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Abstract

Verification of clonal identity of hop (Humulus lupulus L.) cultivars within breeding programs
and germplasm collections is vital to conserving genetic resources. Accurate and economic
DNA-based tools are needed in dioecious hop to confirm identity and parentage, neither of
which can be reliably determined from morphological observations. In this study, we devel-
oped two fingerprinting sets for hop: a 9-SSR fingerprinting set containing high-core repeats
that can be run in a single PCR reaction and a kompetitive allele specific PCR (KASP) assay
of 25 single nucleotide polymorphisms (SNPs). The SSR set contains a sex-linked primer
pair, HI-AGA7, that was used to genotype 629 hop accessions from the US Department of
Agriculture (USDA) National Clonal Germplasm Repository (NCGR), the USDA Forage Seed
and Cereal Research (FSCR), and the University of Nebraska-Lincoln (UNL) collections. The
SSR set identified unique genotypes except for 89 sets of synonymous samples. These syno-
nyms included: cultivars with different designations, the same cultivars from different sources,
heat-treated clones, and clonal variants. Population structure analysis clustered accessions
into wild North American (WNA) and cultivated groups. Diversity was slightly higher in the culti-
vated samples due to larger sample size. Parentage and sib-ship analyses were used to iden-
tify true-to-type cultivars. The HI-AGA7 marker generated two male- and nine female-specific
alleles among the cultivated and WNA samples. The SSR and KASP fingerprinting sets were
compared in 190 samples consisting of cultivated and WNA accession for their ability to con-
firm identity and assess diversity and population structure. The SSR fingerprinting set distin-
guished cultivars, selections and WNA accessions while the KASP assays were unable to
distinguish the WNA samples and had lower diversity estimates than the SSR set. Both finger-
printing sets are valuable tools for identity confirmation and parentage analysis in hop for dif-
ferent purposes. The 9-SSR assay is cost efficient when genotyping a small number of wild
and cultivated hop samples (<96) while the KASP assay is easy to interpret and cost efficient
for genotyping a large number of cultivated samples (multiples of 96).
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GRIN-Global at https:/npgsweb.ars-grin.gov/
gringlobal/method?id=496582; KASP data for
accessions from the NCGR are also available in
GRIN-Global at https:/npgsweb.ars-grin.gov/
gringlobal/method?id=496583. Genotypic data for
the 629 sample and R and Python scripts are
available at the following github repository: github.
com/ Bassil-Lab/(https:/github.com/Bassil-Lab/
Driskill_et_al_2021_PLOSONE_Humulus_two_
fingerprint_sets ). TASSEL pipeline scripts are
available at: https://sourceforge.net/p/tassel/
tassel3-standalone/ci/master/tree/scripts/. SSR
and KASP SNP genotypic data are available
through GRIN Global at https://npgsweb.ars-grin.
gov/gringlobal/method?id=496582 and https://
npgsweb.ars-grin.gov/gringlobal/method?id=
496583, respectively. KASP SNP names were
given the “HK” prefix but reference and alternative
alleles were removed from the ends of the names.
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Introduction

The commercial hop (Humulus lupulus L.) is a dioecious perennial plant of the Cannabaceae.
This species has five botanical varieties, as determined by leaf morphology and geographic dis-
tribution [1,2]. Theses varieties are European hop (H. lupulus var. lupulus E. Small), Asian hop
[H. lupulus var. cordifolius (Miq.) Maxim.], and three North American endemics hops (H.
lupulus var. lupuloides E. Small, H. lupulus var. neomexicanus A. Nelson and Cockerell, and H.
lupulus var. pubescens E. Small) [1,2]. Most cultivated hop plants are derived from the Euro-
pean hop, though other subspecies have contributed to the diversity of the breeding gene pool.
Hop cultivars are mostly diploid (21 = 2x = 20), with nine autosomal chromosomal pairs and
two sex chromosomes. Some cultivars are triploid and some breeding lines can be tetraploid
[3,4].

The mature female inflorences, commonly called cones, are the economically important
part of the hop plant. Production is in the United States, Europe, China, Australia, New Zea-
land, South Africa, and other regions [5,6]. The female cones contain lupulin glands, which
produce chemical compounds that are desirable for flavoring beer and are used for aroma and
bitterness [7,8]. Male plants are required for the breeding process but are excluded from cone
production to reduce seed set, which results in lupulin contributing a higher proportion to
hop cone weight [7,6]. In the United States, approximately 51 thousand tonnes of cones were
harvested in 2019, totaling in an estimated value of $637 million [9]. The value of production
in 2016 stood at $65 million—nearly doubling 2015’s production value. This increase in pro-
duction has been driven largely by an increase in the craft beer industry. In the last decade, the
number of American craft breweries experienced a massive 298% increase in growth, with the
number of tap rooms undergoing the greatest increase from 0 in 2010 to 3471 in 2020 [10].
The Barth-Haas Group [11] reported 146 hop cultivars in common use worldwide, which was
an increase of 17 cultivars since 2009. To satisfy this need, farmers and brewers are establishing
their own hop gardens with desired cultivars that they can use to impart the best aromas and
flavors to their brew [12]. In the US, the number of craft breweries has doubled or more in all
50 states over the last decade [10]. To stay competitive, craft breweries are in search of hop cul-
tivars with unique aromatic profiles to create new tastes for consumers beyond the classic cit-
rus, floral, and herbal notes. The breeding programs at the US Department of Agriculture
(USDA), Agricultural Research Services (ARS), including the Forage Seed and Cereal Research
(FSCR), private companies, universities, and more recently at Oregon State University (OSU)
are actively working to create new varieties for this burgeoning industry [13,14].

Hop cultivation began in Europe in the 1100s, where monasteries began producing beer
and chose to incorporate hops for flavor with the accidental side benefit of antimicrobial activ-
ity for a beverage where drinking water was unclean [15]. Regional landrace selections of the
wild hop from Saaz, Czech Republic, Backa, Serbia, and Hallertau and Tettnang, Germany
came to be known for unique qualities and tastes. Hop breeding programs with long-term
projects based on controlled crosses for plant improvement began after the 1900s [16,17]. Hor-
ticultural hop varieties were identified by geography or large morphological differences [1,2].
Hop plants were propagated by root cuttings, but the significance of maintaining specific
clones of desirable types, i.e., "cloning," was not realized until the 20 century. Thus, plant per-
formance, specifically yield, was highly variable because of variation in rainfall and pressure
from diseases and pests. Farmers would realize a full yield perhaps once in a decade, leading to
overplanting. This caused large fluctuations in the supply and price of hops between bumper
and bust harvests.

In 1904, E. S. Salmon, a mycologist at Wye College (Southeastern Agricultural College),
Kent, England, began a hop development program to address disease issues by applying new
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principles of plant breeding. By 1917, Salmon had partnered with the East Malling Research
Station to evaluate hop on a large scale [16]. Even then, Salmon used wild American material
(H. lupulus var. lupuloides) from Manitoba, Canada to increase disease resistance and resin
content and to improve aroma profiles [3,17]. From the Wye breeding program, Salmon pro-
duced three very successful cultivars: ‘Brewer’s Gold’, ‘Northern Brewer’, and ‘Bullion’. To
date, most high-alpha or bitter breeding programs have used these three cultivars as parents
[17]. Long-term breeding programs such as that at the USDA-ARS FSCR located in Corvallis,
Oregon and Prosser, Washington, as well as newer programs at OSU and UNL are tasked with
breeding locally adapted cultivars that are disease resistant to pathogens such as powdery and
downy mildew and have increased yield and enhanced brewing characteristics. Modern breed-
ing programs continue to utilize wild germplasm to develop new cultivars with different
sources of disease resistance combined with new aroma and flavoring profiles [8,18]. Each of
the aforementioned programs maintains germplasm collections containing experimental
breeding material in addition to European cultivars and wild accessions.

Evaluating the diversity of germplasm is important to any hop breeding program to make
informed crosses. In support of these breeding programs and to maintain historically impor-
tant cultivars for posterity, the National Clonal Germplasm Repository (NCGR) in Corvallis,
Oregon, manages a world hop collection with 647 accessions originating from 21 countries.
The collection is highly diverse and contains European cultivars, regional landraces, and wild
native North American accessions. At the NCGR, each clonal accession is propagated vegeta-
tively and could easily be mis-identified if solely based on morphology [3], since morphology
can change based on environmental influences such as growing conditions [8,19-21]. An eco-
nomic DNA-based tool to confirm cultivar identity should be useful for management at the
USDA and any other germplasm collection.

Two of the most common codominant DNA-based markers used for germplasm identifica-
tion are microsatellites, also known as simple sequence repeats (SSRs), and single nucleotide
polymorphisms (SNPs). SSRs are 1-6 base pair (bp) long tandem repeats, and are particularly
valuable for their high level of polymorphism, reproducibility, cost effectiveness, potential for
automation, and ease of transfer among laboratories [3,19,22]. They also require smaller
amounts of DNA, relative to other marker systems [23]. SSR markers have been repeatedly
shown to be one of the most powerful DNA-based methods for use in genetic studies in multi-
ple crop species [24]. SNPs are the most abundant types of DNA markers in any organism [6].
They are easily amenable to automation and thus have been used for high throughput genotyp-
ing, cultivar identification, and QTL analysis [6,25-28]. Hop germplasm managers and breed-
ers need multiple, adaptable fingerprinting methods that can distinguish siblings and resolve
relationships among cultivars and between the cultivated and wild gene pools.

Hop has recently benefited from the advances in the genomic revolution. More than 1,000
SSR markers have been isolated, and they include genomic [29-32] and genic SSRs [3,5,33,34].
SSR markers in hop have been a valuable tool for genotype identification [19,29,35], parentage
analysis [3,35], diversity assessments [5,8,36], linkage mapping [5,37], marker-assisted selec-
tion [7,38], and phylogenetic and evolutionary studies [18,39,40]. The SSR marker HI-AGA7
has been used to determine sex [7,41]. The HI-AGA7 marker has also been used for genotyp-
ing because it is highly polymorphic and has high allelic diversity [7,8,19,42].

High throughput genotyping techniques using SNPs have been of great benefit for hop
breeding and genetics. Common techniques that have been used in hop include diversity array
technology (DArT) [37,42], genotyping-by-sequencing (GBS) [6,25,43-45], and kompetitive
allele specific PCR (KASP) [46]. Many SNP genotyping methods can be expensive to perform
on small sample sizes, but have proven their value in linkage mapping, QTL analysis, and
genome wide association studies [6,37,44,47,48]. In hop, SNP markers were used for genetic
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analysis of downy mildew resistance [48,49], powdery mildew resistance [50]), sex determina-
tion [43,51], short stature [47], and drought stress tolerance [51]. Interest abounds in using
SNPs for cultivar identification [6,27,28,45,46]. Yamauchi [28] used three hop cultivars to
identify four SNP-containing regions from transcriptome sequences obtained from Sanger
sequencing to characterize 21 hop cultivars. Matthews et al. [27] and Van Holle et al. [46] used
GBS to discriminate among 178 and 56 commercial cultivars, respectively; while Jiang et al.
[46] used 12 KASP markers to distinguish 16 hop cultivars. Sanger and Illumina-based
sequencing for detection of these previously identified SNPs for cultivar identification are rela-
tively expensive and the results are challenging to analyze. A cost-effective and easy to perform
and evaluate SNP-based fingerprinting tool is needed in hop.

The objective of this study is to develop easy-to-use, cost effective SSR-based and SNP-
based fingerprinting sets for hop that can distingish European and WNA accessions including
cultivars. The development of these DNA tests will allow hop genebanks and breeding pro-
grams to establish core collections of hop germplasm and ensure the correct identity of the
accessions in the collections.

Methods
Plant material and DNA extraction

Young actively growing hop leaf tissue was collected from 354 samples from the NCGR, 249
samples from the FSCR Breeding Program, and 26 samples from UNL (S1 Table). Tissue of
the UNL accessions, was shipped overnight on ice to the NCGR in Corvallis, Oregon. Approxi-
mately 30-50 mg of tissue from each accession were sampled into a 96-well plate format.
Duplicate samples were collected for SSR and KASP genotyping. Tissue for SSR genotyping
was flash-frozen in liquid nitrogen. Samples were stored at -80°C until DNA extraction. Prior
to extraction, samples were ground using a mixer mill (MM 301; Retsch International, Hann,
Germany). DNA was extracted using a modified DNA extraction protocol [52] for the E-Z 96
Plant DNA extraction kit (Omega BioTek, Norcross, GA, USA). DNA was quantified with a
Tecan Infinite M Plex multimode plate reader (Tecan Group Ltd, Ziirich, Switzerland) and
diluted to 3 ng/uL. Tissue for KASP genotyping was shipped after the addition of silica to each
well using the Plant Sample Collection kit (according to the manufacturer’s recommendations)
to LGC Biosearch Technologies, Hoddesdon, UK, where DNA extraction and genotyping was
conducted.

