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ABSTRACT

* Hops is an economically important species due to its diverse secondary metabolites

and extensive use in the brewing and medicinal industries. Although hops is widely
distributed in Kosovo, the chemical composition of its essential oils and genetic vari-
ability of wild populations remain understudied. Therefore, this study aimed to evalu-
ate the chemical and genetic variability of Kosovo’s wild hop population using
essential oil constituents and microsatellite (simple sequence repeat — SSR) markers.
Female hop inflorescences were collected from 21 wild populations in Kosovo. Essen-
tial oils were extracted from the dried plant material using a Clevenger apparatus.
Chemical composition of the essential oils was analysed using GC-FID-MS. DNA was
extracted from dried leaves, and 15 SSR markers were used for fragment analysis.

The main constituents of the essential oil were myrcene, a-humulene, (E)-B-farnesene,
a-selinene, B-selinene, and E-caryophyllene. Statistical analyses based on chemical
composition of essential oils and SSR markers highlighted the low variability among
populations and high variability within populations.

These findings provide valuable insights for developing strategies for potential use and
conservation of wild hop populations in Kosovo, laying the groundwork for future

research and comparison with commercial cultivars to assess their breeding potential.

INTRODUCTION

Kosovo is rich in plant diversity and represents a unique hot-
spot of biological richness in Europe (Mustafa & Hajdari 2014).
Among the various species in Kosovo, Humulus lupulus L.
(hops; Cannabaceae) is widespread and grows in habitats
including rich deep loam soil, along riverbanks, and in clear-
ings that can support climbing plants. Hop is a perennial
climber native to the Northern Hemisphere (Patzak et al.
2010). Because of its economic importance, it is widely culti-
vated in Europe, West Asia, and North America (Awasthi
et al. 2021). The plant is dioecious and wind-pollinated, with
male and female flowers occurring on separate plants (Karlsson
Strese et al. 2014). Female inflorescences, or strobili, are the
most valuable parts of the plant because they contain bioactive
chemicals in their glands (Korpelainen & Pietildinen 2021).
Among these chemicals, bitter acids (a-acid and B-acid) are the
most prevalent secondary metabolites (Patzak et al. 2010; Mon-
gelli et 'al. 2015; Salanta et al. 2015; Kondi¢ et al. 2021; Hajdari
et al. 2023; Paguet et al. 2023), followed by essential oils
(rich in terpenes, including a-humulene, B-myrcene, trans-
caryophyllene, and farnesene; Mockute et al. 2008; Patzak
et al. 2010; Ligor et al. 2014; Riccioni et al. 2021; Rossini
et al. 2021; Kondi¢ et al. 2021), and flavonoids (xanthohumol;
Mongelli et al. 2015; Maliar et al. 2017; Metaj et al. 2023; Pia-
secki et al. 2023). Most of these studies highlight variability in
constituents of essential oil between populations.

Because of the diverse chemical composition, hops have
been used in brewing, medicine, and cosmetics (Korpelainen
& Pietildinen 2021; Piasecki et al. 2023). In traditional medi-
cine, hops are used as a sedative against leprosy, toothache,
fever, gastric problems, and anxiety, and as a preservative,
deodorant, and in several foods, as well as in making fabric,
paper, and as cattle fodder (Korpelainen & Pietildinen 2021).
In Kosovan traditional medicine, an infusion of hops pre-
pared from female flowers is used as a neuro-relaxant and to
treat kidney inflammation, while decoctions from aerial parts
are used to treat insomnia and regulate the menstrual cycle
(Mustafa et al. 2012). Hops also have anti-inflammatory,
estrogenic, cancer chemopreventive, and anti-angiogenic
properties, as well as use in obesity, type-2 diabetes and can-
cer treatment (Zanoli & Zavatti 2008; Chung et al. 2009).
Other studies have demonstrated antimicrobial (Sefidgar
et al. 2015; Cermak et al. 2017) and antiviral (Buckwold
et al. 2004) activities. Because of the sedative effects, hops
have been approved for treating restlessness, anxiety, and
sleep disturbances by the German Commission E and the
European Scientific Cooperative on Phytotherapy (Zanoli &
Zavatti 2008). Beyond medicinal uses, hops are extensively
used in the brewing industry to impart aroma and typical
bitter taste of beer (Dresel et al. 2016). Phytochemicals pre-
sent in hop, in addition- to their flavour and fragrance prop-
erties, also have antimicrobial properties and enhance shelf
life (Stewart 2016).

Plant Biology © 2024 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands. 1
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fops have been extensively cultivated in Europe for
000 years, and most hops raw material is currently sourced
Jom cultivars. According to FAOSTAT, by 2021, annual global
jops trade exports were worth ca. $800 million (USD), of
which ca. $450 million were from Europe (FAOSTAT 2023).
While several beer breweries operate in Kosovo, the country
relies on imports from other countries, primarily Slovenia, to
meet hop raw material requirements (Customs Kosovo 2023).
In 2022, the value of imported hop raw material into Kosovo
was ca. €0.5 million (Customs Kosovo 2023). Despite this, hop
cultivation is not currently practised in Kosovo, and there is no
tradition.

Hop cultivars are derived from hybridisation (Hen-
ning 2006), which decreases genetic variability (Peredo et al.
2010). However, wild hop germplasm and genetic diversity
provide a genetic reservoir that can be used for crop improve-
ment and sustainability (Mafakheri et al. 2020; Rossini
et al. 2021). Since the chemical properties of hops are influ-
enced by environmental factors, molecular DNA methods have
proven effective in evaluating population variability (Patzak
et al. 2010). Paguet et al. (2023) and references therein showed
that simple sequence repeat (SSR) fingerprinting provides a
high level of accuracy and that the results are co-dominant and
multi-allelic. Therefore, SSR markers have been successfully
used to evaluate genetic variability among hop populations
(Jakse et al. 2004; Murakami et al. 2006; Stajner et al. 2008; Pat-
zak et al. 2010; Koelling et al. 2012; Rodolfi et al. 2018; Mafa-
Kkheri et al. 2020; Grdisa et al. 2021; Calvi et al. 2023). Recently,
chemical and genetic variability between populations of Euro-
pean wild hop have been reported; however, to the best of our
knowledge, apart from a preliminary presentation on chemical
composition of essential oils (Salihu et al. 2022), there has been
no research on the chemical composition of essential oils or
genetic variability of wild populations of hops in Kosovo using
microsatellite (SSR) markers. This study aimed to address this
gap by evaluating the Kosovo wild hop genetic and chemical
variability using essential oil composition and SSR markers.

