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Introduction

Hop is an essential raw material for brewing industry. The 
female inflorescences, referred to as cones, contain lupulin 
glands with chemical components desirable for brewing. 
They are used to impart bittering, to enhance beer flavour 
and as a preservative and foam stabilizer [1]. Individual hop 
cultivars are characterized with wide variation in chemi-
cal profiles and their influence on taste of varying beer 
types [2–4]. Therefore, the use of appropriate hop cultivar 
is essential for organoleptic qualities of beer. The correct 
identification of varietal origin and purity of dry hops or 
hop products is crucial for growers, merchants and brewers.

Hop cultivars can be identified by morphological char-
acteristics, but it is very difficult or even impossible after 
the hop cones have been picked, baled or processed. Verifi-
cation of the authenticity of dry cone samples is tradition-
ally based on the chemical analysis. Some compounds can 
be taken as markers for cultivar differentiation. A chemical 
identification procedure can be based on the analysis of hop 
bitter acids [5], composition of essential oils [6–9] or also 
other hop constituents [10]. More satisfactory results were 
obtained using parallel analysis of few chemical markers 
[10, 11]. Chemical traits are strongly influenced by envi-
ronmental conditions during plant vegetation, processing 
procedures and duration of storage [12–14]. Therefore, the 
composition of bittering resins and essential oils of particu-
lar hop cultivars varies with the year of harvest, which can 
lead to difficulty in cultivar identification.

This disadvantage could be overcome by using molecu-
lar methods based on DNA analysis which are not affected 
by growing conditions and environmental factors. Several 
molecular methods have been investigated for hop cultivars 
identification and control of authenticity and purity of hop 
batches: amplified fragment length polymorphism (AFLP) 
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[15, 16] and random amplified polymorphic DNA (RAPD) 
[17]. However, these two methods have disadvantages such 
as dominant inheritance of the markers and either complex 
amplification procedure or low repeatability [e.g. [18, 19]].

Microsatellite markers are particularly valued because 
of a high degree of polymorphism, codominant inheritance 
and a simple pattern of amplification [20]. Therefore, a 
lot of effort has been put into developing new microsatel-
lite loci for hop [20–22]. Subsequently, these markers have 
been used for genotyping hop accessions. For example, 
Cerenak et al. [23] tested microsatellite loci on 63 acces-
sions, confirmed clonal origin of some accessions and 
concluded that just five loci are sufficient to discriminate 
between 44 hop cultivars. Krofta and Patzak [24] used 
microsatellite markers to genotype hop cones of Czech cul-
tivars. They also showed that using detection of alleles on 
polyacrylamide gel allows identifying mixed cone samples.

The main objective of this study is to simplify microsatellite 
analysis by amplification in multiplex PCR and to test these 
markers on hop products (both cones and pellets) obtained 
in Poland. Firstly, we genotyped nine hop cultivars grown in 
Poland with microsatellite loci to describe allelic diversity for 
them and to test which markers can fully distinguish these cul-
tivars. Secondly, we genotyped industrially produced samples 
of hop cones and pellets to determine their varietal origin and 
authenticity compared to information declared by a grower. 
Finally, using a range of cone mixtures of two Polish culti-
vars, mixed in various proportions, we determined a detection 
threshold for cultivar present in a mixture in minority.

Materials and methods

Plant material and DNA extraction

For preliminary genotyping, nine hop cultivars grown in 
Poland were selected. These included five Polish cultivars 

(Lubelski, Marynka, Sybilla, Iunga and Lomik) and four 
German cultivars of international importance (Hallertauer 
Magnum, Hallertauer Tradition, Perle and Hallertauer Tau-
rus). Leaves of the selected cultivars were collected in the 
field collection of hop germplasm maintained by the Insti-
tute of Soil Science and Plant Cultivation—State Research 
Institute in Puławy. Then, collected leaves were lyophilized 
and homogenized with a carbide bead using Tissue Lyser II 
(Qiagen) prior to DNA extraction.

In order to verify usefulness of this method for deter-
mining authenticity and purity of commercial hop raw 
material, the samples of dry hop cones and pellets of type 
90 and 45 were used. Two pellet types are acquired in dif-
ferent processing conditions (summarized in Table 1). Five 
cone samples of Lubelski cultivar and twelve samples of 
pellets (Marynka type 90, Marynka type 45 and Hallertauer 
Magnum type 90) were kindly provided by INS (Insti-
tute of New Chemical Syntheses) in Puławy. In addition, 
two cone samples of Sybilla cultivar were obtained from 
a local grower. Before DNA extraction, 20 g of material 
was ground in liquid nitrogen and then extraction was per-
formed in three replicates.