SSR genotyping

To develop an SSR fingerprinting DNA test, 43 primer pairs (S2 Table) were chosen. The 43
SSRs were selected based on the following criteria: 1) SSRs containing long core repeats with a
base motif equal to or greater than 3 base pairs, 2) high allele diversity based on published
reports, 3) ease of scoring, and 4) if they had been previously used by collaborators Claudia
Wiedow at Plant and Food Research, New Zealand (Claudia. Wiedow@plantandfood.co.nz)
and Josef Patzak at Hop Research Institute Co. Ltd., Czech Republic (patzak@chizatec.cz) in
April, 2019. SSRs identified by Koelling et al. [33] were given the ‘K’ prefix. The 43 SSRs were
tested individually in a panel of 16 diverse hop samples (S1 Table), consisting of ‘Alliance’,
‘Horizon’, ‘Crystal’, ‘Scarlet’, ‘Dana’, ‘BitterGold’, ‘Backa’, “Talisman’, ‘Smooth Cone’, “‘Wye
Challenger’, ‘Southern Brewer’, ‘Shinshuwase’, “Tardif de Bourgogne’, ‘Swiss Tettnanger’, ‘San-
tiam’, and KAZ-067 (S1 Table), using an M13 labeling method [53]. The reactions were con-
ducted in 15 pL volumes using the GoTaq Flexi PCR kit (Promega, Madison, WI, USA.).
Reactions consisted of 3 pL of 5xGoTagq buffer, 1.2 uL of 2.5 mM dNTPs, 1.2 L of 25 mM
MgCl,, 0.075 pL of GoTag, 0.18 pL of 10 uM forward primer, 0.75 uL of 10 pM reverse primer,
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0.75 pL of 10 uM fluorescently labeled M13 primer, 6.4 uL of PCR grade water, and 1.5 uL of
DNA at a concentration of 3 ng/uL. Reactions were amplified in an Eppendorf Gradient ther-
mocycler (Eppendorf Inc., Westbury, NY, USA) using a program consisting of an initial dena-
turation at 94°C for 3 min; 10 cycles of denaturation at 94°C for 40 s, annealing for 1.5 min
starting at 55°C and decreasing by 1°C per cycle, and extension at 72°C for 30 s; 20 cycles of
denaturation at 94°C for 40 s, annealing at 52°C for 45 s, and extension at 72°C for 45 s; 10
cycles of denaturation at 94°C for 40 s, annealing at 53°C for 45 s, and extension at 72°C for 45
s; followed by a 30 min hold at 72°C. Following completion of the program, the amplicons
remained at 4°C until removed from the thermocycler. Reaction success was assessed via 2%
agarose gel electrophoresis. Amplicons from successful reactions were pooled, and alleles were
separated via capillary electrophoresis using a GeneScan 600 LIZ dye size standard on an
Applied Biosystems SeqStudio Genetic Analyzer (Thermo Fisher Scientific Inc., Waltham,
MA, USA). The allele visualization and analysis were performed with GeneMarker software
(version 3.0.0, SoftGenetics, LLC., State College, PA, USA) to determine allele sizes, and evalu-
ate each SSR for absence of PCR artifacts, ease of scoring, and polymorphism. The final SSRs
were selected for high polymorphism, ease of scoring (1-easy to 0.5-medium), and multiplex-
ing ability-lack of overlapping alleles and contained the sex-linked SSR HI-AGA7 [7].
Forward primers for the SSRs selected to make up the fingerprinting set were fluorescently
labeled (Thermo Fisher scientific Inc. Waltham, MA, USA) for multiplex amplification. An
iterative optimization process was conducted in the testing panel to identify optimal primer
concentrations and to confirm that primers did not interact. Reactions were conducted in
15 uL volumes consisting of 8.3 pL of TypelT PCR Master Mix (Qiagen NV, Germantown,
MD, USA), 1.5 pL of PCR grade water, 1.7 uL of primer mix, and 3.5 uL of DNA at a concen-
tration of 3 ng/puL. Primer concentrations varied within the 1.7 pL of the primer mix in each
iteration. Thermocycler program consisted of an initial denaturing at 95°C for 5 min; 9 cycles
of denaturation at 95°C for 30 s, annealing for 1.5 min starting at 65°C and decreasing by 1°C
per cycle, extension at 72°C for 30 s; 29 cycles of denaturation at 95°C for 30 s, annealing at
55°C for 1.5 min, and extension at 72°C for 30 s; followed by a 30 min hold at 60°C. Following
completion of the program, the amplicons remained at 4°C until removed from the thermocy-
cler. Optimized reactions using the labeled primers were performed on 32 accessions from two
bi-parental populations supplied by the FSCR (S1 Table) to assess the ability of the SSR multi-
plex to distinguish full siblings. The SSR multiplex was then used to genotype the remaining
354 samples from the NCGR, the remaining 217 samples from the FSCR Breeding Program,
and the 26 samples from UNL (S1 Table).

KASP SNP genotyping

To develop a set of SNPs used for differentiation amongst genotypes, we performed GBS on a
set of 326 H. lupulus var. lupulus genotypes, including male and female accessions, located at
the USDA-ARS hop breeding program in Corvallis, Oregon. GBS library preparation used the
ApeK1 cutter enzyme and sequencing was performed on an Illumina 3000 as outlined by
Elshire et al. [54]. The ‘Cascade’ draft genome by Padgitt-Cobb et al. [55] was used as the refer-
ence genome for sequence alignment and identification of SNPs. SNP calling was performed
with the TASSEL [56] 3.0 pipeline (for TASSEL scripts see Data Availability) using the default
filter settings. This resulted in an initial set of SNPs that were further filtered with the TASSEL
GUI [56] (version 5.2.49) to a 2X minimum depth with the “SetLowDepthGenotypesToMiss-
ing” argument and iteratively optimized to obtain a 90% genotype minimum presence and
75% taxa minimum presence with the “filter genotype table sites” and “filter genotype table
taxa” arguments, respectively. SNPs were further filtered to have a minor allele frequency of
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0.20 and a maximum missing percent of 10%. This set of SNPs were filtered to remove all
markers that had any missing data. Using JMP Genomics software (version 9.0, JMP Geno-
mics, SAS Institute, Cary, NC, USA), Index of probability of Hardy-Weinberg equilibrium,
PIC value, heterozygosity and MAF averages were calculated for the filtered SNPs with the
“Genetic Marker Statistics” and “Marker Properties” routine and sub-routine processes,
respectively. Any markers that had a 0.50 average or greater for all four indices was selected for
further analysis. Using a PERL-base script “MinimalMarker” by Fujii et al. [57], a final set of
markers was identified that differentiated the original 326 accessions in the GBS data. The
SNP and DNA sequences 200 bp upstream and 200 bp downstream of each SNP marker were
submitted to LGC Biosearch Technologies for their design and validation as KASP markers.
Sixty-three samples from the NCGR and 127 samples from FSCR were genotyped with the 28
KASP SNP assays (S1 and S3 Tables), including repeated controls to determine their efficacy at
differentiating among genotypes as well as consistency in identifying clonal propagules as
identical. Raw allele calls for the 28 assays were received from LGC, and cluster plots were
viewed using the SNPviewer software (version 1.99, LGC Biosearch Technologies, Hoddesdon,
UK). Each assay was evaluated, and markers were removed if they were not easily binned into
three defined clusters or had greater than 20 percent missing data.

Cluster analyses and diversity assessment

Cluster analyses were conducted using the R packages “ape” [58] (version 5.4-1) and “poppr”
[59,60] (version 2.8.6). The raw allele calls for each SSR were exported from the GeneMarker
software (SoftGenetics, LLC.,, State College, PA, USA), and converted to “poppr” format (e.g.,
alleles for each marker separated by “.”). The allele data were converted into a genind object
with null alleles coded as “NA” with the “df2genind” function [59,60]. With the “recode_poly-
ploid” function, unknown alleles (i.e., masking of null alleles or unknown dosage configura-
tions) were coded as “000” [59,60]. Since Humulus contains diploid, triploid, and tetraploid
accessions, Bruvo’s distance was chosen for its ability to calculate microsatellite genetic dis-
tances irrespective of ploidy level [61]. Thus, the “bruvo.boot” command [59,60] was used to
produce a neighbor joining tree with the “njs” algorithm with an infinite allele, allele-sharing
model [62] by setting the “replen” for all samples to 0.001 as implemented in Metzger et al.
[62] and using bootstrap support of 2,000 permutations as implemented in “ape” [58].

Individuals were classified into two groups for clustering: 1) cultivated (CULT), and 2) wild
North American (WNA). Cultivated consisted of European and European Hybrid germplasm.
Population richness, intra group diversity, expected heterozygosity, and evenness were calcu-
lated for the 629 accessions of CULT and WNA samples with the “poppr” function as imple-
mented in “poppr” [59,60]. Multi-locus genotypes and expected multi-locus genotypes were
used to evaluate population richness. Simpson’s index was used to evaluate intra group diver-
sity [63]. This index provides an estimation of the probability that two randomly selected
genotypes are different. For each fingerprinting set and marker, the number of observed alleles
and observed genotypes were counted; Nei’s expected heterozygosity [64], Simpson’s index
[63], and evenness were calculated at the allelic and genotypic level using the “locus_table”
function as implemented in “poppr” [59,60].

Null allele frequencies and confidence intervals were calculated for all markers in all diploid
individuals. A custom Python script was created to transform the “poppr” formatted file into
Genepop format. This entailed concatenating all marker alleles separated by “.” (e.g., 120:130
to 120130), adding “000” to single allele calls (e.g., 120 to 000120), and converting NA null
alleles to “000000” (e.g., NA to 000000). The Genepop file was imported into the “nulls” func-
tion as implemented in the R package “genepop” [65] (version 1.1.7).
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Evaluating population structure

A principal coordinate analysis was conducted using Bruvo’s distance measures with the
“cmdscale” function as implemented in the “stats” R package [66] (version 4.0.2) to determine
population structure of the 629 NCGR, FSCR, and UNL samples (S1 Table). To improve the
identification of the number of true clusters, we followed recommendations of Chae and
Warde [67] and Chae and Il [68] for clustering multiple binary variables in large genetic data
sets. The optimal number of clusters was identified by visually inspecting the total within sum
of squares plot on the principal coordinates with the fviz_nbclust function [69] (version 1.0.7)
in R. To confirm that the optimal number of clusters were selected, the “majority rule” was
performed by evaluating over 30 indices as implemented in the R package “Nbclust” [70] (ver-
sion 3.0). Partitioning around medoids (PAM) was performed with the “pam” function on the
principal coordinates with the “cluster” R package [71] (version 2.1.0). Population structure
was also assessed using the sparse non-negative matrix function (sNMF) algorithm as imple-
mented in the R package “LEA” [72,73] (version 3.0.0). The sSNMF algorithum avoids the
Hardy-Weinberg equilibrium assumptions and presumes that the genetic data originate from
the admixture of K parental populations, where K is unknown. The “snmf” function returns
estimates of ancestry proportions for each multi-locus genotype in the sample [72].

Pedigree analysis

The matrix of allele counts from the genind object generated by the R package “poppr” was
transformed following Rodzen et al. [74]. This entailed converting heterozygous and homozy-
gous (1 and 2) alleles to presence of dominant allele (1) and null alleles (0) to absence of domi-
nant allele (2). This transformation converted individual polyploid phenotypes at a k-allele
codominant locus to diploid phenotypes at k dominant “loci” [75]. Because limited resources
exist for pedigree analysis in polyploids, the Rodzen et al. [74] conversion allows polyploid
data to work with pedigree software designed for a diploid dominant marker system. The
transformed data was parsed into three sub-sample types based on analysis: offspring, candi-
date males, and candidate females. The three sub-type files were imported into the software
package “COLONY” [76] (version 2.0.6.6). COLONY configurations were set to the following
parameters: polygamy for both males and females, inbreeding mating, without clones because
duplicate genotypes were removed, dioecious, diploid, full likelihood estimates because it was
the most accurate, and hard likelihood precision. The remaining parameters were set to
default. COLONY states that the full likelihood (FL) model is the most accurate. Each parent
was evaluated, and parents with pairwise likelihood (PL) under 90% were eliminated and not
considered in parent PL unless a FL estimate was provided.

Comparison of the SSR fingerprinting set to the KASP SNP assay

Performance of the SSR fingerprinting set was compared to the KASP assay in 190 samples
that were genotyped in both assays. Dendrograms were produced similarly as in the cluster
analysis, except neighbor joining trees were produce using the “aboot” function in the R pack-
age “poppr” [59,60] using Prevosti’s distance for similar comparison [77]. Because the SNP
calls are bi-allelic, “NA” values were set to be ignored with the “missing” argument within the
“aboot” function. The resulting dendrograms were compared to determine how well each gen-
otyping method distinguished all unique accessions. To confirm that differences observed
between the SSR fingerprinting set and KASP assay were due to performance and not sampling
error, DNA extracted by LGC Biosearch Technologies was shipped back to the NCGR over-
night on dry ice. To eliminate sampling error, the samples that grouped differently in the two
dendrograms; the DNA was genotyped with the SSR fingerprint set. If those re-sampled

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 7/40


https://doi.org/10.1371/journal.pone.0257746

PLOS ONE

Two fingerprinting sets for hop

50,000

45,000

40,000

30,000

25,000

20,000

Dye Signal

15,000

10,000

5,000

accession resulted in the same discrepancies, the corresponding samples from LGC were geno-
typed with the SSR fingerprint set. If a sample was found to have sampling error, the SSR den-
drogram was updated with fingerprint data from both the NCGR and LGC (respectively, N or
L were added as a suffix to indicate the source of DNA). Population richness, intra group
diversity, expected heterozygosity, and evenness were calculated for both the SSR fingerprint-
ing set and the KASP assays for cultivated and WNA accessions with the “poppr” function as
implemented in “poppr” [59,60]. Population richness, diversity, Nei’s expected heterozygosity
and evenness were also calculated for both fingerprinting sets at the allelic and genotypic level
using the “locus_table” function within the R package “poppr” [59,60].