MATERIAL AND METHODS
Plant material

Female flowers (inflorescences) were collected from 21 wild
hop populations in Kosovo between 2 and 19 October 2021
(Figure S1, Table S1). A total of 199 individuals were collected,
with ten individuals per location, apart from populations from
Degan and Orllan, where nine individuals were collected, Dra-
gash (six individuals), and Prizren (five individuals). The
flowers of each plant were saved separately. Voucher specimens
from each individual in each population were deposited at the
Herbarium of the Department of Biology, University of Prish-
tina. After collection, the plant material was dried in drying
cabinets at 35 °C for 3 days. At the same time as flower collec-
tion, fresh leaves were also collected from the same populations
and stored in silica gel at room temperature before DNA
extraction for genomic studies.

Extraction of essential oils

Essential oil was obtained via hydro-distillation of 30 g dried
flowers and distilled water (0.5 1) in a 1-1 flask. The distillation
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rate was 3 ml-min~", and the process was carried out for 2 h in
a Clevenger apparatus. Samples were then stored in darkness at
—18 °C in a freezer until further analysis.

Analyses using GC-FID and GC-MS

The GC/FID analyses were conducted using an Agilent 7890A
system equipped with an HP-5M$ column. Helium was used
as carrier gas at 0.6 ml-min~! flow rate, and the front inlet was
set at 250 °C. The split ratio was set at 50:1, and GC oven tem-
perature was increased from 60 to 280 °Cata5 °C-min~". The
FID was operated at 250 °C with a hydrogen flow rate of
35 ml-min~! and airflow of 350 ml'min~'. GC-MS analysis
was performed with an Agilent 7890A system coupled with a
5975C MSD. Ionisation energy was set at 70 eV, and mass
range was 40400 m/z. The injection volume was 1.0 pl. Essen-
tial oils were identified by comparing their Arithmetic Reten-
tion Indices with those reported in the literature (Adams 2017)
and from mass spectra of each constituent with those stored in
the NIST 08. L and WILEY MS 9th databases, and with mass
spectra from the literature (Adams 2017). The percentage oil
was calculated using a normalisation method without correc-
tion based on the GC peak areas.

Extraction and analysis of DNA

The DNA was extracted from fresh leaves using the DNeasy
Plant Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. DNA quality was checked by aga-
rose gel electrophoresis on 1.0% agarose gels containing
0.4 x PeqGreen (VWR, Erlangen, Germany) for 40 min at
120 V, which was documented using the microDOC system
with UV transilluminator (Cleaver Scientific, Rugby, UK) at
312 nm.

Microsatellite analysis

Fifteen microsatellites (SSR) were used in this study (Table S2).
Before running PCR, the primer was multiplexed using five H.
lupulus primer pairs. Multiplex PCR amplification was opti-
mised for a 10-p reaction volume containing 2-10 ng genomic
DNA, 2 pul Hot FIREPol Multiplex Mix, double distilled water,
and the respective concentrations of forward and reverse
primers (Table S2). The cycling protocol used a Thermal Con-
troller (SensoQuest LabCycler). Before the first cycle, a pro-
longed denaturation step (95 °C for 12 min) was performed,
followed by 35 cycles at 95 °C for 20 s, 60 °C for 50 s, and
72 °C for 120 s. The last cycle was a 5-min extension at 72 oG

Fragment analysis was carried out using a size standard Gen-
eScan LIZ500 (Applied Biosystems) and analysed on an
Applied Biosystems 3730XL DNA analyser with the following
conditions: injection time 10 s; injection voltage 1.6 kV; run
time 2100 s; run voltage 15 kV; capillary length 50 cm; poly-
mer POP?7 filter Dye Set G5.

Statistical analysis

For chemical data analysis we used Principal Components
Analysis (PCA) to assess variations in chemical composition
among the Kosovo hop populations. Analyses included the six
main essential oil constituents highlighted in bold in Table S3.

2 Plant Biology © 2024 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society ot the Netherlands.
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PCA was conducted using XLSTAT software (New York, NY,
USA; v. 2023.1.2).

For molecular analysis with SSR markers, we utilised Cervus
v. 3.0.7 software to determine allele number (N), Polymorphic
Information Content (PIC), Observed Heterozygosity (Ho),
and Expected Heterozygosity (H). The Shannon Diversity
Index (1), Fixation Index (F), Inbreeding Coefficient (F), and
Principal Coordinates Analysis (PCoA) were performed using
GenAlEx software v. 6.503. To evaluate genetic structure both
among and within the populations, Structure 2.3.4 software
was used (Pritchard et al. 2000), with a 100,000 burn-in period,
followed by 1,000,000 Markov Chain Monte Carlo (MCMC)
with 1 to 11 (K = 1-11) clusters adjusted and 10 runs. The
results of each replication were used to determine the most
likely number of groups (best K value) using HARVESTER v.
0.6.92 (Earl & vonHoldt 2012).

RESULTS AND DISCUSSION
Yield and chemical composition of the essential oils

Evaluating hops resources through analysis of essential oil yield
and chemical composition in wild populations is of utmost
importance as it provides valuable insights into potential uses
and conservation, and because yield and chemical composition
of essential oils influences flavour and fragrance of the hops. In
the Kosovo populations studied, the highest yield of essential
oil was in the population from Lipjan (0.2-0.9% v/iw DW
flowers). In contrast, flowers from the population at Hani i Ele-
zit had the lowest yields (0.07-0.2% v/w DW). It is important
to highlight that variability in essential oil yield was both
within and among different populations, as highlighted in
Table S3.