For determination of detection threshold, hop cones of 
two Polish cultivars, Lubelski and Marynka, were collected 
in the hop garden of the Institute of Soil Science and Plant 
Cultivation—State Research Institute in Puławy. Samples 
were harvested in the phase of technological maturity, 
approximately 5 m above ground. The cones were dried at 
the temperature of 50 °C to moisture content of 6 %. Then, 
cone mixtures of two cultivars, Lubelski and Marynka, 
were prepared by weighing the cones and mixing them in 
the appropriate percentage ratios. The total weight of each 
prepared mixture was 2 g. The percentage contribution of 
cultivar Marynka in these cone mixtures ranged from: 0 
(pure cv. Lubelski), 5, 10, 25, 50, 75, 90, 95 to 100 % (pure 
cv. Marynka). In addition, eight mixtures (encoded A–H) 
of 0–100 % contribution of cv. Marynka were prepared by 
another investigator to allow blind analysis. The prepared 
cone samples were ground in liquid nitrogen using mortar 
and pestle. Three replicates were taken from each ground 
sample for independent DNA extractions.

DNA from all above-mentioned samples was extracted 
using a modified CTAB method [25]. After extraction, 
DNA concentration was measured using spectrophotometer 
NanoDrop2000 (Thermo Scientific).

PCR conditions

Hop DNA was amplified using microsatellite markers 
developed by Stajner et al. [20]. The selected microsatellite 
loci (HlAGA7, HlAGA8, HlGA23, HlGA27, HlGT16 and 
HlGT17) were combined into two multiplex PCRs using 
Multiplex Manager 1.0 [26] (Table 2), and their forward 

Table 1  Processing conditions for different types of hop commercial 
products used in the study

Hop product Processing conditions

Dry cones Drying in the temp. about 60 °C

Pellet type 90 Drying in the temp. about 60 °C

Grinding in the mill

Pelletizing (pressure, temp. about 50 °C)

Pellet type 45 Drying in the temp. about 60 °C

Freezing in the temp. −35 °C

Grinding in the mill

Separation of lupulin glands

Pelletizing (pressure, temp. about 50 °C)
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primers were fluorescently labelled using: 6-FAM, VIC, 
NED and PET (Life Technologies).

PCR amplification was performed in a 10 µl volume con-
taining: 1xPCR buffer [10 mM Tris–HCl (pH 8.8), 50 mM 
KCl, 0.08 % (v/v) Nonidet P40], 1.5 mM MgCl2, 0.2 mM 
each of dNTPs, 0.5U of Taq polymerase (recombinant, 
Thermo Scientific) and 20 ng of hop DNA. Concentra-
tion of primers in PCR equalled 0.4 µM for loci HlAGA7, 
HlGA27, HlGT17; 0.5 µM for loci HlAGA8, HlGT16; and 
0.6 µM for locus HlGA23. Amplification was performed in 
a C1000 and S1000 Thermal Cycler (Bio-Rad) using the 
following thermal cycling protocol: 95 °C for 5 min, then 
45 cycles of 94 °C for 45 s, 55 °C for 30 s, 72 °C for 90 s, 
followed by a final elongation step of 8 min at 72 °C.

Genotyping and analysis

Amplified samples were randomized by another investi-
gator in order to allow objective (blind) scoring of alleles. 
After randomization, PCR products were diluted tenfold 
in the sterile water, combined with 600 LIZ internal size 
standard v2.0 (Life Technologies) and separated on capil-
lary sequencer (3500 Genetic Analyzer, Life Technolo-
gies). Microsatellite alleles were sized against the internal 
size standard using GeneMapper 5.0 software (Life Tech-
nologies). Then, lengths of detected alleles were taken for 
further analysis. Observed and expected heterozygosity 
and allele frequencies for each locus were calculated using 
GenAlEx v. 6.501 [27]. Polymorphism information content 
(PIC), a measure of allelic diversity, was calculated accord-
ing to Botstein et al. [28]. In addition, probability of iden-
tity (PI) was calculated using a formula of Paetkau et al. 

[29] in order to select microsatellite loci the most useful for 
cultivar identification (with the lowest PI values).