Results
SSR fingerprinting set development and optimization

Of the 43 SSRs evaluated in the 16-member testing panel (S1 Table), six failed to produce a
PCR product, and 18 SSRs were difficult to score due to the presence of amplification artifacts
or the inconsistent appearance of alleles between replications (ease of scoring: No PCR prod-
uct, 0 or 0.5; S2 Table). A 9-SSR fingerprinting set was constructed from primer pairs that
were polymorphic and easy to score in the testing panel (Fig 1). When optimized it distin-
guished the 16 individuals in the test panel, and it consisted of a 200 pL reaction volume that
contained 0.40 uM HI-AGA7 6-FAM, 0.50 uM primer 1 NED, 0.40 uM primer 6 VIC, 0.50 uM
K10315910 6-FAM, 3.00 uM pigtailed K10315931 VIC, 0.50 pM K10316016 VIC, 0.63 uM pig-
tailed K10316221 NED, 0.63 uM K10315842 6-FAM, 0.63 pM ACA 1-K9-3 PET. A pigtail,
consisting of a single “GTTT”, was added to 5’ end of the reverse primer for K10315931 and
K10316221, to reduce split peaks and ensure consistent amplicon size [78].

Subsequent use of this 9-SSR set distinguished each sibling from the two sets of 16 individu-
als in the bi-parental populations HQ2015023 and HQ2015034 (Fig 2). Each offspring had one
allele in common with the female parent but no alleles in common with the genotyped male
parent, except for two samples, indicating either an error in sampling the male parent or a mis-
take in pollination (S4 Table). To eliminate sampling error, the putative male parent was re-
sampled, and genotyping was repeated but generated the same results.

KASP assay development and validation

Genotyping-by-sequencing with the TASSEL 3.0 pipeline in the 326 H. lupulus var lupulus
genotypes initially identified approximately 1.1 million SNPs (S5 Table). Filtering using the

o

ACA 1-K9-3 Primer 6 K10316016
K10316221 HI-AGA7 Primer 1 K10315842 K10315931 K10315910
174
237
119 180 556
270
140 - 181
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235
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JL . JL.JNL‘H ; J VJL b " | u.AH\

Fig 1. Electropherogram example for the 9-SSR fingerprinting set in ‘Cascade’. For each SSR, the size of the peaks is provided in bp and the color
indicates the dye label (NED in black, PET in red, FAM in blue and VIC in green).

https://doi.org/10.1371/journal.pone.0257746.9001
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Fig 2. Radial dendrogram of bi-parental populations HQ2015023 (A) and HQ2015034 (B) evaluated with the 9-SSR fingerprinting set.
https://doi.org/10.1371/journal.pone.0257746.9002

TASSEL GUI identified SNPs in the following order: 1) 35,633 SNPs that had 2X minimum
depth, 90% genotype minimum presence, and 75% taxa minimum presence, 2) 6,676 SNPs
with a minor allele frequency of 0.20 and maximum missing percentage of 10%, 3) 117 SNPs
with no missing data in all 326 accessions. The JMP Genomics software identified 717 SNPs
that had a greater than 0.5 average for Index of probability of Hardy-Weinberg equilibrium,
PIC value, Heterozygosity, and MAF. Using the “MinimalMarker” script, a final set of 28 SNPs
were selected that differentiate the original 326 genotypes.

Out of the 28 KASP markers evaluated, only 25 markers had three well-defined clusters and
were included in the analyses, while markers 006996F_176695 and 278F_370690 were mono-
morphic and marker 008065F_133678 only had two homozygous and well-defined clusters.
These three markers were removed prior to data analysis (53 Table). Hueller Bitterer CHUM
746 was the only sample that had over 20 percent missing data, possibly indicating low quality
DNA. Genotype data were obtained for all samples in 18 assays, and of the remaining five
assays 0.5-2.6% of the samples failed to amplify. The KASP markers 63_359415F and
5449F_211727 failed to amplify in all the WNA germplasm.

To validate the 28 KASP markers, the X and Y bi-allelic calls were compared in 63 samples
that were in common between the 28 KASP assays and the original GBS data (S6 Table). Mis-
matches between GBS and KASP were classified into three main groups: 1) GBS heterozygous
allele calls that were homozygous with KASP (e.g., XY to X:X and X:Y to Y:Y), 2) GBS homozy-
gous calls that were homozygous for the opposite allele with KASP (e.g., X:X to Y:Y and Y:Y to
X:X), and 3) GBS homozygous calls that were heterozygous with KASP (e.g., X:X to X:Y and Y:Y
to X:Y) (S7 and S8 Tables). The majority of mismatch calls between GBS and KASP were hetero-
zygous to homozygous (41.95%) and homozygous to heterozygous call types (45.85%, S8 Table).
GBS homozygous calls that were homozygous for the opposite allele with KASP were only found
in 12 individuals (S7 and S8 Tables) and accounted for 12.20 percent of all mismatches. These 12
individuals each had greater than 20 percent incongruity within the 28 loci and accounted for
the majority of total genotype mismatches. When excluding these 12 samples, there was a 96.29
percent agreement between the 28 original GBS and KASP allele calls (S7 Table).
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Evaluation of the 9-SSR fingerprinting set in diverse germplasm

Because the 9-SSR multiplex distinguished each sibling in the two bi-parental populations
reported earlier, it was used to genotype 354 accessions from the NCGR collection, 217 addi-
tional individuals from the FSCR Breeding Program, and 26 individuals from UNL (S1 Table).
Of the 629 samples that were genotyped, 105 accessions were known to originate from North
America, the other 524 samples were assumed to be cultivated with European pedigrees or a
hybridization between European and WNA pedigrees.

Eighty-nine sets of samples had identical fingerprints and were assembled into genotype
groups (S9 Table). These groups included: samples representing the same cultivar under differ-
ent designations between the NCGR and the FSCR; some of the same cultivars donated or
obtained by the NCGR from different sources and given different local numbers (indicated by
the prefix CHUM for Corvallis Humulus); clonal selections; and heat-treated clones (indicated
by htcl) (S9 Table). Each group of synonyms was scrutinized to determine the likelihood of
identical genotypes. Clonal selections were confirmed or are proposed as indicated by the
same genotypes, and included clones of:

‘Ahil’: ‘Francia B8, received in 2008 from Serbia as a clone of ‘Ahil’;

‘Backa’: ‘Backa E’, a clonal selection of ‘Backa’ originating from the Backa regions in former
Yugoslavia;

‘Elsasser’ and ‘Francia B5’, clonal selections made in France and possible selections of a
‘Backa’ type clone [79];

‘Brewer’s Gold’: ‘Gold Brauer’ which may be a German selection of ‘Brewer’s Gold’ as its
name would suggest;

‘Bullion’: ‘Bullion 10A’, a heat-treated meristem culture of Bullion;

‘Fuggle’: ‘Fuggle 57’, ‘Fuggle-H’, ‘Fuggle-N’, Tetraploid ‘Fuggle’, ‘Savinja Golding’, ‘Styrian
Golding’, and ‘Yugoslavia Golding’ as selections developed from the original ‘Fuggle’ (USDA
19209) [17,79]; ‘Star’, an older Belgian variety, as an early ‘Fuggle’ clone;

‘Golding’: ‘Canterbury Golding’, ‘Bramling’, ‘Cobbs Golding’, ‘East well Golding’, and ‘East
Kent Golding’, known as the Goldings and previously established as clones [17];

‘Hersbrucker’: The Hersbruckers as clonal selections from the original ‘Hersbrucker’
(USDA 21673) [79]; and

K-51, an unknown ‘Hersbrucker’ selection.

‘Northern Brewer’: ‘Blue Northern Brewer’, a clone of ‘Northern Brewer’ that has blue
toned stems and leaves;

‘Saazer’: Osvald Saazer Clone 114, 31, 72, and 72Y, clonal selections of ‘Saazer’ (USDA
21077) made by Osvald at Zatec in 1924 [17]; Saazer 36vf and Saazer 38vf, heat treated meri-
stems of ‘Saazer’ developed by Dr. Skotland at Washington State University; ‘Aromat’, ‘Blato’,
‘Lubelska’, ‘Lublin’, ‘Lucan’, ‘Nadwislanka’, ‘Sirem’, ‘Spalter’, “Zultan’, and ‘Universal’ reported
as Saazer types or alternatively marketed as Saazer [3,35,79-81];

‘Precoce de Bourgogne’, a clonal selection of ‘Saazer’ made in France [80]; and Htcl 1/22,
Htcl 1/23, Htcl 4/12, Htcl 4/6, Htcl 6/4, and Htcl 7/18, as heat-treated clones from the Saazer
group.

‘Shinshuwase’: ‘Kirin IT’, ‘Kirin No. 5 Y’1, and ‘Golden Star’ are clones of ‘Shinshuwase’
that were developed by the Kirin Brewery Company and the Sapporo Brewery in Japan,
respectively;

‘Talisman’: ‘Pocket Talisman’, a clone of ‘Talisman’ with shorter stature and reduced leaf
size;

‘Tettnanger’: ‘Swiss Tettnanger’, “Tettnanger European’, and ‘“Tettnanger US’, from differ-
ent sources and clonal selections of the original “Tettnanger’ (USDA 61021 and USDA 21015),
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developed in the Tettnang region of Germany as a clonal selection of an old landrace [79]. Pre-
vious sources have identified the original ‘Tettnanger’ as a ‘Saazer’ clone [3,79,80,82];

USDA 21612: Htcl 2/23, a heat-treated clone of USDA 21612

‘Wuerttemberger’: “‘Wuerttemberger 48’ and “Wuerttemberger 49, clones from the original
‘Wuerttemberger’ (USDA 21682), an older German landrace that could be an early clone of
‘Backa’ that is related to a Serbian style hop [79];

In each synonym group, we then identified samples that are not known to be clones of
other accessions in that synonym set and re-sampled them to exclude sampling error and iden-
tify incorrectly labeled accessions. Accessions that were confirmed as incorrectly labeled
included:

‘Alliance’ CHUM 167.005, and ‘Alliance’ CHUM 167.001 had the same genotypes as
‘Scarlet’ CHUM 1597.001, and USDA 9418.44 representing ‘Scarlet’ at the FSCR.

‘Apolon’ CHUM 1482 had a unique fingerprint that didn’t match ‘Apolon” CHUM 162
and USDA 21051 representing ‘Apolon’ at the FSCR, suggesting that ‘Apolon’ CHUM 1482 is
not true-to-type.

‘Blisk’ CHUM 1485.001, ‘Canterbury Whitebine’ CHUM 1556.001, ‘Groene Bel’ CHUM
1480.001, ‘Hersbrucker’ CHUM 1498.001, ‘Hersbrucker-G’ CHUM 199.002, ‘Oregon Clus-
ter’ CHUM 1533.001, and ‘Tardif de Bourgogne’ CHUM 192.003 had identical fingerprints
to each other and to that of clones in the ‘Backa’ group. ‘Blisk’ CHUM 1485.001 should have
the same fingerprint as that of ‘Blisk’ CHUM 166.002. ‘Canterbury Whitebine’ gave rise to the
first Goldings and should match the other ‘Golding’ clones. ‘Hersbrucker’ and ‘Hersbrucker-
G’ should have identical fingerprints to that of the ‘Hersbrucker’ clones. ‘Oregon Cluster’ is a
WNA hop and ‘Tardif de Bourgogne’ CHUM 192.003 should have the same genotype as that
of USDA 21169 FSCR and ‘Herbrucker 8 as previously reported by Bassil et al. [3]. We believe
that all seven of these accessions to be mis-labeled.

‘Celeia’ CHUM 1490.001, ‘Hueller Hallertauer Mittelfrueh’ CHUM 1507.001, and
USDA 21084 had the same genotypes as that of the ‘Saazer’ clones, indicating they are mis-
labeled. ‘Celeia” CHUM 1490.001 and ‘Hueller Hallertauer Mittelfrueh’ CHUM 1507.001
plants are in neighboring pots and adjacent to several ‘Saazer’ clones, possibly indicating a
plant contamination due to a mixture of genotypes in the same pot. USDA 21084 is supposed
to be a wild selection from Yugoslavia.

‘Early Promise’ CHUM 1518.001, ‘Early bird Gold’ CHUM 1517.001, Osvald Saazer
Clone 1267 CHUM 1543.001, “Wuerttemberger’ CHUM 920.004, and ‘Zatecki Cerveni’
CHUM 1539.001 had the same genotypes as that of the ‘Fuggle’ clones. According to Salmon,
‘Early promise’ is a mass selection from Wye College resulting from a cross between an English
hop (D9) with an English hop (B1) [83]. ‘Early bird’ (aka ‘Early bird Golding’) has already
been established as a Golding clone of the original ‘Golding’ selected in 1790 [17]. Osvald Saa-
zer Clone 1267 is most likely Osvald Clone 126, a known Fuggle-type selected by Dr. Karel
Osvald during his work from 1927 to 1948 [84]. ‘Wuerttemberger’, should be the original
‘Wuerttemberger’, a Serbian style hop accession. ‘Zatecki Cerveni’ is a ‘Saazer’ type hop, whose
name is translated as "Saazer Red”. The plants representing all but Osvald Saazer Clone 1267
are in pots next to two plants of ‘Fuggle’ (CHUM 1519.001 and CHUM 1520.001), possibly
indicating plant contamination.

‘Groene Bel’ CHUM 1553.001 had the same genotype as four accessions of ‘Brewer’s Gold’
from different sources (CHUM 1512.001, CHUM 30.002, CHUM 1493.001, and from the
ESCR).