The total oil content in our samples was within the range
observed for European wild hops (0.04-0.69%; Patzak
et al. 2010), Italian wild hops (0.2-0.66; Rodolfi et al. 2022),
including hops from central Italy (0.10-0.44%; Riccioni
et al. 2021) and northern Italy (0.2-0.6%; Mongelli et al. 2015),
and Bosnia and Herzegovina (0.2-0.4%; Kondié et al. 2021).
However, in our sample, total essential oil content was gener-
ally below that of commercial germplasms (0.17-2.30%; Mon-
gelli et al. 2015). In comparison to other cultivars and varieties,
Kosovo hops generally yield less essential oil. For example, Saaz
produces 0.3-0.9% v/w (Nesvadba & Charvatova 2020),
Saaz Brilliant 0.3-0.8%, Saaz Comfort 0.4-1.1%, and Saaz
Shine 0.5-1.3% (Mikyska et al. 2021). Additionally, our sam-
ples typically had lower essential oil yields compared to culti-
vars such as Mimosa (0.5-1.2%; Nesvadba &
Charvatova 2020), Nugget (1.60 £ 0.07% v/w), Columbus
(1.70 4 0.07% v/w), Chinook (1.20 = 0.07% v/w), Magnum
(1.20 + 0.07% v/w), Cascade (0.75 £ 0.07% v/w), and Fuggle
(0.90 %+ 0.07% v/w) (Paniagua-Garcia et al. 2023), as well as
Klon 18 (0.4-0.8%), National (0.8-1.2%), Alta (1.0-2.0%),
Promin (1.2-2.5%), and Xantha (1.0~1.5%) (Protsenko
et al. 2023).

Regarding chemical composition, wild hop essential oil from
the Kosovo populations was dominated by myrcene, with levels
from 22.48% (population from Suharcka) to 40.72% (Lipjan).
The second most abundant compound in the oil was o-
humulene, with levels from 1.14% (in Podujevé) to 18.79% (in
Prizren), followed by (E)-p-farnesene, a-selinene, P-selinene,

Chemical and genetic variability in wild hop populations of Kosovo

and E-caryophyllene. The concentrations of these constituents
varied among populations, with (E)-B-farnesene from 0.34% (in
Prizren) to 14.18% (in Drenas), a-selinene from 0.95% (in Viti)
to 10.26% (in Gjilan), B-selinene from 1.21% (in Prishtin€) to
7.84% (in Gjilan), and E-caryophyllene from 2.75% (in Poslisht)
to 6.99% (in Kamenice) (Table S3). According to McAdam
et al. (2013) and references within, typically 90% of essential oils
are terpenoids, dominated by myrcene, humulene, caryophyl-
lene, and farnesene, which aligns with our observations. Similar
to our findings, the main constituents of essential oils from dif-
ferent European wild hops were myrcene (8.7-42.5%), caryo-
phyllene (4.2-45.2%), humulene (2.1-36.7%), farnesene (0—
29.0%), and selinene (0.2-28.4%) (Patzak et al. 2010). The main
essential oils identified in wild hops from Italy were myrcene
(10.16-31.48%), farnesene (trace to 15.89%), a-selinene (1.14—
20.13%), P-selinene (0.06-27.61%), humulene (0.54-34.75%),
and caryophyllene (2.06-18.07%) (Rodolfi et al. 2022). The
main constituents of essential oils in wild hops from Corsica
were: caryophyllene (0.3-30.1%), humulene (0.1-29.1%), myr-
cene (trace-28.3%), farnesene (trace—26.6%), B-selinene (0.5-
26.6%), a-selinene (trace-23.6%) and zingiberene (trace-22.1%)
(Dabbous-Wach et al. 2023). In central Italy, the essential oil
predominantly consisted of o-humulene (2.14-45.42%), B-
_farnesene  (13.10-32.56%), myrcene (2.19-11.76%),  B-
~caryophyllene (11.16-21.13%), a-selinene (0.68-35.56%), and
B-selinene (1.19-34.90%) (Riccioni et al. 2021). In northern
Italy, main constituents were myrcene (0-29.68%), o-humulene
(1.05-46.91%), a-selinene (0.88-23.19%), P-selinene (0.61-
30.27%), and P-caryophyllene (0.1-13.21%) (Mongelli et al.
2015). Moreover, a-humulene (1.1-22.7%), myrcene (0.4—
18.9%), P-caryophyllene (2.2-10.6%), and farnesene (0.7—
21.1%) were the main constituents of essential oils in hops from
Bosnia and Herzegovina (Kondi¢ et al. 2021). In Lithuania,
essential oils were o-humulene (11.1-33.4%), myrcene (1.5
21.1%), elemene (up to 14%), caryophyllene (5.1-14.5%),
(E)-B-farnesene (0-10.4%), Yy-curcumene (0-15.8%), and PB-
_bisabolol (0-13.5%) (Mockute et al. 2008). Most studies high-
light variations in essential oil constituents across different
populations. Nevertheless, the essential oils from Kosovo gener-
ally were little different from those of other European countries.
Kosovo’s wild hops share a similar myrcene content to Cascade
(62.04 + 1.33%), Chinook (41.89 & 2.29%), and Comet
(61.76 £ 2.25%) (Gresta et al. 2023). However, myrcene levels
in the Kosovo populations are generally lower compared to Pro-
min and Ruslan, where myrcene levels were 40% to 60% (Prot-
senko et al. 2023). The a-humulene levels in Kosovo wild hops
are comparable to Magnum (14.29%) and Fuggle (25.74%)
(Paniagua-Garcia et al. 2023), and the Saaz varieties (14-39%)
(Mikyska et al. 2021). The (E)-B-farnesene content in Kosovo
wild hops was similar to Saaz (8-20%) and Saaz Brilliant (7-
17%) cultivars (Nesvadba & Charvatova 2020; Mikyska
et al. 2021). Comparative data also indicate that E-caryophyllene
levels in Kosovo wild hops are comparable with Magnum
(5.96%), Chinook (10.39%) (Paniagua-Garcia et al. 2023), and
Saaz (5-12%) (Nesvadba & Charvatova 2020).

