. Materials and Methods
2.1. Plant Material and Sample Collection

The broader area of Fthiotida, Viotia, Evrytania, Fokida, and Evia in the Region of
Central Greece was initially swept in order to locate naturally occurring hop assemblages.
Leaves from 69 different female hop plants were collected from natural ground by riversides,
high-humidity mountain slopes, and cottage afences in the study area. For each sample,
GPS coordinates and altitude (20 to 1000 m) were recorded (Table S1). Samples were frozen
in plastic bags under a vacuum and stored at −20 ◦C until further use. Alongside the
naturally occurring hop plants, material (pellets) from four commercial varieties (Saaz,
Fuggle, Brewer’s Gold and Comet) was purchased and was included in the analysis.

2.2. DNA Extraction

DNA extraction was performed using the NucleoSpin Plant II Mini Kit (Macherey
Nagel, Düren, Germany) according to the manufacturer’s protocol. Plant tissue was
homogenized with Minilys® personal homogenizer (Bertin Instruments, Montigny-le-
Bretonneux, France) using the following settings: 3 cycles of 20 s at 5000 rpm, with 20 s of
incubation on ice between the pulses. DNA concentration and purity were assessed using
a NanoDrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA); samples
with ratios A260/A280 1.9-2 and A260/A230 1.8-2, were further analyzed. Genomic
DNA integrity was assessed via electrophoresis in a 0.8% w/v agarose (UltraPure Agarose,
Invitrogen, Carlsbad, CA, USA) gel prestained with GelRed Nucleic Acid Gel Stain (Biotium,
Fremont, CA, USA).

2.3. PCR Amplification

Based on Henning et al. [24] 5 sets of primers were designed to amplify 5 amplicons,
each containing one SNP. The sixth amplicon, part of the VPS gene, encompasses 4 SNPs [35].
The sequences of the primers are shown in Table 1. Three Multiplex PCR (M1, M2 and M3)
reactions were performed for each sample, as shown in Table 1. Amplification was carried
out in a VeritiPro Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA). Each
reaction was carried out in 20 uL, using 10 uL KAPA SYBR FAST qPCR Master Mix (2X)
(Sigma-Aldrich, St. Louis, MO, USA), 0.1 µM of each primer, and 50 ng of genomic DNA as
a template. For M1 PCR, an initial denaturation step at 95 ◦C for 5 min was followed by
30 cycles of denaturation at 95 ◦C for 30 s, annealing at 59 ◦C for 30 s, extension at 72 ◦C for
30 s, and a final extension at 72 ◦C for 5 min (Table S2). For M2 PCR, an initial denaturation
step at 95 ◦C for 5 min was performed, followed by 30 cycles of denaturation at 95 ◦C
for 30 s, annealing at 65 ◦C for 15 s, extension at 65 ◦C for 15 s, with a final extension at
65 ◦C for 5 min (Table S2). Finally, in the case of M3 PCR, an initial denaturation at 95 ◦C
for 5 min was followed by 30 cycles of denaturation at 95 ◦C for 30 s, annealing at 60 ◦C
for 30 s, extension at 72 ◦C for 30 s, and a final extension at 72 ◦C for 5 min (Table S2).
Electrophoresis in 4% w/v agarose gels prestained with GelRed Nucleic Acid Gel Stain
(Biotium, Fremont, CA, USA) was used to assess successful amplification.

Table 1. Primers used for the amplification of the 6 SNP-containing amplicons.

Multiplex PCR Reaction Forward (5′-3′) Reverse (5′-3′) Product Length

1
(Amplicons 1 and 6)

GCATGATCAGCAGCCTTACTCG ATGACGATGATGGGAATTGTGGCAT 98 bp
GGGCCCTCGGAGAAACATT TTTGGGAGATCAACCCTGGC 238 bp

2
(Amplicons 2 and 3)

TGCAGCTTAAATGGATAAGGGGAAG TCCTCATCTGTTGCATTTTCCTTCC 115 bp
CAATGAGTGCCTCCTTTGACCGT TCAGTGGGGTTCCTTCCTTTCCA 80 bp

3
(Amplicons 4 and 5)

GACCCCCAATGTTGTTGCTATGGT GATGGTGCATGGGTGCCTAAAGT 106 bp
TTCTTCTCTGGTCCATGCGCCTT AACGGAACAAACTGAGGGCGGT 70 bp
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2.4. Next-Generation Sequencing (NGS) of Amplicon

The products of each multiplex PCR reaction were initially purified using NucleoMag
NGS Clean-up and Size Select magnetic beads (Macherey Nagel, Düren, Germany), with
a DNA to beads volume ratio of 1/1.8. The concentration of the purified PCR products
was determined with a Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA)
using the Qubit dsDNA HS Assay Kit, according to the manufacturer’s instructions.