Humulus lupulus var. neomexicanus Colorado 2-1 (WildAmerican) CHUM 8.003 had
the same genotype as two plants of ‘Santiam’ from different sources (USDA-ARS NCGR and
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the USDA-ARS FSCR). ‘Santiam’ was developed by Haunold at the FSCR in the 1990’s and is
most likely true-to-type.

Humulus lupulus var. neomexicanus Colorado 3-1 (WildAmerican) CHUM 106.003 and
‘Hueller Bitterer” CHUM 126.003 had identical fingerprints to that of ‘Early Cluster E2’. Fin-
gerprints of the plant CHUM 126.003 representing ‘Hueller Bitterer’ was different from that of
two plants from different sources, CHUM 1506.001 and CHUM 746.002, representing the
same cultivar. This would indicate that Humulus lupulus var. neomexicanus Colorado 3-1
(WildAmerican) and ‘Hueller Bitterer’ CHUM 126.003 are mis-labeled clones of ‘Early Cluster
E2’; parentage analysis is needed to determine if ‘Early Cluster E2’ is the true representative of
this group.

K-14 CHUM 1564.001, ‘Fuggle 125 CHUM 1587.001, K-15 CHUM 1565.001, K-65
CHUM 1578.001, and K-95 CHUM 1585.001 had identical fingerprints and are housed next
to each other. ‘Fuggle 125’ is expected to have the same fingerprint as the original ‘Fuggle’, as it
is a ‘Fuggle’ clone. This potentially would suggest that all five samples are errors.

K-62A CHUM 1576.001, K-23 (Robusta) CHUM 1567.001, K-6 (Aroma) CHUM
1562.001, had the same genotype as ‘Ringwood Special’ CHUM 1561.001 and are housed
right next to each other at the USDA-ARS NCGR. The “K” samples and ‘Ringwood Special’
were donated in 2008 from Serbia and little is known about them. This would suggest that all
four samples could potentially be mis-labeled in the USDA-ARS NCGR collection and further
work is needed to confirm identity.

K-90 CHUM 1583.001, and Kirin No. 5A1 CHUM 1557.001 had the same genotype as
two accessions of ‘Hueller Bitterer’ from different sources in the NCGR collection (CHUM
746.002 and CHUM 1506.001). ‘Kirin No. 5A1’ is a clone of ‘Shinshuwase” developed by Kirin
Brewery Company. The plants representing K-90, Kirin No. 5A1, and ‘Hueller Bitterer
‘CHUM 1506.001 are in neighboring pots in the screenhouse, possibly indicating
contamination.

K-98 CHUM 1586.001 and K-78 CHUM 1582.001 have identical fingerprints and are
housed next to each other.

Late Cluster Seedling had the same genotype as two plants of ‘Calicross’ from different
sources (CHUM 175.002 and CHUM 1534.001);

‘Pacific Gem’ CHUM 803.002 and ‘Alpharoma’ CHUM 627.002 had identical finger-
prints. This was unexpected because ‘Alpharoma’ was developed in the late 1970’s by Dr.
Frost, and ‘Pacific Gem’ was released in 1988 by Dr. Fost’s successor Dr. Beatson at the Plant
and Food Research in Motueka, New Zealand. Since ‘Pacific Gem’ and ‘Alpharoma’ have the
same parents (‘Smooth Cone’ x Unknown male (OP)), parentage analysis will not resolve the
correct identity of this genotype. The NCGR will have to obtain these two samples from
another source to determine identity.

‘Saazer’ CHUM 1544.001, ‘Cerera’ CHUM 1491.001 had the same genotypes as the three
accessions of ‘Celeia’ (CHUM 889.005, CHUM 889.004, and CHUM 1491.001) at the NCGR.
Since this ‘Saazer’ plant (CHUM 1544.001) is the only plant with a genotype that is different
from those in the Saazer group, we believe this plant to be mis-labeled and it will be discarded.
The genotype of ‘Cerera’ CHUM 1491.001 is different from that of the USDA 21612 represent-
ing this accession at the FSCR.

‘Scarlet’ CHUM 1597.004, and ‘Scarlet’ CHUM 1597.007 had the same genotypes as that
of the two accessions of ‘Alliance’ CHUM 167.008, and USDA 66050, from the NCGR and the
FSCR, respectively. ‘Scarlet’ was developed by Dr. Haunold at the FSCR and ‘Alliance’ was
developed at Wye College. Since the genotype of the CHUM 1597.004 and CHUM 1597.007
representing ‘Scarlet’ are different from that of CHUM 1597.001 and that of the USDA 9418-
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44 plant also representing this cultivar, we believe that CHUM 1597.004 and CHUM
16597.007 are mis-labeled and should be discarded.

‘Sunshine’ CHUM 140.002 had the same genotype as ‘Eastern Green Kirin’ C827 (CHUM
929.002 and USDA 21700 from the FSCR).

‘Pride of Kent’ CHUM 148.002 had an identical genotype to that of ‘Sunshine’ represented
by the USDA 21281 accession at the FSCR. Parentage analysis is needed to determine if these
two plants represent ‘Sunshine’ or ‘Pride of Kent’.

When evaluating UNL samples, all had unique fingerprints, except for five samples. Joplin
3’ and ‘Saaz offtype” had the same fingerprint as ‘Cascade’, indicating that these two samples
were ‘Cascade’ clones. Joplin 4’ had an identical fingerprint to ‘Chinook’, suggesting that
TJaplin 4’ is a clone of ‘Chinook’. ‘MHPsd11’ and ‘MHPsd10” had identical genotypes (S9
Table). The remaining samples were uniquely identified with the 9 SSR fingerprinting set.

Diversity parameters of the 9-SSR fingerprinting set

Population richness showed that there were more multi-locus genotypes in the cultivated sam-
ples (331) than in the known wild WNA samples (94) (Table 1). When accounting for sample
size, the expected number of multi-locus genotypes were the same between the WNA and cul-
tivated samples (94). Intra group diversity was slightly higher for the cultivated samples
(0.997) than the WNA samples (0.989). These slight differences could be due to differences in
sample size. Expected heterozygosity and evenness was roughly the same for the cultivated
samples (0.685 and 1) and the WNA samples (0.686 and 1).

For all samples, the mean number of alleles was 11.78 with HI-AGA?7 having the highest
number of observed alleles (30), and K10316016 having the lowest number of observed alleles
(3) (Table 2). The average number of genotypes was 40.67 with HI-AGA7 having the highest
number of genotypes (109) and K10316016 having the lowest number of genotypes (5). Mean
Simpson’s diversity and Nei’s expected heterozygosity were identical, 0.73 and 0.85 for alleles
and genotypes, respectively. Simpson’s allelic and genotypic diversity were highest at
HI-AGA?7 (0.88 and 0.96, respectively) and lowest at K10315910 (0.48 and 0.60, respectively).

Table 1. Summary statistics for all unique cultivated (CULT) and wild North American (WNA) hop accessions with the 9-SSR fingerprinting set and in unique
genotypes of the 190 accessions evaluated with the 9-SSR and 25 KASP sets.

Population Sample Number | Multi-locus genotypes | Expected multi-locus genotypes | Simpson’s Index | Nei’s expected heterozygosity | Evenness

All samples 9 SSR

CULT 331 331 94 0.997 0.685 1
WNA 94 94 94 0.989 0.686 1
Total 425 425 94 0.998 0.729 1
190 sample comparison- 9 SSR

CULT 135 135 16 0.993 0.673 1
WNA 16 15 15 0.93 0.615 0.967
Total 151 150 16 0.993 0.7 0.996
190 sample comparison—25 KASP assays

CULT 136 135 10 0.993 0.45 0.996
WNA 4 4 4 0.75 0.326 1
Total 140 139 10 0.993 0.451 0.996

Includes number of unique genotypes (sample number), number of expected multi-locus genotypes, number of multi-locus genotypes, intra group diversity represented
by Simpson’s Index, Nei’s expected heterozygosity, and population evenness. Simpson’s index, Nei’s 1978 gene diversity (expected heterozygosity), evenness, and null

allele frequency range from 0 to 1.

https://doi.org/10.1371/journal.pone.0257746.t001
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Table 2. Locus and genotype summary statistics for all samples evaluated with the 9-SSR set and in the 190 accessions genotyped with both marker systems, 9-SSR
set and 25 KASP assays.

Locus Observed | Observed | Simpson’s | Nei’s 1978 | Evenness | Observed | Simpson’s Nei’s 1978 Evenness Null Null
allele size alleles index gene (allelic) | genotypes Index gene diversity | (genotypic) | Allele | Allele
range (no.) (allelic) diversity (no.) (genotypic) | (genotypic) Freq.? Cr*
(allelic)
All samples 9 SSR
HI-AGA7 157-246 30 0.88 0.88 0.63 109.00 0.96 0.97 0.51 0.00 -
K10315842 261-285 8 0.77 0.77 0.84 29.00 0.90 0.91 0.72 0.02 0.0000
0.0587
K10315910 356-369 5 0.48 0.48 0.74 7.00 0.60 0.60 0.67 0.26 0.2117
0.3101
K10316221 116-174 14 0.82 0.82 0.76 51.00 0.94 0.95 0.69 0.00 -
Primer 1 226-260 11 0.79 0.79 0.76 44.00 0.91 0.92 0.61 0.00 -
Primer 6 225-249 7 0.75 0.75 0.90 21.00 0.88 0.89 0.81 0.12 0.0790
0.1717
K10315931 297-321 9 0.72 0.72 0.78 29.00 0.86 0.86 0.65 0.00 -
K10316016 391-397 3 0.50 0.51 0.97 5.00 0.65 0.66 0.93 0.08 0.0267
0.1389
ACA 1-K9-3 156-265 19 0.83 0.83 0.66 71.00 0.94 0.94 0.55 0.00 -
Mean - 11.78 0.73 0.73 0.78 40.67 0.85 0.85 0.68 - -
190 sample comparison—9 SSRs
HI-AGA7 - 21 0.84 0.84 0.64 47.00 0.93 0.94 0.57 - -
K10315842 - 6 0.71 0.72 0.85 16.00 0.86 0.87 0.78 - -
K10315910 - 3 0.46 0.46 0.73 4.00 0.58 0.58 0.72 - -
K10316221 - 11 0.80 0.80 0.72 32.00 0.93 0.94 0.72 - -
Primer 1 - 11 0.79 0.79 0.77 32.00 0.91 0.91 0.64 - -
Primer 6 - 6 0.70 0.71 0.86 14.00 0.85 0.86 0.82 - -
K10315931 - 5 0.68 0.68 0.79 12.00 0.83 0.84 0.78 - -
K10316016 - 2 0.50 0.50 0.99 3.00 0.59 0.59 0.85 - -
ACA 1-K9-3 - 14 0.79 0.80 0.64 39.00 0.92 0.93 0.61 - -
Mean - 8.78 0.70 0.70 0.78 22.11 0.82 0.83 0.72 - -
190 sample comparison—25
KASP assays
000089F_317093 - 2 0.44 0.44 0.89 3.00 0.60 0.60 0.90 - -
000265F_1374141 - 2 0.50 0.50 1.00 3.00 0.63 0.64 0.93 - -
000571F_797591 - 2 0.47 0.47 0.94 3.00 0.61 0.62 0.91 - -
001644F_470045 - 2 0.50 0.50 1.00 3.00 0.66 0.66 0.98 - -
002381F_371663 - 2 0.40 0.40 0.83 3.00 0.56 0.57 0.86 - -
003591F_48935 - 2 0.44 0.44 0.89 3.00 0.59 0.59 0.89 - -
008739F_51678 - 2 0.47 0.47 0.94 3.00 0.63 0.64 0.93 - -
000115F_1068460_Y - 2 0.50 0.50 1.00 3.00 0.66 0.66 0.98 - -
001589F_351349_R - 2 0.34 0.34 0.75 3.00 0.51 0.51 0.83 - -
002878F_402249_W - 2 0.44 0.44 0.89 3.00 0.58 0.59 0.89 - -
003765F_59789_M - 2 0.50 0.50 1.00 3.00 0.61 0.61 0.88 - -
23F_2218589_C_A - 2 0.48 0.48 0.95 3.00 0.60 0.60 0.89 - -
63_359415F_C_T - 2 0.49 0.49 0.97 3.00 0.65 0.65 0.97 - -
122F_1097361_T_A - 2 0.49 0.49 0.99 3.00 0.62 0.63 0.91 - -
198F_1478737_C_T - 2 0.47 0.47 0.94 3.00 0.60 0.60 0.89 - -
559F_410159_G_T - 2 0.29 0.29 0.68 3.00 0.44 0.44 0.71 - -
1037F_456722_A_G - 2 0.50 0.50 0.99 3.00 0.62 0.63 0.91 - -

(Continued)
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Table 2. (Continued)

Locus Observed | Observed | Simpson’s | Nei’s 1978 | Evenness | Observed | Simpson’s Nei’s 1978 Evenness Null Null
allele size alleles index gene (allelic) | genotypes Index gene diversity | (genotypic) | Allele | Allele
range (no.) (allelic) diversity (no.) (genotypic) | (genotypic) Freq.” Cr*
(allelic)
1345_507801_T_C - 2 0.43 0.43 0.88 3.00 0.58 0.58 0.89 - -
1371F_177062_C_A - 2 0.50 0.50 0.99 3.00 0.57 0.57 0.83 - -
1808F_307171_A_T - 2 0.48 0.48 0.96 3.00 0.59 0.59 0.87 - -
2181F_220335_A_G - 2 0.41 0.41 0.85 3.00 0.58 0.58 0.87 - -
2814F_80926_T_G - 2 0.50 0.50 1.00 3.00 0.60 0.61 0.87 - -
2925F_116637_C_T - 2 0.50 0.50 1.00 3.00 0.60 0.61 0.87 - -
5441F_117067_T_G - 2 0.47 0.47 0.94 3.00 0.63 0.63 0.93 - -
5449F_211727_A_C - 2 0.27 0.27 0.67 3.00 0.42 0.42 0.70 - -
Mean - 2 0.45 0.45 0.92 3.00 0.59 0.59 0.88 - -

Includes locus name, observed number of alleles, observed number of genotypes, and allelic and genotypic estimates for Simpson’s index, Nei’s 1978 gene diversity
(expected heterozygosity), and evenness, null allele frequency, and null allele confidence interval. Allele size range is provided for SSRs in the 629 samples. Null allele
frequencies and confidence intervals were only evaluated in diploid samples. (-) indicates not evaluated or not applicable.