Considering the main classes of essential oils, sesquiterpenes
dominated our samples, with concentrations from 36.41% in
Lipjan to 51.32% in Hani i Elezit, followed by monoterpenes,
from 23.89% in Degan to 42.58% in Lipjan, oxygenated sesqui-
terpenes between 9.05% in Orllan and 15.71% in Degan, and
oxygenated monoterpenes from 2.58% in Decan to 4.36% 1n
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(Table S3). Other compounds labelled ‘others’ ranged
m 5 19% in Gjilan to 12.45% in Degan.

Principal components analysis of hops samples

A PCA was used to evaluate variability in chemical composition
across the selected hop populations. Six primary constituents of
the essential oils were selected: myrcene, E-caryophyllene, o-
humulene, (E)-B-farnesene, B-selinene, and a-selinene (in bold
in Table S3). The first two principal components accounted for
85.4% of the total variance. The first axis (PC1), representing
63.46% of total variance, indicated positive contributions from
E-caryophyllene, a-humulene, (E)-B-farnesene, B-selinene, and
a-selinene. In contrast, PC2 contributed 21.8% of total variance,
mainly influenced by myrcene (Fig. 1). The scatter plot gener-
ated from the PCA results (Fig. 1) indicates that the samples
were not differentiated based on geographic origin, suggesting
low variability among populations. However, the plot revealed
high variability among individuals within the same population
(intra-population variability) as individuals of the same popula-
tion were not grouped closely together. A similar grouping in
PCA scatter plot of individuals within the same population was
reported by Hajdari et al. (2023) based on xanthohumol, o-
acids, B-acids, total phenolic content, total flavonoid content,
and antioxidant activity (DPPH and FRAP).

Salihu, Samarakoon, Pulaj, Quave, Mustafa & Hajdari

Microsatellite diversity

Genetic variability among the 21 wild populations of H. lupulus
in Kosovo was assessed using 15 SSR markers (loci) (Table 1).
These markers were selected from a set of microsatellites iden-
tified by Stajner et al (2005) and developed by (Jakse
et al. 2002; Jakse et al. 2008) and Stajner et al. (2005). SSR
selection criteria were based on quality of amplification prod-
ucts, locus complexity, polymorphic index content and dis-
tance in the gene map found in previous studies (Jakse
et al. 2011). We also selected non-overlapping loci by size to
facilitate multiplexing, ensuring that homogeneous annealing
temperatures were considered. This approach allowed simulta-
neous analysis of various loci in multiplex PCR. SSR markers
yielded 167 alleles, averaging 11.13 alleles per locus. The loci
GT1-K1-4 and GA7-I6-16 showed the highest diversity, with 28
and 26 alleles, respectively. However, loci ACA1-L4-3. HI-GA9
and GT4-F23-14 were monomorphic, with only one allele and
hence were not useful for assessing genetic diversity among the
hops (Table 1). These monomorphic loci were excluded from
further analyses. Similar results on genetic diversity of wild
populations were reported in Croatia (Grdisa et al. 2021), with
101 individuals analysed and 152 alleles identified across 12
loci, with an average of 12.67 alleles per locus. However, the
more diverse loci GT1-K1-4 and GA7-16-16 were less diverse in
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Fig. 1. Principal components analysis of oil constituents in hop populations.
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Table 1. Informativeness of 15 SSR (simple sequence repeats) markers used in molecular analyses of 21 wild hop populations.

no. locus size of bp N PIC Ho He | F FIS
i) ACC2-D3-3 199-208 13 0.84 0.01 0.86 1.48 0.99 0.99
2 GA7-16-16 209-242 26 0.83 0.82 0.85 1.80 -0.04 —0.04
3 GA7-L7-16 146 9 0.36 0.38 0.38 0.69 -0.06 —0.06
4 GA8-K15-4 218-242 14 0.68 1.00 0.71 1.41 -0.47 -0.47
5 GT1-A5-1 164-174 16 0.83 1.00 0.85 1.82 -0.24 -0.24
6 GT1-K1-4 158-185 28 0.92 0.92 0.93 2.10 —-0.06 —0.06
7 GT72-010-8 160-175 9 0.66 0.01 0.69 1.09 0.99 0.99
8 HI-GT12 200-207 1" 0.72 0.86 0.75 1.44 -0.21 -0.21
9 HI-GT6 119-140 2 0.28 0.31 033 0.46 -0.02 0.00
10 HI-AGAT 251-288 14 0.84 0.85 0.86 1.76 -0.07 -0.07
11 HI-AGA3 208-235 10 0.60 0.65 0.66 1.10 -0.05 —0.06
12 HI-AGAS 209-228 12 0.80 0.76 0.83 1.61 -0.01 —-0.01
13 ACA1-14-3 163-164 1 n/a n/a n/a n/a n/a n/a
14 GT4-F23-14 137-138 1 n/a n/a n/a n/a n/a n/a
15 HI-GA9 200-207 1 n/a n/a n/a n/a n/a n/a
Average s 0.70 0.63 0.72 1.40 0.06 0.06

bp = base pair; N = Number of alleles; PIC = Polymorphic Information Content; Ho = Observed Heterozygosity; He = Expected Heterozygosity; | = Shan-

non’s Information Index; F = Fixation index; FIS = Inbreeding Coefficient.

Croatian populations: GA7-16-16 had 14 alleles, while GT1-K1-
4 had 20 alleles (Grdisa et al. 2021), which could be related to
the smaller population (101 individuals) analysed. The average
number of alleles per locus for different European hop popula-
tions was 4.45 in Germany, 5.00 in the Czech Republic, and
3.18 in Portugal (Murakami et al. 2006). In hop populations
from southern Italy, 81 alleles were identified across eight loci,
with an average of 10.12 alleles per locus (Calvi et al. 2023),
while Rodolfi et al. (2018) found 104 alleles across eight SSR
markers in 80 wild Italian hop accessions. When considering a
wider area, wild European hops were reported to have an aver-
age of 9.85 alleles per locus (Peredo et al. 2010), accessions
originating from Europe and America were reported to have
116 alleles, with an average of 16.57 alleles per locus (Peredo
et al. 2010). Jakse et al. (2004) detected 63 alleles in 124 hos
accessions using four SSR markers, with an average of15.7
alleles per locus, in accessions originating from Europe and the
USA. In contrast, Stajner et al. (2008) reported 314 alleles in 67
hop accessions, with an average of 10.83 alleles per locus, in
hop accessions from different European and Asian countries,
as well as the USA and Australia, using 29 SSR markers.