Results

Microsatellite genotyping of hop cultivars grown 
in Poland

All six microsatellite loci were polymorphic in nine hop 
cultivars included in this study. Overall, 31 alleles were 
amplified with a mean of 5.167 alleles per locus. The num-
ber of the amplified alleles per locus ranged from three to 
six (Table 2). Locus HlGT16 was the least polymorphic, 
while loci HlAGA8, HlGA27, HlGT17 were the most poly-
morphic. The highest value of PIC recorded for HlGT17 
indicates that this locus is the most informative, while low-
est PI value shows that it is also the most useful for culti-
var identification (Table 2). However, HlGT17 alone does 
not discriminate between all nine cultivars included in this 
study. It amplifies identical allele combinations for two 
pairs of cultivars, which can be distinguished using a sec-
ond locus—e.g. HlGA27 (Table 3).

Genotyping industrial samples

Industrially produced hop cones and pellets, including the 
most processed samples (pellets—type 45), were success-
fully extracted and genotyped within this study. Genotyp-
ing of three replicates for each sample gave consistent 
results. For most samples, results of genotyping confirmed 
the cultivar origin declared by a grower (Table 4). One cone 

Table 2  Characterization of six microsatellite loci used to genotype nine hop cultivars grown in Poland

Na number of detected alleles, Ho observed heterozygosity, He expected heterozygosity, PIC polymorphism information index, PI probability of 
identity
a Loci with the same multiplex PCR number were amplified together in the same reaction

Locus Sequences of the forward (F) and reverse 
(R) primers (5′ → 3′)

Fluorescent 
label

No. of multiplex 
PCRa

Na Allele size 
range (bp)

Ho He PIC PI

HlAGA7 F: ACAAGCAGTAATGATGAGGA VIC 1 5 174−205 0.889 0.704 0.652 0.332

R: TCCAAGTCTCTCAATTAGGAA −
HlAGA8 F: TCAAGAGCACAAATCCAAA NED 1 6 253−287 0.889 0.704 0.661 0.130

R: AAGGGAGATACACGTAAAG −
HlGA23 F: AAGCACGAAAACTGACTTG 6-FAM 1 5 241−294 0.556 0.525 0.497 0.266

R: GTTGCCCAAAATCACTGTT –

HlGA27 F: ATGCAAACGAATGAGCCTT PET 1 6 187−222 0.556 0.691 0.660 0.127

R: CCATAACCCAATAATCAAACCA –

HlGT16 F: CCGTGATACAAATCTACCCAAA VIC 2 3 206−227 0.889 0.568 0.489 0.266

R: CTCCAGTCAGCAATCTCTTCAA –

HlGT17 F: GGTCCTTAGTCACTTGCCAAT 6-FAM 2 6 159−186 1.000 0.765 0.730 0.091

R: GACTGTTCGAAGCACAATCAA −
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sample, labelled as pure Lubelski, appeared to be a mixture 
of cultivars Lubelski and Marynka. Alleles specific for cv. 
Marynka and cv. Lubelski were amplified in this sample by 
all four loci which were able to differentiate these two cul-
tivars (Table 4).

Detection threshold

Results of blind genotyping with four microsatellite loci 
(HlAGA7, HlGA23, HlGT16 and HlGT17) show that 
samples of pure Lubelski and pure Marynka have been 
correctly identified (Table 5). In case of cone mixtures 
with 5–97 % contribution of cv. Marynka, alleles spe-
cific for both cultivars have been also correctly detected 
at least at some of the tested loci. However, for admix-
tures lower than 10 %, evidence of allelic dropout was 
observed at least for some loci. Out of the tested markers, 
HlGT16 and HlGT17 were the most likely to detect small 
admixtures of another cultivar (Table 5). Admixtures 
below 1 % were not detected at all. Heights of peaks rep-
resenting alleles of cultivar present in minority tend to be 
very low and sometimes hard to distinguish from artefacts 

(stutter bands) typically occurring in the microsatellite 
electroferograms.

Discussion

The method developed in this study allows for quick culti-
var identification using just two multiplex PCRs. A mini-
mum of two microsatellite loci (HlGT17 and HlGA27) 
are sufficient to distinguish hop cultivars grown in Poland, 
while further four loci can be used as a confirmation of cul-
tivar identification. Cerenak et al. [23] used other micro-
satellite loci and showed that a minimum of five primer 
pairs allow for discrimination of 44 diverse hop cultivars, 
although they did not include Polish cultivars. Both studies 
show that microsatellite markers can be very effective tools 
for cultivar identification.