* Null allele frequencies and confidence intervals calculated for diploid individuals.

https://doi.org/10.1371/journal.pone.0257746.t002

Nei’s expected allelic and genotypic heterozygosity were also highest at HI-AGA7 (0.88 and
0.97, respectively) and lowest at K10315910 (0.48 and 0.60, respectively). Average allelic and
genotypic evenness were 0.78 and 0.68, respectively. K10316016 had the highest (0.97 and
0.93) and HI-AGA?7 had the lowest (0.63 and 0.51) allelic and genotypic evenness, respectively.

Genepop identified null alleles in four of the nine SSR markers. Marker K10315910 had the
highest null allele frequency of 0.26 and K10315842 had the lowest null allele frequency of 0.02
(Table 2). Primer 6 and K10316016 had intermediate frequencies of 0.12 and 0.08,
respectively.

Population structure and clustering based on the 9-SSR fingerprinting set

Hierarchical clustering using Bruvo’s distance identified distinct groups that separated primar-
ily according to geography and pedigree (Fig 3). Hierarchical clustering grouped samples into
three main clades (S1 Fig). Three clusters were also observed with K-medoids clustering (Fig
3), except for some slight variations. Cluster 1 was considered primarily as continental Euro-
pean hops containing ‘Backa’, ‘Saazer’, ‘Northern Brewer’, ‘Golding’, German selections, and
related germplasm. Cluster 2 represents mostly USA developed hops with WNA parentage
along with actual WNA samples, except for Humulus lupulus var. lupulus KAZ098. Cluster 3
represents hop lines derived primarily from English hop lines containing ‘Brewer’s Gold’,
‘Fuggle’, ‘Hersbrucker’, some North American germplasm, Wild Yugoslavian 3/3 germplasm
and related germplasm. A discriminant analysis of the data had the three clusters separating
primarily into WNA germplasm and cultivated germplasm (Fig 4). Most of the variance was
explained by the first two principal coordinates (47.3%). Additionally, three groups were also
observed using the sSNMF algorithm (Fig 5), supporting the number of groups identified by
both hierarchical clustering and partitioning around medoids.

Parentage analysis

COLONY was used to confirm parentage (S10 Table) and sibship (S11 Table) in the two tested
FSCR bi-parental populations, HQ2015023 and HQ2015034. USDA HQO023Lublin was
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K-medoids Clusters

010203

Continental European Hop

Fig 3. Radial dendrogram of 629 accessions evaluated with the 9-SSR fingerprinting set. K-medoids identified three clusters and clustering results for each
accession are displayed in different colors for each group. Wild North American samples are collapsed and represented by the blue dot in the dendrogram
(see S1 Fig for full dendrogram).

https://doi.org/10.1371/journal.pone.0257746.9003

confirmed as the female parent for population HQ2015023 with an FL probability of 0.7165
and a 95% PL confidence level. No candidate males were identified with the FL model. The PL
model identified six males with only one male having a confidence level over 90%. This male
was USDA 19048M and was associated with the offspring USDA HQ2015023.002. This sup-
ports our previous findings that USDA HQ2015023.002 is the only possible offspring of USDA
HQO023Lublin and USDA 19048M (S4 Table). Within the HQ2015023 population, the maxi-
mum likelihood (ML) model identified 5 possible full sibling relationships (S11 Table). For

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 16/40


https://doi.org/10.1371/journal.pone.0257746.g003
https://doi.org/10.1371/journal.pone.0257746

PLOS ONE

Two fingerprinting sets for hop

0.50

0.25

0.00

Principal Coord2 (11.2%)

-0.25

i
b Tyt
*F++++ +

-0.5

0.0
Principal Coord1 (36.1%)

Population
e CuT
+ WNA

K-medoids Cluster
e 1
e 2
® 3

50

40

w
o

Variance Explained (%)
n
o

20 30
Principal Coordinates
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population HQ2015034, USDA HQ34WyeNorthdown was confirmed as the female parent
with an FL probability of 0.5948 and a 95% PL confidence level. The FL model didn’t identify
any candidate males. The PL model identified five males, but all had a confidence level lower
than 75%. The ML model identified five possible full sibling relationships (S11 Table).

Nine sets of samples had non-matching fingerprints between the NCGR and the FSCR (512
Table). These nine sets were re-collected and genotyped with the nine SSRs to eliminate

Humulus Data (K = 3)

Individuals

Fig 5. Structure analysis of 629 accessions using the 9-SSR fingerprinting set using the sNMF algorithm. Three subpopulations were identified, and

ancestry proportions are displayed as different colors.

https://doi.org/10.1371/journal.pone.0257746.9005
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sample collection error or contamination during extraction, but the results generated were the
same. Parentage (S10 Table) and sibship (S11 Table) analyses were performed using COLONY
on the nine sets to determine which individual in each set was likely the correct individual
based on reported pedigree. Cultivars evaluated in COLONY are the following:

1. Atlas = ‘Brewer’s Gold’ x Yugoslavian wild male 3/3; a tetraploid cultivar generated by col-

chicine (S1 Table). Brewer’s Gold was only designated as the female parent for USDA
21052 representing ‘Atlas’ at the FSCR with a FL probability of 0.9854 and a PL confidence
level of 95%. COLONY revealed PL males for both ‘Atlas” CHUM 1483.001 from the
NCGR and USDA 21052, but confidence levels were under 90%. No male parent was sug-
gested for FL. The Yugoslavian wild male 3/3 (USDA 21087M) genotype available at the
FSCR was not a candidate male. Parent PL was high for both CHUM 1483.001 (0.9521) and
USDA 21052 (0.9799), and sibship showed that both ‘Atlas’ samples belong to two separate
families. This indicates that USDA 21052 is probably the true-to-type ‘Atlas’.

. ‘Aurora’ = ‘Northern Brewer’ x Yugoslavian wild male TG. Yugoslavian wild male TG was

not available. Only Aurora CHUM 161.002 had Northern Brewer as the female parent with
0.9309 FL probability and a 95% PL confidence level. No FL or PL male candidate was sug-
gested for either Aurora CHUM 161.002 from the NCGR or its synonym USDA 21053
from the FSCR. Parent PL probability was highest at 0.9203 for USDA 21053 having two
unknown parents. Sibling relationship revealed that Aurora CHUM 161.002 and USDA
21053 belonged to two separate families with a probability of 0.9999, indicating that Aurora
CHUM 161.002 is most likely true-to-type.

. ‘Banner’ = ‘Brewer’s Gold’ x Unknown male (OP). ‘Brewer’s Gold’ was confirmed as the

female parent only for Banner CHUM 611.002 from the NCGR with FL probability of
0.9869 and a PL confidence level of 95%. Unexpectedly, COLONY indicated that ‘Banner’
CHUM 611.002 and USDA 21287 representing ‘Banner’ at the FSCR FL male parent was
USDA 21139M with 0.9933 probability. PL for the male parent was under 90% for both
samples. Parent PL probability was 0.849 and 0.8503 for USDA 21287 and Banner CHUM
611, respectively. Sibship indicated that both ‘Banner’ samples are from two different fami-
lies, suggesting that ‘Banner’ CHUM 611.002 is most likely true-to-type.

. ‘Blisk’ = “Atlas’ x Yugoslavian male 1/9. We used ‘Atlas’ USDA 21052 from the FSCR as the

female parent in COLONY. In both ‘Blisk’ samples, CHUM 166.002 from the NCGR, and
USDA 21238 from the FSCR, ‘Atlas’ was suggested as a female parent, but with low proba-
bility FL probability (0.2583). Only ‘Blisk’ CHUM 166.002 had a PL confidence level of
95%. COLONY identified a PL candidate male for ‘Blisk’ CHUM 166.002 with lower than
90% confidence level. No FL or PL male parent was suggested for USDA 21238. Parent

PL was highest for ‘Blisk’ CHUM 166.002 and sibship indicated that these two ‘Blisk’ geno-
types are from two different families, suggesting that ‘Blisk’ CHUM 166.002 is likely true-

to-type.

. ‘Bobek’ = “Northern Brewer’ x Wild Yugoslavian male TG. In CHUM 1486.001 and

CHUM 139.002, ‘Northern Brewer’ was indicated as a female parent only for PL with a con-
fidence level of 95%. COLONY didn’t designate a FL or PL male parent for ‘Bobek’ CHUM
1486.001 and CHUM 139.002. A PL candidate male was suggested for USDA 21239 repre-
senting FSCR’s ‘Bobek’, but the confidence level was less than 90%. Sibship suggested that
the two ‘Bobek’ samples are highly related and could be full siblings. Parent PL probability
was highest (0.8069) for USDA 21239 having two unknown parents, suggesting that ‘Bobek’
CHUM 1486.001 and CHUM 139.002 are true-to-type.
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6. The cultivar Bullion doesn’t have parents represented in our data set. To determine which
‘Bullion’ is true-to-type, we performed a sibship analysis in COLONY with sibling ‘Brewer’s
Gold’. ‘Bullion’ and ‘Brewer’s Gold’ resulted from a cross between Wild Manitoba BB1 and
an unknown male (OP). COLONY sibship analysis indicated that all the ‘Brewer’s Gold’
clones in the NCGR collection are full siblings with the ‘Bullion’ clones in the collection.
USDA 21056 representing ‘Bullion” from FSCR was shown to belong to a separate family
group, suggesting that this ‘Bullion’ clone is not true-to-type.

7. ‘Dunav’ = ‘Northern Brewer’ x ‘Yugoslavian male Sx-502’. COLONY indicated that the
‘Dunav’ accessions at the NCGR from different sources (CHUM 157.002 & CHUM
1465.001) and ‘Dunav’ represented by USDA 21081 at the FSCR have equal FL probability
(0.4084) and PL confidence (95%) that ‘Northern Brewer’ is the female parent. Yugoslavian
male Sx-502 was not sampled. Thus, COLONY didn’t indicate a candidate male for FL or
PL. Parent PL probability was also equally likely (0.9912) for both samples. Sibship between
the ‘Dunav’ samples showed that both samples are highly related and potentially full sib-
lings. The NCGR will have to request a sample from another source to determine which
‘Dunav’ sample is the correct individual.

8. ‘Southern Brewer’ = ‘Fuggle N’ x unknown male (OP) backcross. No female candidates were
designated for FL and PL for either sample; thus, ‘Fuggle N’ was not a candidate parent for either
sample. COLONY indicated male parents for both ‘Southern Brewer’ CHUM 190.002 at the
NCGR and USDA 21187 representing ‘Southern Brewer’ at the FSCR, but they had PL confi-
dence levels lower than 90%. For CHUM 190.002 and USDA 21187, Parent PL was the highest
with unknown male and female parents at 0.9795 and 0.5072, respectively. Sibship analysis
revealed that both ‘Southern Brewer” samples came from different families. The NCGR will have
to obtain a sample from another source to identify the true-to-type ‘Southern Brewer’.

9. ‘Toyomidori’ = ‘Northern Brewer’ x USDA 64103M. For ‘Toyomidori’ CHUM 914.003
from the NCGR, COLONY indicated that ‘Norther Brewer’ is the female parent with FL
probability of 0.6991 and a PL confidence level of 90%; and USDA 64103M is the male par-
ent with FL probability of 0.578. Parent PL probability was 0.9563. USDA 21676, represent-
ing FSCR’s “Toyomidori’, didn’t have a candidate male or female for FL or PL. Parent PL
probability for both unknown parents was 0.6599. The sibling relationship between the two
‘Toyomidori’ samples showed that they belonged to two different families. This suggests
that “Toyomidori’ CHUM 914.003 matches its reported pedigree and is true-to-type.