The mean Polymorphic Information Content (PIC) value
for the analysed SSR primers was 0.70, with the loci GT1-K1-4,
HI-AGAI and ACC2-D3-3 displaying high values of 0.92 and
0.84, respectively. This indicates that these loci are highly infor-
mative and valuable for molecular population analysis
(Table 1). On the other hand, loci HI-GT6 and GA7-L7-16 had
the lowest PIC values (0.28 and 0.36, respectively), suggesting
that they are less informative. The mean PIC values in our
dataset were slightly lower than those reported by Rodolfi
et al. (2018) (0.71), Grdisa et al. (2021) (0.731), and Calvi
et al. (2023) (0.79), but higher than values reported by Jakse
et al. (2004) (0.64), Stajner et al. (2008) (0.61), and Mafakheri
et al. (2020) (0.64); however, it must be noted that these differ-
ent datasets included different numbers of SSR markers, indi-
viduals, and populations.

The average observed heterozygosity (Ho) in our populations
was 0.63, which was higher for GA8-K15-4, GT1-KI-4, and GT1-
A5-1 than for other loci. The average expected heterozygosity
(He) in our populations was 0.72; lod GTI-KI-4 had higher
values, indicating high genetic diversity of this locus within the
analysed populations. For ACC2-D3-3 and GT2-010-8 Ho was
marginally lower than He, signifying a deviation from the
Hardy-Weinberg equilibrium. The Ho and He values were simi-
lar to those reported by Rodolfi et al. (2018) at 0.646 and 0.718,
respectively. Ho (0.522-0.656), 0.718, and He (0.505-0.654) in
wild populations from central Italy were lower than our findings
(Riccioni et al. 2021). On the other hand, the Ho and He values
for wild European samples reported by Peredo et al. (2010) were
slightly higher, at 0.72 and 0.74, respectively, compared to our
findings. Slightly higher genetic variability in wild hop popula-
tions (average Ho = 0.770 and He = 0.759) has also been
reported from Croatia (Grdisa et al. 2021). Most loci had a nega-
tive fixation index (F) (Table 1), indicating excess heterozygosity.
However, loci ACC2-D3-3 and GT2-010-8 had a positive fixa-
tion index, indicating prevalence of homozygotes. The inbreed-
ing coefficient (Fis) values mirror the negative fixation index
values (Table 1). The Shannon’s information index (I) ranged
between 0.46 and 2.10. Loci GT1-K1-4, GT1-A5-1 and GA7-16-
16 had the highest I values, emphasising their high information
and diversity values. In contrast, loci HI-GT6 and GA7-L7-16
had the lowest I values, suggesting their limited use. The results
in Table 1 indicate that, although some loci (i.e. GT1-KI1-4 and
GA7-I6-16) are highly informative and demonstrate considerable
genetic diversity, others are more conserved or less useful for spe-
cific analyses (i.e., HI-GT6). In contrast, ACA1-14-3, GT4-F23-
14, and HI-GA9 appear to be monomorphic.

Intra- and inter-population diversity

Analvsis of Molecular Variance (AMOVA) was conducted to
assess genetic variability within and among populations. The

Plant Biology © 2024 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands. 5



cal and genetic variability in wild hop populations of Kosovo

salihu, Samarakoon, Pulaj, Quave, Mustafa & Hajdari

Je 2. Analysis of molecular variation (amova) within and between analyzed hop populations.

Est. exp
jource df SS MS Var. % sH % (sH)
Among populations 20 134815 6.56 0.10 2% 0.54 31.18 11
Among individuals 178 839.50 472 0.47 1% 1.18 68.82 3i26
Within individuals 199 753.00 3.78 3.79 87% n/a n/a n/a

Df = Degrees Freedom; S = Sum of Squares; MS = Mean Square; Est. Var. = Estimated Variance; sH = Shannon Information; _% = Percentage of Total Infor-

mation; exp(sH) = Diversity Estimate.

results revealed that 87% of genetic variation was within indi-
vidual plants, only 11% was among individual plants within
populations, and 2% among different populations (Table 2).
On the other hand, the Shannon Information diversity statis-
tics (Table 2) indicated that 31.2% of total genetic information
or diversity was attributed to differences between populations,
while 68.8% was found within individual populations. The
Diversity Estimate (exp(sH)) indicated that diversity between
populations was significantly higher (3.26) than within-
population diversity (1.71). This suggests that most of the
genetic diversity is found within populations and that each
population has a rich genetic reservoir. These findings indicate
that every plant possesses a distinct genetic makeup and has its
own value for conservation and breeding programmes. Thus,
preserving genetic diversity within populations must be consid-
ered to ensure long-term survival of the species.

Within-population diversity

The genetic variability of the 21 distinct hop populations was
analysed using 12 allelic parameters (Table 3). The data
revealed that the Gjakové, Mitrovicé, Prishtiné, Hani i Elezit,
Kliné, Ferizaj, and Podujevé populations had the highest
genetic diversity, while populations from Dragash and Prizren
had lower levels of genetic diversity (Table 3). The average
number of alleles (Na) was 5.67, with the Dragash population
having the lowest value (4.33), indicating a lower level of
genetic diversity than in other populations. Conversely,
Gjakové, Mitrovicé and Prishtiné populations had the highest
number of alleles (Table 3), suggesting that these populations
possess a higher level of genetic diversity. The average effective
number of alleles (Ne) was 3.75. Populations from Gjakové
(4.42) and Hani i Elezit (4.15) had the highest values, indicat-
ing relatively even allele distribution. Conversely, Dragash
(3.14) had the lowest Ne values, suggesting a less balanced dis-
tribution of allele frequencies (Table 3). The Shannon’s infor-
mation index (I) was used to evaluate allelic diversity and
richness within the populations. The overall average I was 1.34,
with the Gjakové and Mitorvicé populations having the highest
values, suggesting these populations may possess the
highest allelic diversity. In contrast, the Dragash and Istog
populations had the lowest values, indicating lower allelic
diversity (Table 3).