The microsatellite markers were selected for this study 
based on their ability to amplify in multiplex PCR and 
polymorphism reported by Stajner et al. [20]. The same 
six loci amplified on average 18.2 alleles per locus in 67 
hop accessions, and their PIC values ranged from 0.751 to 

Table 3  Alleles detected by six microsatellite loci for each of the nine hop cultivars grown in Poland

a Data on cultivation area in Poland come from the report of Agricultural and Food Quality Inspection for year 2015

Cultivar Cultivation area in Poland (ha)a Size of alleles (bp) detected by microsatellite loci

HlAGA7 HlAGA8 HlGA23 HlGA27 HlGT16 HlGT17

Hallartauer Magnum 495.5 177, 205 287 241 222 206, 227 181, 186

Lubelski 383.8 174, 202 253, 287 241, 294 218, 222 221, 227 181, 186

Marynka 294.5 177, 205 253, 287 241, 276 222 206, 227 161, 181

Hallertauer Tradition 77.7 202, 205 277, 287 241 187, 222 206, 227 171, 186

Sybilla 77.1 177, 205 271, 287 241, 276 196, 220 206, 227 171, 186

Perle 61.1 202, 205 277, 287 241 196, 218 206, 227 171, 181

Hallertauer Taurus 8.2 193, 205 253, 287 241 222 206, 227 159, 181

Iunga 5.0 177, 205 253, 256 259, 275 220 227 161, 186

Lomik 4.1 177 253, 262 241, 294 212, 222 221, 227 179, 181

Table 4  Summary of testing cultivar identification of industrially processed samples using six microsatellite loci

a For one sample labelled by a grower as Lubelski, four loci confirmed admixture of Marynka cultivar. For this sample HlAGA7 amplified 
alleles: 174, 177, 202, 205; HlGA23 amplified alleles: 241, 276, 294; HlGA16 amplified alleles: 206, 221, 227 and HlGT17 amplified alleles 
161, 181, 186 (compare Table 3)

Sample type Cultivar origin of the sample 
declared by hop grower

No. of tested samples No. of samples with cultivar 
origin confirmed

No. of samples with detected 
admixture of another cultivar

Cones Lubelski 5 4 1a

Cones Sybilla 2 2 0

Pellet type 45 Marynka 3 3 0

Pellet type 90 Marynka 4 4 0

Pellet type 90 Hallertauer Magnum 5 5 0
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0.890 [20]. Here, they amplified on average 5.2 alleles per 
locus, while PIC values ranged between 0.489 and 0.730. 
Lower number of alleles and PIC values detected in our 
study can be explained by a smaller number and diversity 
of cultivars taken for genotyping. PIC values tend to be 
comparable among studies based on genotyping high num-
bers of accessions [30–32].

The control of cultivar purity in hop raw material is 
important because the market price of each hop culti-
var is different. Addition of a cheaper hop cultivar to the 
more expensive one lowers the quality of a product and 
changes its chemical properties. There is also a possibility 
of human errors during labelling hop cone batches or more 
processed products. We discovered that one of the tested 
cone samples, labelled as Lubelski, was in fact a mixture 
of cv. Lubelski and cv. Marynka. Addition of the latter cul-
tivar was unambiguously detected by all four loci, which 
were able to distinguish these two cultivars. Adulteration of 
hop product was reported by Krofta and Patzak [24]. Their 
chemical analyses proved that material from a traditional 
Czech cultivar Saaz was mixed with a high proportion of 
another hop cultivar which authors could not identify. The 
need for authentication of food products motivated by 
attempt to maintain a high quality of premium products is 
not limited to hop production. Over the last decades, a lot 

of effort has been put in developing methodology which 
can be used to detect admixture of cheaper cultivar in prod-
ucts such as fragrant rice, durum wheat, “San Marzano” 
tomato, monovarietal olive oils and wine musts [33–36].

One of the challenges in studies focused on authentica-
tion of food products is to amplify DNA from processed 
products, because processing may cause DNA degradation. 
Such problem was reported in case of attempts of cultivar 
identification by DNA analysis from wine and olive oil [33, 
37]. In case of hop, cone samples have been widely used 
for DNA isolation for molecular analyses [15, 16, 24, 38]. 
However, Krofta and Patzak [24] reported that less reliable 
results can be obtained from hop pellets compared to hop 
cones. Here, we successfully amplified both types of sam-
ples. We determined cultivar origin even in samples of hop 
pellets—type 45, which went through the process of dry-
ing, homogenizing, freezing, separation of lupulin glands 
and pelletizing.