To confirm that ‘Early Cluster E2’, ‘Pride of Kent’, and ‘Sunshine’ are true-to-type, parent-
age (S10 Table) and sibship (S11 Table) analysis were performed in COLONY:

‘Early Cluster E2’ is most likely a somatic mutation of an ‘Oregon Cluster’ or ‘Californian
Cluster’ [80]. The names Oregon and Californian Cluster represent a number of different
Cluster cultivars. Since parentage is unknown in ‘Early cluster E2’ we ran parentage and the
sibship analysis in COLONY with all available samples and all available males and females,
respectively. COLONY indicated that the best sibship configuration was between ‘Early Clus-
ter E2” and ‘Talisman’. For Parentage, COLONY indicated that ‘Calicross’, ‘Talisman’, ‘Green
Bullet’, ‘Smoothcone’, ‘Southern Cross’, ‘Shinshuwase’, and ‘Joplin 1’ were candidate female
parents of ‘Early Cluster E2’, although highly unlikely due to the years the cultivars were cre-
ated. The cultivar Calicross was developed by a ‘California Cluster’/Fuggle Seedling cross (S1
Table). ‘Talisman’ was produced from a ‘Late Cluster’/unknown male (OP). ‘Smooth Cone’
was developed by a ‘California Cluster’/unknown male (OP) cross. ‘Green Bullet’ and ‘South-
ern Cross’ are offspring of ‘Smooth Cone’. ‘Shinshuwase’ has “White Vine’ as a grandparent
and Joplin 1" is a WNA hop.
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The highest FL probabilities were with ‘Calicross’ (0.5454) and “Talisman’ (0.3372). “Talis-
man’ was developed by Dr. Romanko at the Agriculture Experiment Station in Moscow, Idaho
in 1959, and ‘Early Cluster E2’ was developed by Dr. Skotland at the Irrigated Agriculture
Research and Extension Center in Prosser, Washington in the late 1950’s [80]. ‘Calicross’ was
developed in 1960 by Dr. Rudi Roborgh at the New Zealand Horticultural Research Centre
[17]. Since ‘Early Cluster E2” was most likely developed within a year or two of ‘Calicross’ and
‘Talisman’, they are probably not the parents. This does suggest that they are all highly related
and have close ‘Cluster’ parentage, and ‘Early Cluster E2’ could be true-to-type.

The genotype of ‘Pride of Kent’ represented by USDA 21280 at the FSCR was different
from that of ‘Pride of Kent’ CHUM 148.002 at the NCGR. ‘Pride of Kent’' CHUM 148.002 had
the same fingerprint as USDA 21281 representing ‘Sunshine’ at the FSCR. This left uncertainty
as to which accession represented ‘Pride of Kent’ and which one was ‘Sunshine’. ‘Pride of
Kent’ resulted from a cross between ‘Brewer’s Gold’ and an unknown male (OP) while ‘Sun-
shine’ was derived from Female OS99 x unknown male (OP). In COLONY, we tested which
offspring was a descendent of ‘Brewer’s Gold’ as it was the only parent available in our data set.
COLONY indicated that ‘Brewer’s Gold’ was only a candidate female to USDA 21280 with FL
probability of 0.9997 and a PL confidence level of 95%. No males were indicated for either
sample for FL and PL. Parent PL probability was high at 0.9334 for USDA 21280 and 0.9513
for Pride of Kent CHUM 148.002. Sibship showed that both samples belonged to two different
families. This suggests that USDA 21280 is ‘Pride of Kent” and Pride of Kent CHUM 148.002
was mis-labeled and is ‘Sunshine’.

To confirm COLONY results, raw allele calls from each sample were visually compared to
alleles of the female parent, when available (S13 Table). A sample was considered a possible
offspring of the female parent if it had at least one allele in common with any of the female’s
alleles at a locus. The analysis per female are as following:

For “Northern Brewer’ as the parent, USDA 21081, ‘Dunav’ (CHUM 157.002, ‘Dunav’
CHUM 1465.001), ‘“Toyomidori’ CHUM 914.003, ‘Aurora’ CHUM 161.002, and ‘Bobek’
CHUM 1486.001 all had at least one allele in common with the female parent at all nine SSR
loci. Confirming the COLONY results, USDA 21676 (“Toyomidori’) and USDA 21239
(‘Bobek’) did not share alleles at one locus with their reported parent, while USDA 21053
(‘Aurora’) did not share alleles at two loci with its reported female parent (S13 Table).

‘Banner’ CHUM 611.002 from the NCGR, USDA 21052 (‘Atlas’), and USDA 21280 (‘Sun-
shine’) had at least on allele in common with ‘Brewer’s Gold” at all SSR loci, confirming that
the alternative genotypes represented by USDA 21287 (‘Banner’), ‘Atlas’ CHUM 1483.001,
and individuals from the ‘Sunshine’ group were not derived from ‘Brewer’s Gold’ and are not
true-to-type.

Using USDA 21052 as the ‘Atlas’ female parent, showed that USDA 21238 (‘Blisk’) had at
least one allele in common with ‘Atlas’. ‘Blisk’ CHUM 166.002 had alleles at one locus (Primer
6) that were not shared with the reported female parent, which did not agree with the results
from COLONY. ‘Blisk’ CHUM 166.002 had up to three alleles at a given locus, consistent with
its triploid chromosome number and origin from a tetraploid by a diploid parent. ‘Blisk’ acces-
sions from different sources are needed to determine which individual ‘Blisk” accession is true-
to-type.

‘Southern Brewer’ CHUM 190 and USDA 21187 had at least two loci that were not in com-
mon with the female parent ‘Fuggle’, supporting results from COLONY that both samples
could not have been derived from ‘Fuggle N’. The NCGR will also need to obtain ‘Southern
Brewer’ from a reliable source and conduct parentage analysis to identify the accession that
represents the true-to-type cultivar.
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Comparison of the 9-SSR fingerprint set to the KASP assay

A total of 190 hop samples were genotyped with both the 9-SSR fingerprinting set and the 25
KASP assays. Hierarchal clustering using Prevosti’s distance produced 15 sets of synonyms
with the 9-SSR fingerprint set and 17 sets of samples that had identical fingerprints with the
KASP assays (Fig 6 and S14 Table). To determine the cause of the discrepancies, we re-sampled
the 16 accessions that were synonyms with only one of the DNA tests. These included ‘Aromat’
CHUM 1538.001, H. lupulus var. neomexicanus Colorado 2-1 CHUM 8.003, and the 3 ‘Bur-
lington’ N2 samples and the 11 wild accessions in the ‘WildNorthAmerican’ synonym group
identified by the KASP assays.

Those re-sampled accessions and the corresponding DNA sent back from LGC Biosearch
Technologies were genotyped with the 9-SSR fingerprint set. The resulting 9-SSR genotypes
were compared to each other and to that independently collected for SSR analysis of the 629
hop samples. The genotype of H. lupulus var. neomexicanus Colorado 2-1 CHUM 8.003 DNA
from LGC was identical to that of ‘Santiam’ while that of H. lupulus var. neomexicanus Colo-
rado 3-1 CHUM 106.003 matched that of H. lupulus var. neomexicanus Wyoming 3-1 CHUM
91.002 (Fig 6). H. lupulus var. neomexicanus OCJ-58 CHUM 1385.001 and ‘Aromat’ CHUM
1538.001 were identified as unique samples. The 9-SSR genotypes of the remaining 12 samples
were identical indicating that the correct plant was sampled, and the two additional synonym
sets (Burlington N2, and Wild North American) were not distinguished with the KASP assay.

Group names were given to the synonym sets to reduce genotype redundancy (S14 Table)
and only unique genotypes were used to calculate genetic diversity estimates in cultivated and
WNA germplasm in both fingerprinting sets (Table 1). A larger number of multi-locus geno-
types was generated by the 9-SSR fingerprinting set (150) than that observed in the KASP fin-
gerprinting set (139) (Table 1). WNA samples had more multi-locus SSR genotypes (15) than
SNP genotypes (4) using the KASP assay, while cultivated samples had identical numbers of
genotypes (135). When accounting for population size, the WNA samples still had the same
number of multi-locus SSR and SNP genotypes, while the cultivated samples generated by the
9-SSR fingerprinting set had more genotypes (16) than the KASP fingerprinting set (10).

Simpson’s index was high in cultivated samples with both marker systems, but it was higher
in WNA samples with the 9-SSR set (0.930) than with the KASP markers (0.750). Total Nei’s
expected heterozygosity was higher in the SSR fingerprinting set (0.700) than in the KASP fin-
gerprinting set (0.451) with the cultivated being higher (0.673 and 0.450) than WNA samples
(0.615 and 0.326) in the SSR and KASP fingerprinting sets, respectively. Total evenness was
high in both fingerprinting sets (0.996).

For the 9-SSR fingerprinting set the average number of alleles was 8.78 with HI-AGA7 hav-
ing the highest number of alleles (21) and K10316016 with the lowest number of alleles (2)
(Table 2). The average allelic Simpson’s index and Nei’s expected heterozygosity were identical
(0.7) with HI-AGA?7 having the highest (0.84) and K10315910 having the lowest (0.46) num-
bers for both parameters. Average allelic evenness was 0.78 and ranged between 0.64 at ACA
1-K9-3 and HI-AGA7 to 0.99 at K10316016. The average observed number of genotypes was
22.11 and ranged from 3 at K10316016 to 47 in HI-AGA?7. Average genotypic Simpson’s index
and Nei’s expected heterozygosity were similar (0.82 and 0.83, respectively) and ranged from
0.58 in K10315910 to great then 0.90 in HI-AGA?7. Average genotypic evenness was 0.72 with
highest evenness at K10316016 (0.85) and lowest evenness at HI-AGA?7 (0.57).

For the 25 KASP assays, the average number of alleles was two as expected for bi-allelic
SNPs. Average allelic Simpson’s index and Nei’s expected heterozygosity were the same (0.45)
and the average allelic evenness was (0.92) (Table 2). Simpson’s index, Nei’s expected heterozy-
gosity, and evenness were the highest in 000265F_1374141, 001644F_470045,
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Fig 6. Two dendrograms based on Prevosti’s distance measures in the 190 hop accessions genotyped with both marker
systems, 9-SSR set (A) and 25 KASP assays (B).

https://doi.org/10.1371/journal.pone.0257746.9006
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000115F_1068460_Y, 003765F_59789_M, 1037F_456722_A_G, 2814F_80926_T_G, and
2925F_116637_C_T (0.50, 0.50, 1) and lowest in 559F_410159_G_T (0.29,0.29, 0.68), and
5449F 211727_A_C (0.27,0.27, 0.67), respectively. The average number of genotypes observed
were three consisting of the two homozygous and the one heterozygous genotypes. Average geno-
typic Simpson’s index and Nei’s expected heterozygosity were the same (0.59). Average genotypic
evenness was 0.88. The highest genotypic Simpson’s index was in 001644F_470045 and
000115F_1068460_Y (0.66) and the lowest was in 559F_410159_G_T (0.44). Genotypic Nei’s
expected heterozygosity and evenness were highest in 001644F 470045 and 000115F_1068460_Y
(0.66 and 0.98, respectively) and lowest in 559F_410159_G_T (0.44 and 0.71, respectively).

Sex determination

The SSR HI-AGA7 was previously found to be linked to the male sex [7,42] and has been use-
ful in genotyping because of its high allele diversity [7,8,19,43]. HI-AGA7 was included in the
9-SSR genotyping set and used to genotype 629 individuals with known sex from the NCGR,
FSCR, and UNL programs (S1 Table). We compared allele calls at this locus in accessions in
common between our study and that of three previous studies that used HI-AGA?7: Jakse et al.
[7], Korbecka-Glinka et al. [19], and to Rodolfi et al. [43] (S15 Table). In total, 38 samples were
in common with the three studies (515 Table), including 30 samples with Jakse et al. [7], 4 with
Korbecka-Glinka et al. [19], and 21 with Rodolfi et al. [43]. Allele comparison across studies in
common accessions allowed us to identify the corresponding alleles that were given slightly
different scores in the different studies (S16 Table).

All samples in common with Jakse et al. [7] had similar fingerprints, except for two samples:
H. lupulus var. neomexicanus OCJ-25 CHUM 1355.001 and ‘Hueller Aroma’ CHUM 1505.001.
In our study, the genotype of H. lupulus var. neomexicanus OCJ-25 CHUM 1355.001 was 221
and the same name accession was scored as 117 and 217 at HI-AGA?7 (Jakse et al. [7], the later
corresponding to our 221 allele). However, 117 is outside of the marker range and was most
likely a PCR artifact in the Jakse et al. [7] study. The ‘Hueller Aroma’ samples represented at
the NCGR and in Jakse et al. [7] appear to be different samples as their genotypes were differ-
ent [181 & 204 (= 206 in our study), respectively]. All four samples in common with Kor-
becka-Glinka et al. [19] had similar fingerprints and are most likely the same individuals. Only
12 of the 21 samples in common with the Rodolfi et al. [43] had similar fingerprints. The nine
cultivars with non-corresponding fingerprints at HI-AGA?7 included Aurora, Cascade, El
Dorado, Fuggle, Galena, Northern Brewer, Spalter Select, Wye Challenger, and Wye Target.

The HI-AGA7 primer pairs generated 30 alleles (S17 Table). Five hundred and thirteen
samples were females and 115 samples were males, after confirming that the plant representing
H. lupulus var. neomexicanus Colorado 2-1 CHUM 8.003 is ‘Santiam’ (S1 Table). Two alleles,
163 and 230, were male-specific. Allele 163 was found in cultivated accessions as in the three
siblings from the HQ2015034 population and male parent USDA 21327M from the FSCR (S1
Table). Unfortunately, very few males in the HQ2015034 population inherited the 163 allele.
Allele 230 was only found in a WNA accession, H. lupulus var. neomexicanus OCJ 74 CHUM
1401.001. Nine alleles were specific to females and included: 157, 169, 187, 193, 200, 233, 236,
243, and 246. The two smallest sex-specific alleles (157 in females, 163 in males) were found in
the cultivated gene pool. Two of the female-specific alleles that were intermediate in size (169
and 187) were present in cultivated and WNA accessions while all larger alleles were specific to
the WNA gene pool. These female-specific alleles were found in one to six accessions each.