The number of private alleles was calculated to identify alleles
unique to specific populations. The average value was 0.09, with
the Suhareké and Mitrovicé populations being highest (0.25),
suggesting unique genetic variation within this group. However,
the overall private allele numbers were relatively low across all
populations surveyed (Table 3). In contrast, large numbers of

Table 3. Genetic diversity metrics across populations in Kosovo.

no. private

population Na Ne | alleles He

Degan 5.67 3.75 1.34 0.08 0.64
Dragash 433 3.14 1.16 0.08 0.59
Drenas 5.58 3.79 1.36 0.00 0.65
Ferizaj 6.17 3.95 1.40 0.00 0.64
Gjakové 6.58 4.42 1.51 0.08 0.69
Gjilan 5.50 3.57 1.33 0.00 0.64
Han i Elez 6.08 4.15 1.44 0.00 0.67
Istog 5.67 3.36 1.28 0.17 0.61
Kamenicé 5.67 396 1.39 0.17 0.66
Kliné 6.08 3.78 1.41 0.08 0.66
Lipajn 5.92 4.12 1.46 0.00 0.70
Mitrovicé 6.33 4.17 1.50 0.25 0.70
Novoberdé 5.75 3.89 1.45 0.17 0.70
Orllan 5.67 3.94 1.46 0.08 0.7
Podujevé 6.25 422 1.47 0.7 0.67
Poslisht 5.83 4.07 1.42 0.17 0.67
Prishtiné 6.33 4.23 1.49 0.00 0.69
Prizren 4.67 3.60 1.33 0.00 0.67
Skenderaj 5.83 3.96 1.42 0.00 0.68
Suhareké 5.83 4.21 1.43 0.25 0.68
Viti 5.08 337 1.29 0.17 0.64
Average 5.67 315 1.34 0.09 0.64

Na = Number of Different Alleles; Ne = Number of Effective Alleles;
| = Shannon'’s Information Index; No. Private Alleles = Number of Alleles
Unique to a Single Population; He = Expected Heterozygosity.

private alleles have been detected in populations in Croatia
(Grdisa et al. 2021), northern Italy (Rodolfi et al. 2018), central
Italy (Riccioni et al. 2021), Europe and North America (Jakse
et al. 2004). Thus, private alleles can serve as tools for effective
population discrimination (Peredo et al. 2005). The average
expected heterozygosity (He) was 0.66, with Orllan, Novoberdg,
Mitrovicé, and Lipajn populations having the highest values,
indicating that they may possess highest genetic diversity among
the groups surveyed. Nonetheless, the differences in He values
between populations were small (Table 3).

Between population diversity

In addition to the AmOva, which indicated 2% variability
among populations, PCoA and genetic clustering based on
Structure were employed to evaluate diversity among popula-
tions. In the PCoA, the first two principal axes accounted for
13.84% of total variance, with the first axis explaining 7.85%

6 Plant Biology © 2024 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical society of the Netherlands.



Jhu, Samarakoon, Pulaj, Quave, Mustafa & Hajdari

and the second explaining 5.99%. Furthermore, genetic struc-
ture of the hop populations was resolved using Structure
(Fig. $3), with the most likely number of groups (K) being
K = 4 based on the estimated AK (Figure S2).

The PCoA biplot (Fig. 2) and Structure results (Figs S3 and
S4) suggest that the samples did not separate according to
geographic origin, indicating limited genetic variability
between populations. However, there was large variability
among individuals within the same population. These find-
ings are consistent with results on variations in chemical
compositions of essential oils, with a similar clustering of
individuals from the same population (Fig. 1). Additionally,
comparable clustering of individuals within the same popula-
tion has been found based on xanthohumol, a-acids, B-acids,
total phenolic content, total flavonoid content, and antioxi-
dant activity (DPPH and FRAP) (Hajdari et al. 2023). Simi-
larly, hops from Croatia exhibited low genetic differentiation
among populations, with no evidence of geographic structur-
ing across the analysed populations (Grdisa et al. 2021). In
contrast to our findings, other authors have reported popula-
tion differentiation and strong population structure. Thus,
distinct hop gene pools have been reported in central Italy
(Riccioni et al. 2021), the Calabrias in south Italy (Calvi
et al. 2023) and northern Iran (Mafakheri et al. 2020).

Chemical and genetic variability in wild hop populations of Kosovo

Furthermore, genetic differentiation has been reported for
wild hop accessions from Canada, the Caucasus, Europe, and
North America (Patzak et al. 2010), as well as North America
and Euro-Asia (Murakami et al. 2006).

The relatively low genetic variability observed within hop
populations can be attributed to the high level of gene flow
between populations. As hop is anemophilous, it relies on wind
for pollen distribution, which can result in widespread pollen
dispersal and increased gene flow. Additionally, the low geo-
graphic isolation between study populations further facilitated
exchange of genetic material, leading to more uniform genetic
diversity among populations.

CONCLUSION

This study provides a comprehensive analysis of genetic and
chemical variability of wild hop populations from Kosovo. The
essential oils extracted from these populations contained myr-
cene, a-humulene, (E)-B-farnesene, a-selinene, B-selinene, and
E-caryophyllene as main chemical constituents. There was lim-
ited variation in both essential oil yield and its chemical com-
position among populations; however, more variation was
recorded within a population. In addition to chemical analysis,
genetic analysis using SSR markers showed high genetic
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Fig. 2. The two-dimensional plot of Principal Coordinates Analysis (PCoA) based on Fst genetic distance.
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ersity within wild hop populations and low genetic variabil-
7 among populations. This is consistent with the findings on
shemical composition analysis and underscores the need for
conservation efforts that prioritise maintaining genetic diver-
sity within populations. Based on analysis of genetic makeup
and chemical constituents, this study emphasises the potential
of Kosovan hop germplasm for conservation and utilisation.
These findings provide valuable insights for developing strate-
gies for potential hop use, conservation, and breeding pro-
grammes to improve quality of the hop crop.
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Figure S1. Map of the locations where hop plant material
was collected.

Figure S2. Relationship between the number of determined
groups (K) and estimated AK.