One limitation of the microsatellite analysis is a detec-
tion threshold. If a contribution of one cultivar in a mixture 
is too low, the alleles of this cultivar may be undetected. 
Detection threshold reported in earlier studies based on 
DNA methods varied between 5 and 15 % [39, 40]. Krofta 
and Patzak [24] showed that 5 % admixture can be visual-
ized on polyacrylamide gel using one microsatellite locus. 

Table 5  Detection of alleles in four microsatellite loci capable of amplifying alleles differentiating cv. Marynka and cv. Lubelski in samples 
consisting of mixtures of cones of these two cultivars

All mixtures were extracted and genotyped in three replicates. All samples were randomized before genotyping to allow blind scoring. Mixtures 
A–H were prepared by another investigator and their composition was revealed only after genotyping
a Underlining of alleles indicates their origin from either cv. Marynka or cv. Lubelski; non-underlined alleles are common for both cultivars
b Allele dropping out in some replicate samples

Sample Percentage of cv. Marynka  
in extracted sample (%)

Size of alleles detected using four microsatellite locia Both cultivars detected 
using microsatellite loci?

HlAGA7 HlGA23 HlGT16 HlGT17

0 174, 202 241, 294 221, 227 181, 186 No

F 0 174, 202 241, 294 221, 227 181, 186 No

C 0.3 174, 202 241, 294 221, 227 181, 186 No

D 0.5 174, 202 241, 294 221, 227 181, 186 No

5 174, 202 241, 294 206b, 221, 227 161b, 181, 186 Yes/No

G 8 174, 202 241, 294 206, 221, 227 161b, 181, 186 Yes/No

10 174, 177, 202, 205 241, 276b, 294 206, 221, 227 161, 181, 186 Yes

25 174, 177, 202, 205 241, 276, 294 206, 221, 227 161, 181, 186 Yes

A 27 174, 177, 202, 205 241, 276, 294 206, 221, 227 161, 181, 186 Yes

50 174, 177, 202, 205 241, 276, 294 206, 221, 227 161, 181, 186 Yes

75 174, 177, 202, 205 241, 276, 294 206, 221, 227 161, 181, 186 Yes

B 76 174, 177, 202, 205 241, 276, 294 206, 221, 227 161, 181, 186 Yes

90 174, 177, 202, 205 241, 276, 294 206, 221, 227 161, 181, 186 Yes

95 174, 177, 202, 205 241, 276 206, 221, 227 161, 181, 186 Yes/No

E 97 174, 177, 202, 205 241, 276 206, 221, 227 161, 181, 186 Yes/No

100 177, 205 241, 276 206, 227 161, 181 No

H 100 177, 205 241, 276 206, 227 161, 181 No
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Our test of detection threshold is much more detailed and 
done using capillary electrophoresis which is considered 
to be a more sensitive and objective detection method [41]. 
We prepared a wide range of cone mixtures and used them 
for blind genotyping with four loci. Our results showed that 
admixtures below 1 % were not detected, but both culti-
vars were detected in mixtures with 5−97 % of cv. Mar-
ynka by means of at least two loci (HlGT16 and HlGT17). 
However, allelic dropout may be observed for admixtures 
below 10 % in some loci. Allele peaks generated by such 
small contributions tend to be very low and their scoring 
depends on the clarity of peak patterns. Microsatellite loci 
typically generate artefacts, called stutter bands, associated 
with each allele, and their number and height depend on the 
structure and length of the microsatellite region. Therefore, 
for some loci, additional small allele peaks may be very 
difficult to notice and score; hence, using more loci in test-
ing for purity of hop raw material is advisable. Moreover, 
reference peak patterns generated by reference samples 
(pure cultivars) can be helpful for comparisons during scor-
ing when detecting small allele peaks.

Conclusions

A simple method of cultivar identification in hop based 
on six microsatellite loci amplified in two multiplex PCRs 
was described in this study. It proved to be sufficient to 
distinguish all major hop cultivars grown in Poland and to 
identify cultivar origin of commercially produced samples 
of hop cones and pellets. Genotyping of experimentally 
prepared cone mixtures of two cultivars showed that even 
small admixtures of 3–5 % can be detected if few loci are 
used for analysis.
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