Next, 33 ng of the products of each multiplex PCR reaction were combined and
used for barcoded library preparation with the Ion Plus Fragment Library Kit (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Then,
the DNA of each library was purified using NucleoMag NGS Clean-up and Size Select
magnetic beads (Macherey Nagel, Düren, Germany) with a DNA to beads volume ratio
of 1/1.4 and the DNA concentration of the library was determined via Real-Time PCR
with the Ion Universal Library Quantitation Kit (Thermo Fisher Scientific, Waltham, MA,
USA). For template preparation, 60 pM of library DNA were used in the Ion Chef System
(Thermo Fisher Scientific, Waltham, MA, USA) and subsequently sequenced with Ion
Torrent GeneStudio S5 (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions.

2.5. Data Analysis
2.5.1. Genotyping Protocol

For genotype analysis, the UBAM files containing the raw sequence data were initially
transformed into FASTA format using Samtools (version 1.17) [36]; Mothur (version 1.48.0) [37]
was employed for quality filtering and removal of fragments with non-desired length. To
ensure precise mapping, the processed sequences were then aligned to the reference genome
of H. lupulus (GCA_023660075.1) using Bowtie2 (version 2.4.5) [38]. The alignment of the
sequences was visualized with the Integrative Genomics Viewer (IGV) (version 2.11.2) [39]
and SNP alleles within each amplicon were identified.

2.5.2. Genetic and Statistical Analyses

The genotyping data were appropriately transformed to be used as input file in
GenAlEx v.6.50 [40] for the calculation of the number of alleles (Na), effective number of
alleles (Ne), expected heterozygosity (He), observed (Ho) heterozygosity, and the inbreed-
ing coefficient (F). Using the same software, putative clones based on repeated multilocus
genotypes were identified and the geographical distance between the plants identified as
ramets of the same putative clone was estimated in order to locate the most probable cases
of clonality.

For the grouping of the plants based on their genotypes, a Principal Component
Analysis (PCA) and a Discriminant Analysis of Principal Components (DAPC) using R
v.4.2.2, as well as the spatial Principal Component Analysis (sPCA) and the adegenet
package (version 2.0.0) [41], were performed. The genetic structure within the dataset
was determined using STRUCTURE v.2.3.4 [42]. Subsequently, Structure Harvester, which
uses the deltaK method [43,44], was employed to determine the number of clusters (K)
that most accurately describe our data. The lengths of the burn-in period Monte Carlo
Markov chain (MCMC) were 100,000, with 100,000 reps after Burnin, conducted in 10 runs
for the possible number of clusters (K) ranging from 1 to 10. The samples were assigned
into populations based on their geographical location, followed by genetic variability and
diversity assessment within these populations with the Analysis of Molecular Variance
(AMOVA) using GenAlEx v.6.50 [40]. The map presented in this work was created using
QGIS (v.3.30.1).

3. Results

On the six amplicons used, nine polymorphic SNPs were identified. Their location on
the hop genome and relevant details are depicted in Table 2. The diversity appeared to be
highest in SNPs 1 and 3, while SNP 5 was, for the Greek samples, nearly monomorphic
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(Table S1 and Table 3). The four SNPs (6–9) that reside on the same amplicon are linked,
and for this reason, they demonstrate the same diversity metrics. The mean number of
alleles/SNP was 1.937, the mean effective number of alleles 1.502, and the mean expected
heterozygosity was 0.297, while the mean observed heterozygosity was 0.318, leading to a
negative inbreeding index.

Table 2. Position and description of the amplicons investigated and the SNPs identified.

SNP WGS Accession
Number Amplicon Coordinates SNP Position Alleles

1 JALDWI010000197.1 365,042 to 365,139 365,109 T/C
2 JALDWI010000023.1 2,509,758 to 2,509,872 2,509,809 A/C
3 JALDWI010003715.1 46,926 to 47,011 46,965 T/C
4 JALDWI010000347.1 413,416 to 413,522 413,465 A/G
5 JALDWI010002821.1 93,676 to 93,745 93,714 G/C
6 JALDWI010001295.1 695,872 to 696,109 695,964 G/C
7 JALDWI010001295.1 695,872 to 696,109 695,965 G/T
8 JALDWI010001295.1 695,872 to 696,109 696,029 A/C
9 JALDWI010001295.1 695,872 to 696,109 696,051 T/C

Table 3. Genetic diversity of the nine SNPs used in this study.