From the shared samples with Jakse et al. [7], we were able to confirm sex-linkage of the
227 allele corresponding to 230 in our study where it was specific to the WNA accession, H.
lupulus var. neomexicanus OCJ 74 CHUM 1401.001.
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Discussion

Developing an SSR fingerprinting set

Genotyping large collections such as those at germplasm repositories and breeding programs
is an essential practice for optimal management of these valuable genetic resources. However,
a fast, accurate, and easy-to-use tool is needed that can distinguish the diverse cultivated and
wild accessions that are conserved in these collection. Following best practices used in human
forensics, we multiplexed long core repeat SSRs for accuracy and repeatability. Hop has
benefited from the sequencing revolution, enabling access to thousands of SSR sequences,
including long-core repeat motifs exceeding two bases [5,7,19,30-32,42,80,82]. Initially, dinu-
cleotide- containing SSRs were used in plants because of their relative abundance and poly-
morphism when compared to SSRs with longer repeat motifs [84]. However, they were found
to suffer from stuttering, split peaks, and binning errors [24,85,86]. Such artifacts caused diffi-
culties in automation of allele calling, and genetic profile discrepancies among technicians and
laboratories [87].

Technological advances have also progressed in PCR methods such as polymerases and
multiplex mixes [88,89]. These advances have facilitated SSR multiplexing, which allows
primer pairs to be simultaneously amplified in a single reaction, minimizing genotyping errors
and resulting in cheaper and faster assays. For the last decade, multiplexing has proven to be a
reliable technique in genotyping large collections such as in blueberry (Vaccinium L. species)
[90], hazelnut (Corylus avellana L.) [91,92], blackberry (Rubus sp.) [93], and pear (Pyrus sp.)
[86] at the NCGR, white Guinea yam (Dioscorea rotundata Poir.) [94] at the International
Institute of Tropical Agriculture (II'TA), and grape (Vitis) at the national repositories of
CRA-VIT [95]. This technique continues to be an easy and cost-effective method of choice for
fingerprinting large collections [90-95].

The 9-SSR fingerprinting set was first shown to be sufficient at distinguishing all siblings
from two bi-parental populations (HQ2015023 and HQ2015034). This was important to dem-
onstrate as it indicated that it could allow us to uniquely identify closely related hop cultivars.

Previously, both SNPs generated by GBS and SSRs have been shown to distinguish siblings.
In hop, GBS has distinguished siblings from bi-parental populations [6,25,27]. SSRs have been
reliably shown to distinguish siblings in multiple crop species [96-98]. In strawberry (Fragaria
X ananassa), a 10 multiplexed SSR set distinguished 60 individuals, including siblings derived
from the same parental lines [96]; in olive trees (Olea europaea L. subsp. europaea), a 12 SSR
set uniquely identified 66 cultivars, including 10 sets of siblings [97]; and in pitaya (Hylocereus
spp.) a 16 SSR set distinguished 30 individuals, including three sibling sets [98]. When com-
pared to SSR and KASP genotyping, GBS can be more costly, bioinformatically intense, and it
results in different loci between different GBS runs.

Evaluation of the 9-SSR fingerprinting set

The 9-SSR hop fingerprinting set was also sufficient at distinguishing unique genotypes
among the 629 samples, except for 89 synonym sets that were determined to be clones, sam-
pling errors, pot contaminations, or source errors. These findings were not unexpected given
hop’s long cultivated history, easy vegetative propagation methods, and lack of accurate early
cultivar identification techniques. Evidence of hop cultivation has been documented since the
ninth century with the earliest records describing vegetative multiplication methods by divi-
sion of rhizomes or the cutting of underground stems [17].

In the early years of hop domestication, superior plants were selected from the local vegeta-
tion or the unintentional establishment of a superior seedling and clonally propagated; each
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selected based on adaptability to local soils and climatic conditions. This practice gave rise to
the multiplication and distribution of early cultivars such as Canterbury Whitebine, Fuggle,
Saazer, and Tettnang and their associated clones. Initial plant and cultivar identification meth-
ods were primarily based on morphological characteristics but were highly unreliable because
morphology can change based on environmental influences such as growing conditions
[8,19,20,21], and this commonly led to errors in identification.

Later identification methods sought to incorporate biochemical markers to identify individ-
uals but were also insufficient because biochemical profiles of hop batches can fluctuate based
on environmental influences, processing, and storage conditions [19,46]. Since hop has been
traded for centuries without accurate identification methods, this has led to collections con-
taining cultivars that are not true-to-type. These issues are compounded by hop’s ability to be
easily propagated by air layering and by stem and rhizome cuttings, making pot and yard con-
tamination a continuous problem [6].

The most reliable methods of cultivar identification is through molecular markers as they
are insensitive to growing conditions or environmental factors [19]. Still, molecular markers
such as SSRs and SNPs in hop have not been able to distinguish clones
[3,18,19,27,28,45,82,99]. In Henning et al. [6], in silico analysis of 32,206 high quality SNPs
generated through GBS sequencing were reported to identify 7 SNP loci that can distinguish
116 hop accessions including clonal selections and sister hop lines.

As these loci were identified in silico and not converted into markers that were used to vali-
date their distinguishing power, we believe that further study is needed to demonstrate their
ability to distinguish clones is not caused by sequencing error at these loci. Clonal variations
commonly arise through small or single point mutations [100,101]. Therefore, unless the
markers are developed in these causal loci, clonal variants cannot be uniquely identified with
common fingerprinting sets of a small number of markers. In a few studies, SSRs were
reported to distinguish some variants like in sassafras (Sassafras albidum) [102], glabrous sar-
candra herb (Sarcandra glabra) [103], and pear (Pyrus communis) [104].

Overall, the observed allele size ranges, and number of alleles in the 9-SSR testing panel of
16 diverse accessions (S2 Table) were slightly smaller than that in the full set of 629 accession
(Table 2), as expected due to the increased number of samples. Out of all SSR and KASP mark-
ers, HI-AGA7 showed the highest allele diversity which is consistent with that obtained by
Jakse et al. [7]. HI-AGA7 was developed by Stajner et al. [32] and subsequently used in geno-
typing in three additional studies [7,19,42]. When compared to Stajner et al. [32], HI-AGA7
produced a narrower allele size range (159-210), and a smaller number of alleles (13) than the
157-246 allele range and the 30 alleles in this study (Table 2).

Narrower allele size ranges (174-205, 163-193) and smaller number of alleles (5, 9) were
also reported in the nine hop cultivars genotyped by Korbecka-Glinka et al. [19] and the 123
cultivated Italian, European, and American samples by Rodolfi et al. [42], respectively. Jakse
etal. [7] had a comparable allele size range (157-249) and a larger number of alleles (35) in the
174 samples genotyped when compared to those obtained in our study, most likely due to the
inclusion of WNA germplasm in these two studies. Primer pairs K10315842, K10315910,
K10316221, K10315931, K10316016 were developed and used to genotype eight samples in
Koelling et al. [33]. Primer 1 was developed by Patzak and Henychova [80] and used to geno-
type 135 world hop cultivars, producing 7 unique alleles. Primer 6 was developed by Patzak
and Matousek [105] to characterize 11 hop samples that included WNA germplasm, and
where the observed allele size range was 230-255 and the number of alleles were 5. In our
study, as expected due to the larger number and diversity of the hop samples used, Primers 1
and 6 generated a slightly larger number of alleles (11 and 7, respectively) than in the original
studies. Jakse et al. [7] used ACA1-K9-3 to genotype 34 hop cultivars, which resulted in a
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narrower size range (191-248 as opposed to 156-265) and comparable number of alleles (20
vs. 19) to those obtained in the 629 samples in this study (Table 2).

Validation of the 28 KASP assays

There was a high congruity between the original 25 GBS bi-allelic SNP calls and the KASP
cluster calls, except in 12 individuals (56 Table). Each of the 12 individuals had over 20%
incongruity and were the only samples for which GBS was homozygous for one allele and the
other allele was homozygous in the KASP assay. After excluding these 12 samples, the mis-
match rate between GBS and KASP decreased from 13.04% to 3.70% (S7 and S8 Tables). Previ-
ous studies comparing KASP cluster calls to their original GBS allele calls have reported a high
congruity rate with a small number of mismatches as we observed in this study [106-111].
Incongruity of the KASP and GBS genotypes in the 12 individuals is most likely due to sam-
pling errors while the small number of genotype mismatches in the remaining samples could
have resulted from sequencing error or genotype calling errors in the GBS calling pipeline.

Diversity and population structure based on the 9-SSR fingerprinting set

Most distance estimates do not account for varying ploidy levels or dosage [61]. To overcome
these limitations, Bruvo et al. [61] developed a distance calculation that took into account
microsatellite mutations presuming a slipped-strand mispairing model and genome additions
and losses. Bruvo’s distance genome addition and loss component assumes that genomes are
gained or lost over thousands of years and does not take into account that genomes such as
those in hop can change from one generation to the next.

A solution to this limitation was proposed by Metzger et al. [62] by setting the repeat length
parameter of Bruvo’s distance to a value smaller than one nucleotide; as was tested in black-
berry by Zurn et al. [93]. Like blackberry, hop can have varying ploidy levels resulting from tet-
raploid by diploid crosses. By changing the repeat length, the model becomes an allele-sharing
model similar to Prevosti’s absolute genetic distance while accounting for varying levels in
mixed-ploidy populations.

Another challenging problem is clustering large binary data sets, as in genind objects, and
identifying the true number of clusters. To address this problem, Chae and Il [68] and Chae
and Warde [67] proposed that the cluster analysis is to be performed on the principal coordi-
nates (PCs) and not the dissimilarity matrix itself. Chae and Il [68] concluded that the recovery
levels were increased using the PCs and had a significant effect on the identification of the true
number of clusters. Thus, the PCs were used to improve the identification of the true number
of clusters.

Hierarchical and K-medoids clustering identified three clusters, as did sSNMF based on
individual ancestry coefficients. Clustering separated primarily based on cultivated versus
WNA material and implies an evolutionary divergence between species based on geographic
centers of origin. This is similar to what Peredo et al. [18] reported using seven SSRs to geno-
type 182 hop accession that included cultivars, wild European, and WNA samples. Peredo
etal. [18] performed an AMOVA on two main groups (‘Wild European and Cultivated’ vs
‘Wild American’ and “‘Wild European’ vs ‘Wild American and Cultivated’) with STRUCTURE
and a PCoA analysis. Based on the AMOVA analysis the ‘Wild European and Cultivated’ ver-
sus the “‘Wild American’ comparison was highly significant (12.5% of the total variance), while
no statistical significance was found between the “‘Wild European’ versus the ‘Wild American
and Cultivated’ comparison.

The distinction of cultivated from WNA samples is similar to what has been found in 11
previous studies performed with SSR and SNP markers
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[3,5,6,26,34,36,39,40,80,81,111,112,113]. A small proportion of the WNA samples, including
Humulus lupulus var. lupulus KAZ098 CHUM 1025.013, grouped with the ‘Fuggle’, ‘Hers-
brucker’, Wild Yugoslavian Male 3/3, and ‘California Cluster’- related material. This suggests
that Humulus lupulus var. lupulus KAZ098 is either closely related to or is WNA germplasm.
Differences in clustering could mostly be explained by differences according to identity-by-
state (IBS) or in identity-by-descent (IBD). Hierarchical clustering tended to group samples by
IBS, whereas K-medoids grouped samples based on IBD. This is most noticeable in the cluster-
ing of ‘Brewer’s Gold’, ‘Golding’, and closely related samples.

When examining hierarchal clustering, ‘Brewer’s Gold’ and closely related cultivars
grouped with ‘Northern Brewer’ and its relatives. ‘Northern Brewer’ and ‘Brewer’s Gold” have
distinctly different parentages, but share WNA parentage, suggesting clustering was grouping
by IBS. K-medoids clustered ‘Brewer’s Gold’ and closely related material with individuals that
had common parentage, indicating samples were grouped by IBD. The same observations
were made with the ‘Goldings’ and closely related samples. Hierarchical clustering grouped
the ‘Golding’ samples and close relatives with samples that had WNA parentage as expected
based on IBS. Whereas K-medoids clustered the ‘Golding’ samples with other samples that
share a common parent and are related through IBD.

Investigation of parentage and sibship

The mixed ploidy populations in hop pose significant problems when determining parentage
with existing methods. Most tools available for parentage analysis are developed for diploids or
auto-tetraploids [76,114,115]. To address this challenge, Rodzen et al. [74] proposed convert-
ing heterozygous and homozygous calls at a k-allele codominant locus to a presence/absence
of the dominant allele. This conversion allows for a codominant marker system to become a
pseudodiploid dominant marker system, regardless of ploidy level; thus, allowing the evalua-
tion of parentage in software that is compatible with a dominant marker type system. Wang
and Scribner [75] evaluated the Rodzen et al. [74] method in COLONY with the FL model and
determined that regardless of inheritance mode (disomic or nondisomic) the proposed data
transformation worked well and produced reliable results for both sibship and parentage
assignments.

Using the 9-SSR set, we were able to determine parentage in the two bi-parental popula-
tions (HQ2015023 and HQ2015034) and the synonym sets with COLONY and confirmed
relationships visually through allele comparison using Mendelian inheritance. Interestingly,
none of the offspring from the bi-parental population HQ2015023, except for
USDAHQ2015023.002_FSCR, could have resulted from pollination with the male parent
USDA 19048M from the FSCR. Similarly, in the HQ2015034 population none of the offspring
were from the male parent USDA 21327M from the FSCR, except for USDA
HQ2015034.014_FSCR. This could have been due to a new pollination method that was used
to protect flowers on both female parents due to their short arm lengths. Rather than covering
individual arms, a large bag was used to cover the axis. The genotype data indicates that the
large bags did not sufficiently protect the female flowers, as the alleles in the offspring did not
include those in the listed pollen parent.