Figure $3. STRUCTURE-based genetic clustering (K = 4) of
199 hop individuals grouped according to population (21 popu-
lation), constructed using 15 SSR marker data. Each vertical bar
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REZYME

Kosova karakterizohet nga njé diversitet i lart€ i botés bimore, ku ndér llojet e shumta té
pranishme gjendet edhe sumbullari i egér (Humulus lupulus L.). Ky lloj bimor ka réndési té
madhe ekonomike pér shkak t€ metabolitéve sekondaré qé posedon dhe pérdorimit t& gjeré qé
ka né€ industriné farmaceutike, ushqimore dhe até t& birrés. Megjithése ka réndési ekonomike,
mjekésore dhe &shté i pérhapur gjerésisht né Kosové, t€ dhénat pér pérbérjen kimike té
vajrave esenciale, diversitetit gjenetik dhe aktivitetit antioksidativ t€ popullatave t& egra t&é
kétij lloji né Kosové ende mungojné. Ky studim ka pér qéllim t& analizojé variabilitetin
kimik, gjenetik dhe aktivitetin antioksidativ t€ sumbullarit t&¢ egér né Kosové. Lulesat
femérore (konet) t€ sumbullarit u mblodhén nga 21 popullata t& egra n€ zona té ndryshme té
Kosovés. Vajrat esencialé u ekstraktuan nga lulesat e thara, me metodén e hidrodistilimit
duke pérdorur aparatin Clevenger dhe u analizuan me GC-FID-MS. ADN-ja u ekstraktua nga
gjethet e reja dhe té thara, dhe pér analizén e variabilitetit gjenetik u pérdorén 15 SSR
markues. Aktiviteti antioksidativ u pércaktua me metodén spektrofotometrike nga ekstraktet
metanolike t€ lulesave t€ sumbullarit. Rezultatet treguan se sasia e vajrave esenciale né
lulesat e sumbullarit varionte nga 0.07% deri né 0.9%. Pérbérésit kryesoré t&€ identifikuar
ishin: mirceni (22.5% - 40.7%), a-humuleni (1.1% - 18.8%), (E) -B-farneseni (0.3% - 14.2%),
a-selineni (1.0% - 10.3%), B-selineni (1.2% - 7.8%) dhe E-kariofileni (2.8% - 7.0%). Analizat
gjenetike treguan pranin€ e 167 aleleve né popullatat e analizuara, me njé mesatare prej 11.13
alelesh pér lokus, duke evidentuar njé diversitet t€ larté gjenetik brenda popullatave dhe njé
diversitet t& ulét gjenetik ndérmjet popullatave t€ sumbullarit t€ egér. Pérmbajtja e fenoleve
totale varionte nga 31.4 deri n€ 54.2 mg CAE/100g, ndérsa ajo e flavonoideve nga 3.1 deri né
6.5 mg CE/100g. Vlerat e aktivitetit antioksidativ t€ pércaktuara me metodén FRAP varionin
nga 7.4 deri né€ 13.1 mg TE/100g, ndérsa ato t& pércaktuara me analizén DPPH nga 25.1 deri
né 55.3 mg TE/100g. Rezultatet e kétij hulumtimi ofrojné njohuri t€ réndésishme, t€ cilat
mund t&€ pérdoren pér zhvillimin e strategjive pér shfrytézimin e géndrueshém dhe ruajtjen e
popullatave t& egra t€ sumbullarit n€ Kosové. Pérveg késaj, kéto t€ dhéna paragesin njé bazé
té¢ réndésishme pér hulumtime té métejshme, duke mundésuar vleré€simin e potencialit
gjenetik t€ popullatave t€ egra né krahasim me kultivarét komercialé, cka do t& krijonte
mundési pér zhvillimin dhe pérmirésimin e kultivaréve té rinj t€ sumbullarit, me ndikim t&

mundshém né zhvillimin socio-ekonomik té Kosovés.
Fjalét kyce: Humulus lupulus, analiza kimike, analiza molekulare, aktivitet antioksidativ
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ABSTRACT

Kosovo is characterised by high plant diversity, including wild hop (Humulus lupulus L.).
This species is economically important due to its diverse secondary metabolites and extensive
use in the pharmaceutical, food, and brewing industries. Despite its importance and widely
distribution in Kosovo, there is limited data on the chemical composition of its essential oils,
genetic diversity, and antioxidant activity of wild hop populations in the region. This study
aims to analyze the chemical variability, genetic diversity, and antioxidant activity of wild
hop in Kosovo. Female inflorescences (cones) were collected from 21 wild populations
across different regions of Kosovo. Essential oils were extracted from the dried
inflorescences using the hydro distillation method with a Clevenger apparatus, and the
samples were analyzed by GC-FID-MS. DNA was extracted from young and dried leaves,
and genetic variability was assessed using 15 SSR markers. Antioxidant activity was
determined spectrophotometrically from methanolic extracts of the hop inflorescences. The
results indicated that the essential oil content in the hop inflorescences ranged from 0.07% to
0.9%. The main identified components included myrcene (22.5% — 40.7%), a-humulene
(1.1% — 18.8%), (E) -B-farnesene (0.3% — 14.2%), a-selinene (1.0% — 10.3%), B-selinene
(1.2% — 7.8%), and E-caryophyllene (2.8% — 7.0%). Genetic analyses revealed a total of 167
alleles in the analyzed populations, with an average of 11.13 alleles per locus, signifying high
genetic diversity within populations but low genetic diversity between different wild hop
populations. The total phenolic content ranged from 31.4 to 54.2 mg CAE/100g, while the
flavonoid content varied between 3.1 and 6.5 mg CE/100g. Antioxidant activity measured
using the FRAP method ranged from 7.4 to 13.1 mg TE/100g, and those determined using the
DPPH assay ranged from 25.1 to 55.3 mg TE/100g. The findings of this study provide
valuable insights for developing strategies for the sustainable use and conservation of wild
hop populations in Kosovo. Additionally, these findings provide valuable insights for
developing strategies for potential use and conservation of wild hop populations in Kosovo,
laying the groundwork for future research and comparison with commercial cultivars to
assess their breeding potential, which could facilitate developing and improving new hop

cultivars, contributing to Kosovo's socio-economic development.