SNP Na Ne Ho He F

1 2.000 1.903 0.571 0.473 −0.213
2 2.000 1.548 0.389 0.341 −0.135
3 2.000 1.944 0.526 0.485 −0.089
4 2.000 1.431 0.277 0.290 −0.005
5 1.429 1.066 0.040 0.057 0.283
6 1.857 1.414 0.308 0.260 −0.102
7 1.857 1.414 0.308 0.260 −0.102
8 1.857 1.414 0.308 0.260 −0.102
9 1.857 1.414 0.308 0.260 −0.102

Mean 1.873 1.506 0.337 0.299 −0.085
SE 0.042 0.044 0.030 0.021 0.047

Genetic diversity within populations was generally high (Table 4). Population 4
(Ipati) demonstrated the highest mean effective number of alleles (Ne) and expected
heterozygosity, which was also the one represented by the largest sample in the study
with 17 individuals. However, sample size does not seem to explain the diversity patterns
observed, since population 3 (Gavros) showed almost equally high diversity levels with
only five individuals. Besides these two, all other populations were almost equally diverse.
The AMOVA attributed most of diversity within populations (93%), while differentiation
among populations was relatively low (7%).

Table 4. Genetic diversity within populations.

Population Location N Na Ne Ho He

1 Mavrilo 13 2.000 1.401 0.299 0.259
2 Megali

Kapsi
5 1.889 1.416 0.289 0.260

3 Gavros 5 2.000 1.690 0.444 0.400
4 Ipati 17 1.889 1.758 0.477 0.403
5 Kompotades 13 2.000 1.447 0.239 0.283
6 Gravia 5 1.889 1.472 0.378 0.291
7 Livadia 11 1.444 1.356 0.232 0.193

Mean - 9.857 1.873 1.506 0.337 0.299
SE - 0.574 0.042 0.044 0.030 0.021
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The comparison of the multilocus genotypes showed that 33 plants had a unique
genotype, while 36 more could be grouped in 14 possible clones (clones A–N) (Table S3).
Due to the restricted SNPs number, the identification of actual clones and their ramets is
inconclusive. Indeed, out of the plants suggested as possible ramets, 21 were too far away
from others with the same genotype and 15 cases of multilocus genotypes could be putative
ramets of six clones (clones B, E, I, K, M, N) (Table S3).

A specific differentiation pattern occurred in the outcome of STRUCTURE (Figure 1),
where the 69 genotypes studied were divided into two genetic clusters, as suggested by
Structure Harvester. Most individuals belonged to cluster 1 (red color), while individuals
belonging to cluster 2 (green color) were mainly found in population 4 (Ipati). Population 3
(Gavros) contained both clusters in almost equal proportions. Cluster 1 was dominant on
the eastern part of the study area and the mountainous terrain in the west (Figure 2), while
cluster 2 was found mainly in two groups; the north-central (4: Ipati) and the western part
(3: Gavros).
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A similar pattern to the one described by STRUCTURE was also observed following
PCA analysis. The first two axes of the PCA analysis explained 48.4% of total genetic
diversity and produced a plot in which two main clusters of genotypes can be separated.
The first group includes populations 3 (Gavros) and 4 (Ipati), while populations 5 (Kom-
potades), 7 (Livadia), 1 (Mavrilo), 2 (Megali Kapsi), and 6 (Gravia) form a second, more
compact genetic cluster. None of the genotypes of the commercial varieties was identical
to any of the natural occurring plants in the study area. Varieties Fuggle (UK), Brewer’s
Gold (Germany) and Comet (USA) cluster within the second group and variety Saaz
(Czech Republic) was placed closer to the first group (Figure 3).
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The DAPC plot (Figure 4) is based on the two axes with the highest eigenvalues
and clearly separates plants that belong to population 4 (Ipati) from the rest. Popula-
tions 5 (Kompotades) and 7 (Livadia) seem to cluster closely together, while populations 1
(Mavrilo), 2 (Megali Kapsi), and 6 (Gravia) form a tight group as well. Individual plants
that belong to population 3 (Gavros) are shared between groups.
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The sPCA revealed one positive axis with significant eigenvalue, while no negative
axis stood out (Figure 5). This indicates that there is a global spatial component in our
results represented by the first sPCA axis and no local one. The sPCA colorplot depicts
the scores of the first global axis with reference to the study area and the geographical
coordinates of the individual plants (Figure 6). A similar spatial genetic pattern with the
STRUCTURE analysis appears in this plot as well; Population 4 (Ipati) forms a genetically
distinct group and three other populations on the eastern part of the study area form
another (5—Kompotades, 6—Gravia and 7—Livadia). Population 3 (Gavros) seems to be
between the two groups, and populations 1 (Mavrilo) and 2 (Megali Kapsi) have mostly
individuals that belong to the larger eastern genetic group but show an admixture with the
neighboring population 3 (Gavros).
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4. Discussion

In the past 15 years, the industry’s increasing demand for beer with a distinctive taste
and aroma, along with the impact that climate change is expected to have on hop cultivars,
is fueling the development of novel varieties; to this end, genetic resources are required for
use in selective breeding programs. A number of studies, however, point to the fact that the
genetic variation in the existing hop cultivars is low, reflecting the fact that most of them
descended from a limited number of parent plants of the European variety H. lupulus var.
lupulus [15,24,45,46]. However, hop cultivars can be crossed with wild hop varieties, which
will provide increased germplasm diversity. In this vein, we studied the genetic makeup
of endemic Greek hop populations from the Region of Central Greece. To this end, we
mapped natural occurring hop assemblages, collected plant samples from these locations,
and used a rigorous genotyping protocol which involves targeted DNA amplification and
sequencing of a set of nine specific genetic markers—SNPs—within the H. lupulus var.
lupulus genome, followed by a bioinformatics pipeline to determine individual genotypes
and to perform population structure analyses.

Hop populations in the Region of Central Greece demonstrated high genetic diversity
within populations and relatively low differentiation among them, as was suggested by all
genetic and spatial genetic tests. Thus, hop plants growing in close proximity to each other
may exhibit genotypic differences. This may be the result of the dioecious mating system
and possibly the restricted levels of vegetative propagation in the natural populations of
our study. Clonality has being described among hop accessions in other studies [29], but
these were growing in yards and fields and not in the wild.

Despite the overall genetic diversity being attributed mainly within populations, a
constant differentiation pattern among the hop populations existed in the results of all
genetic tests, involving the existence of two main genetic clusters in the Region of Central
Greece. Their geographic expansion is not continuous, since topographic elements, such
as streams or mountains, may have acted as barriers to gene flow, especially considering
that hop grows close to streams and seeds are spread by water flow. This is evident in the
case of populations connected by rivers and streams on the eastern side of the study area
demonstrating genetic similarities (e.g., Livadia, Gravia) and the mountainous populations
Mavrilo and M. Kapsi in the west, which are isolated by the mountainous terrain and have
high genetic differentiation from other populations growing nearby.

This study employed a number of SNPs which were selected and used for the identifi-
cation of commercial cultivars; however, with this set of markers, it was possible to describe
specific spatial genetic patterns. Despite the limitations related to the small number of
SNPs, the patterns we observed remained consistent in all our results.

Our data point to a high diversity within wild hop populations and a low differenti-
ation among populations. Most genetic studies dealing with wild hop populations were
conducted using SSR markers and not the NGS-derived SNPs that were used in our study.
Despite the different attributes of these markers, certain common trends can be discussed,
especially since both are codominant. Our results are in accordance with the data from
similar studies in Croatia and Calabria in Italy [31,47]. In these studies, low differentiation
existed between populations; it was, however, enough to form distinct genetic clusters.
Notably these clusters did not correlate with geo-graphical distribution patterns, as was
observed in other studies of wild hop populations [48,49]. Similarly, in our study, the spatial
genetic patterns observed were not connected with geographic distance, but rather with
topographical elements, such as rivers and mountains. It seems therefore, that in South
European regions, where hop grows in areas with complex topography, natural popula-
tions tend to maintain high levels of diversity while also being genetically characteristic of
their region.

None of the four commercial hop varieties included in this study were genetically
identical to any natural occurring hop plant in our analysis. Considering that the SNPs
employed have been used for the identification of commercial hop genotypes, it seems
that hop populations in the Region of Central Greece have novel genotypes, which are
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not yet utilized in hop breeding. In addition, the high genetic diversity of autochthonous
hop adds to the potential of wild hop populations from this region to be exploited in
breeding programs; further studies using samples from other regions of the Greek peninsula
will provide a better insight into the genetic variability of hop. Additionally, chemical
analysis and comparison with the cultivars that are used will point to genotypes with
interesting characteristics for the beer industry; for instance, alpha acids content. This
distinct character was demonstrated in studies comparing wild hop populations with
commercial hop cultivars in Italy and Portugal [25,30]; wild hop populations were distinct
from cultivars in all markers used. Interestingly, as modern hop varieties have been derived
from areas with a much colder climate than Greece, Greek hop germplasm may provide
a valuable source for the development of cultivars that will be better adapted to higher
temperatures, one of the major characteristics of climate change.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/d15121171/s1, Table S1: Genotypes of the wild hop sam-
ples with the place of collection points (name, coordinates) in the Region of Central Greece along
with the genotypes of the four commercial varieties which are included in the analysis, Table S2: Am-
plification conditions for the 3 multiplex PCR reactions, Table S3: Matrices presenting the distances
(in meters) of the plants that share common multilocus genotype patterns (clones). Colors correspond
to populations.
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