Key words: Humulus lupulus, chemical analysis, molecular analysis. antioxidant activity
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Introduction

Humulus — lupulus L. (Cannabaceae) is an
economically important plant species used in the
pharmaceutical and food industries. In Kosovo, it is
widespread in rich deep loam soil. It is a dioecious plant
(with male and female reproductive organs in separate
individuals) and pollinated by wind. Fragrant female hops
flowers, also known as cones, are primarily used for
commercial purposes, making this species of economic
interest. Female flowers contain glandular trichomes
which accumulate secondary metabolites, such: as the
bitter acids, e.g. humulone (0-acid) and lupulone (B-acid),
and terpenes (essential oils), ¢.g. myrcene and linalool, p-
caryophyllene, humulene, linalool, and a-pinene, etc.
(Astray et al., 2020).

Due to the rich content of secondary plant
metabolites, hops were traditionally used in herbal
medicines as a sedative, to relieve gastrointestinal
complaints, pain, sleep aid, fatigue, rheumatism, etc., and
as food ingredients. In Kosovan traditional medicine, the
infusion was prepared from female flowers and used as a
neuro-relaxant and to treat kidney inflammations, while
decoctions from areal parts were used to treat insomnia
and regulate the menstrual cycle (Mustafa et al., 2014).
Recent research reports shows that hop has demonstrated
to exhibit various pharmacological activities such as anti-
inflammatory, estrogenic, cancer chemopreventive, and
anti-angiogenic properties, as well as helping to
counteract obesity, diabetes type-2, and cancer (Chung et
al., 2009; Natsume et al., 2015).

Compared to medicinal uses, hop has more extensive
use in the beer industry. Its phytochemicals, except
flavours and fragrances, provide foam stability to beer

*avni.hajdari@uni-pr.edu

and, due to their antimicrobial activity, increase the shelf-
life of the final beer (Korpelainen and Pietildinen, 2021).

Although the hop is widespread in Kosovo and has
economic potential, information about its chemical
composition of the essential oils and its variability among
wild populations are missing. Thus, this work aims to
assess the chemical composition of the essential oils and
evaluate their natural variability among wild populations
of H. lupulus in Kosovo.

Materials and methods

Plant Materials

Plant material was collected in October 2021 in the
location  Poslisht (Prizren municipality, coordinates:
20°39'56"E, = 42°1137"N) and. Barilevé (Pristina
municipality, coordinates: 21°720"E, 42°44'47"N).
Female flowers were collected from 20 individuals (10
individuals per location). Voucher specimens of each
population were deposited at the Herbarium of the
Department of Biology, University of Prishtina. Plant
material was dried in the drying cabinets at 35°C for three
days.

Distillation of Plant Materials

The essential oil was obtained by hydro-distillation
(30 g of grounded plant material, 0.5 L of distilled water
added in a one-liter flask) at a distillation rate of 3 ml/min
in a Clevenger apparatus for two hours. The samples were
stored in the dark at -18 °C until further analysis.
GC and GC-MS Analyses
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Phytochemistry, ecology and diversity

GC/FID analyses were performed using a GC system
coupled with an FID detector (Agilent 7890A). The
separation was conducted on an HP-5MS column. Helium
was used as carrier gas with a flow of 0.6 ml/min; front
inlet at 250 °C; the split ratio of 50:1; the GC oven
temperature: 60 °C to 280 °C increased at a rate of 5
°C/min. FID operated at 250 °C, with 350 ml/min airflow
and a hydrogen flow of 35 ml/min.

GC/MS analyses were performed using a GC system
coupled to a 5975C MSD (Agilent 7890A). The
ionization energy was 70 eV with a mass range of 40-400
m/z. The injection volume was 1.0 pl.

The identification of the components was performed
by comparing their Kovats retention indices with those in
the literature (Adams, 2017) and by comparing the mass
spectra of each constituent with those stored in the NIST
08 and WILEY MS 9th databases and with mass spectra
from the literature (Adams, 2017). Some of the main
peaks were identified by comparing the retention times
and mass spectra with those of authentic constituents. The
percentage of the oils was calculated using the
normalization method from the GC peak areas without
correction factors.

Results and discussion

The essential oil yield is expressed as the volume
percentage of the dry weight of the dried plant material
(%v/w DW). The yield of the essential oil depended on
the origin of plant material, thus in the plants originating
from the Poslisht locality, the yield ranged from 0.2 to
0.7% v/w DW, while in the Barilavé locality, it ranged
from 0.2 to 0.6% v/w DW.

In the locality, Poslisht total of seventy-nine
compounds were identified. The main constituent were
myrcene (15.7-55.9%), followed by a-humulene (1.9-
28.1%), a-selinene (0.6-8.7%), B-bisabolol (0.4-8.0%), B-
selinene (0.7-5.5%), (E)-B-farnesene (0.4-5.3%), trans-
caryophyllene  (1.4-4.7%), selina-3,7(11)-diene (0.4
3.7%), etc.. In the locality Barilevé, totally eighty-eight
compounds identified, of them myrcene (21.0-52.5%)
were the main constituents, followed by a-humulene (6.5-
24.4%), (E)-p-farnesene (3.3-13.3%), a-selinene (0.9-
9.9%), trans-caryophyllene (2.2-7.6%), selina-3,7(11)-
diene (0.6-4.6%), a-cadinene (0.5-4.1%), 2-undecanone
(0.5-3.0%), etc. Differences in the essential oil's chemical
composition were recorded, especially in the content of
the main compounds myrcene and a-humulene. The
content of a-humulene in two samples originated from the
location Poslisht was significantly lower than its content
in other samples from the same locality and the samples
originating from the Barilevé locality.

Conclusion

This work studied the chemical composition of
volatile constituents obtained from female hop flowers
from two localities in Kosovo. Regarding the volatile
components, the most prominent compounds were
myrcene and a-humulene. The constitutes concentration
differed among the population, as well as among the
individuals of the same location too. The variability in the
chemical composition of essential oils among populations
reflects the environmental impact, which is influenced by
differences in habitat composition and microclimatic
conditions.

Further investigation including a higher number of
the localities and corroborated molecular analysis are
needed to confirm the natural variability and chemo-
polymorphism among wild populations of this species in
Kosovo.
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