COLONY did not identify USDA HQ2015034-014 as a potential offspring of the male par-
ent USDA 21327M, although visual inspection of the allele calls of USDA HQ2015034-014
indicated that USDA 21327M could have been the male parent (513 Table). Similarly, COL-
ONY indicated that Blisk CHUM 166 was most likely the offspring of USDA 21052 represent-
ing FSCR’s “Atlas”, yet visual inspection indicated that Blisk CHUM 166.002 was not an
offspring of ‘Atlas’. Genepop identified four markers with a moderate to a high frequency of
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null alleles (Table 2), including at Primer 6 where ‘Blisk’ didn’t share an allele with its parent
‘Atlas’, likely due to the presence of a null allele. Null alleles result from lack of PCR amplifica-
tion [51,116] and pose real challenges for parental reconstruction software and visual inspec-
tion because it is difficult to discern homozygous alleles from heterozygous null alleles. Visual
inspection of the alleles at the four markers indicated possible heterozygous null allele calls,
which could result in parentage conflicts in COLONY and visual inspection. Thus, it is impor-
tant whenever possible to choose SSRs that do not contain null alleles to prevent conflicting
results from parent exclusion [116].

Identity verification with the 9-SSR and 25 KASP fingerprint sets

The 9-SSR fingerprinting set had a similar distinguishing ability to the 25 KASP assays, except
in the WNA samples where the KASP assay did not distinguish unique samples. Hence, a
larger number of multi-allele genotypes were generated by the SSR fingerprinting set than that
observed in the SNP fingerprinting set in WNA germplasm (Table 1). Low polymorphism and
distinguishing ability of this KASP assay was not surprising given that the 25 KASP assays
were designed from SNPs selected from H. . var. lupulus sequences. In order for the KASP fin-
gerprinting set to distinguish WNA samples, SNPs need to be selected based on polymor-
phisms in both cultivated and WNA germplasm.

A lower number of SSRs as opposed to SNPs (9 vs. 25, respectively) were required to distin-
guish the unique H. lupulus genotypes. Typically, SSRs are more informative and produce a
higher number of alleles at a given locus than SNPs that are bi-allelic [117,118]. Previous stud-
ies have shown that a larger number of SNPs is needed to obtain the same information content
as in SSR markers [119-122]. However, the ratio of SNPs to SSRs is highly dependent upon
the heterozygosity of the samples being studied [121-123]. Singh et al. [123] compared 36
SSRs to 36 SNPs in rice (Oryza sativa L.) for 375 samples, including five landraces, 364 modern
varieties, and one hybrid. A similar number of alleles was generated for both SSRs and SNPs
leading the authors to propose that lower SSR diversity in their study was due to the lower
genetic diversity of their samples and higher SSR diversity measures are mostly observed in
diverse germplasm. Diversity of the marker also influences the number of markers required in
a study. Filipi et al. [121] compared 22 genomic SSR (gSSR) to 20 EST-SSRs and confirmed
previous findings that higher levels of diversity are found in gSSR than in EST-SSRs. Similarly,
Chen et al. [122] observed that tri-allelic SNPs had higher diversity levels than di-allelic micro-
satellite markers. Diversity of the marker influences the ratio of SSR to SNP markers because
potentially fewer SSR markers would be required if they have a higher information content.

The number of SSRs used in this study to identify European and WNA hop accessions was
comparable to other studies. Murakami et al. [36] used 11 SSRs to distinguish 60 wild Euro-
pean, 58 wild Asian, and 15 WNA samples. Bassil et al. [3] used eight genic SSRs to distinguish
24 European and 22 WNA samples. Peredo et al. [18] used seven nuclear SSRs to assess popu-
lation structure and identify population specific alleles in 68 European, 66 cultivated, and 48
WNA sample.

Previous studies using SNP based genotyping methods have primarily focused on the iden-
tification of European and cultivated accessions with limited WNA samples. Matthews et al.
[27] and Henning et al. [6] identified 17,128 and 32,206 SNPs using GBS methods to genotype
178 and 121 European and cultivated samples, respectively. Yamauchi et al. [28] identified
four SNP rich regions to genotype 21 cultivated hop varieties from Europe and the United
States, and Van Holle et al. [45] identified 1,830 highly discriminant SNPs to genotype 56 of
the most commerecially relevant hop cultivars. KASP markers are starting to gain attention as a
valuable genetic tool in plants for genotyping and marker assisted selection (MAS) [124-129].
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This is partly because they are a cost-effective option when a low number of markers are
needed [125]. KASP markers have even been developed in hop. Jiang et al. [46] developed a 12
KASP marker fingerprinting set to distinguish 16 hop samples. As these markers were devel-
oped from only ten of the most commonly used hop varieties in the Chinese brewing industry
and were only validated in a very small set of 16 hop samples, we believe the discriminant
power of these markers needs to be further evaluated to determine their discriminatory power
in closely related individuals and a larger more diverse germplasm set.

In our study, we identified an initial set of 35,633 high quality SNPs from which to select
the best minimal subset of GBS markers that differentiated hop accessions consisting of culti-
vated lines, new experimental breeding lines, and male lines. The minimal set of GBS markers
were subsequently developed into KASP markers, of which 25 were ultimately validated on a
different set of hop accessions. The 25 KASP markers successfully differentiated cultivated hop
accessions but did not perform well at differentiating WNA accessions. Answers concerning
this lack of differentiating WNA accessions may be due to WNA accessions containing DNA
sequences that are absent in cultivated accessions and therefore not identified in GBS or may
be due to the initial set of hop accessions used to develop GBS markers sets not including
WNA accessions. Additional GBS work including WNA lines would identify additional KASP
markers that could be added to the 25 KASP markers if WNA differentiation was desired. Dif-
ferentiation among cultivated hops using this set of 25 KASP markers was successful and suffi-
cient for almost all applications.

The 9-SSR fingerprinting set produced a larger number of multi-locus genotypes than the
KASP fingerprinting set (for SSR and SNP genotype data, please see data availability). There are
two explanations for this. First, in GBS marker identification, all loci having more than two
alleles were filtered out due to the expectation that KASP marker development would consist of
two alleles. Second, SSR and SNP loci are governed by different mutational processes such as
replication slippage and single point mutations, respectively, which lead to different rates of
mutation and diversity estimates [130]. The cultivated group had a larger number of multi-
locus genotypes and slightly higher diversity statistics in the SSR than in the SNP fingerprinting
set. This is likely due to the inability of the KASP SNP fingerprint set to distinguish between
WNA samples and European accessions, resulting in placement of a larger number of individu-
als in the cultivated group. Additionally, SSRs loci have more than two alleles while the chosen
SNPs are bi-allelic; thus, it is more likely to find uniqueness between two random samples in a
population where there are more possible alleles that can be observed at a locus [86].

Determining sex at HI-AGA?7

Determination of sex at the young seedling stage in hop plants is highly desirable because only
the female plants are of economic value and desired for cone production. Poley et al. [131]
developed a SCAR marker that was the first sex-specific marker in hop. This marker was
found to be associated with the Y chromosome in bulk segregation analysis [40,131]. Later this
marker was shown to be in incomplete linkage to the male sex and did not amplify in Japanese
males [132,133].

The HI-AGA7 SSR marker was first developed from libraries originating from two hop cul-
tivars Cascade and Savinjski Golding [32]. In 2008, Jakse et al. [7] determined that HI-AGA7
was closely linked to sex in two mapping families grown in Slovenia. McAdam et al. [41] tested
HI-AGA7 in a New Zealand mapping population and one of the Slovenian mapping popula-
tions [7], concluding that in these two populations an allele at HI-AGA?7 was linked to the
male sex phenotype. Additionally, HI-AGA7 was used in two previous studies [19,42] because
of its high allelic diversity in genotyping, but an association with sex was not examined.
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We included HI-AGA7 in our 9-SSR fingerprinting set, which was used to genotype 629
hop samples. When comparing same name accessions with studies of Jakse et al. [7], Kor-
becka-Glinka et al. [19], and Rodolfi et al. [42], genotypes were comparable with slight varia-
tions due to scoring, expect for ten samples. ‘Hueller Aroma’ from Jakse et al. [7] had a
different genotype than that observed in this study and additional investigation is needed to
identify a true-to-type ‘Hueller Aroma’. Of the nine cultivars that had different genotypes at
HI-AGA7 according to Rodolfi et al. [42], eight cultivars had the same genotype in our study
and that of Jakse et al. [7], possibly indicating trueness-to-type. The ‘El Dorado’ sample, how-
ever, in this study was obtained from the UNL and its trueness-to-type requires further study.

The high variability at HI-AGA7 was found to be caused by three indels, a variable region
after the microsatellite repeat, four transitions, four transversions, and complex variability of
the microsatellite repeat itself [7]. Conservation of the flanking sequences allowed primer pairs
for this locus to amplify in different species. Such variability is useful in a fingerprinting set
and results in high distinguishing ability. However, not all females or males could be identified
based on allele composition. Since the sex-specific alleles identified in this study were present
in only a limited number of individuals (1 to 6), association with gender needs further valida-
tion in additional germplasm.

Recently, a new sex associated marker set was developed by Cerenak et al. [134] by convert-
ing four male-specific DArT markers to PCR markers that can be run in a multiplex reaction.
These four markers were tested on 197 plants (97 from the world collection and 100 from
three segregating families) and showed 100% positive correlation with sex using the multiplex
reaction.

Conclusion

In conclusion, this study provides two cost-effective fingerprinting sets. The first is a set of
nine long-core SSR markers that are amplified in a single PCR reaction and able to distinguish
cultivated and WNA samples, thus saving time and money. The second is a KASP assay of 25
SNPs that is cost-efficient in distinguishing cultivars in sets of 96 samples each but is unable to
distinguish European and WNA accessions. These fingerprinting tools are valuable for identity
confirmation and parentage analysis in hop.

Supporting information

S1 Fig. Full Radial dendrogram of 629 accessions evaluated with the 9-SSR fingerprinting
set. K-medoids identified three clusters. K-medoids clustering results for each accession are
displayed as different colors for each group.

(TIFF)

S1 Table. List of accessions used in SSR and KASP genotyping. Samples are listed under
each of the three source programs that provided the leaf tissue. All samples were genotyped
with the 9-SSR multiplex set. Includes sample name, other name(s), name in dendrogram,
local number, PI number, pedigree, accession type [cultivated (CULT) vs. Wild North Ameri-
can (WNA)], and sex.

(XLSX)

S2 Table. List of long-core repeat SSRs evaluated in the 16 diverse samples making up the
Testing Panel (S1 Table). Includes name, motif, forward primer sequence, reverse primer
sequence, expected allele size range, observed allele size range, number of alleles observed, ease
of scoring (1 = easy, 0.5 = medium, and 0 = hard), and SSR source citation. Observed allele
size range, observed number of alleles, and ease of scoring assessed using the M13 universal
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labeling method of Schuelke, 2000.
(XLSX)

§3 Table. List of 28 KASP assays designed by LGC Biosearch Technologies and evaluated
in 190 samples (S1 Table). Includes name, primer allele sequences (x, y, and common), alleles
(x &y), and sequence motif. The targeted SNP is denoted by brackets [] in the sequence.
(XLSX)

$4 Table. Genotypes for the 9-SSR multiplex for bi-parental populations HQ2015023 and
HQ2015034. Alleles in common with the female parent are highlighted in orange and are not
highlighted if shared with the male parent. Alleles that are not shared with either parent are
highlighted in grey.

(XLSX)

S5 Table. Number of SNPs identified after each filtering step to identify the 28 SNPs to
develop into KASP. Filtering steps are listed under each software program and are in order of
occurrence.

(XLSX)

$6 Table. Comparison of the 28 KASP SNP cluster calls to the original genotyping-by-
sequence (GBS) bi-allelic SNP calls in sixty-three accessions that had the same name. The
three excluded KASP assays are highlighted in orange and are excluded from analysis. Individ-
uals that had different genotypes between KASP and GBS at a locus are highlighted in grey.
Failed KASP assays are highlighted in red and are excluded from analysis.

(XLSX)

§7 Table. Summary comparison of allele calls and allele mismatch type in 63 individuals
with the same name genotyped by GBS and KASP at the same 28 loci. Summary means and
totals were calculated in all 63 individuals after excluding samples with >20% mismatched
allele calls (highlighted in grey) between GBS and KASP. Samples that have homozygous GBS
calls that were homozygous for the opposite allele in KASP are highlighted in orange.

(XLSX)

S8 Table. Summary comparison of GBS to KASP mismatch type at the 28 loci. Highlighted
markers were excluded from analysis because they contained >20% missing data and/or
didn’t form three distinct clusters corresponding to the two homozygous and one heterozy-
gous genotype.

(XLSX)

S9 Table. Eighty-nine synonym sets that had the same fingerprints and were given a group
name to represent the corresponding genotype. Grey samples are contamination, propaga-
tion, or source errors.

(XLSX)

$10 Table. COLONY full likelihood (FL) and pairwise likelihood (PL) parentage analysis.
Includes offspring, candidate father, father FL probability, father PL confidence level, candi-
date mother, mother FL probability, mother PL confidence level, and parent PL probability.
Parent PL probability does not include candidate male if father FL probability is < 0.50. FL
probability and PL probabilities range from 0 to 1. Higher FL probability and PL level of confi-
dence numbers indicate a stronger parental candidate. Higher parent PL probability indicates
stronger parental pair configuration. Missing values (-) indicate COLONY didn’t identify a
candidate parent. The likely true to type genotype is highlighted in grey.

(XLSX)
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S11 Table. COLONY best maximum likelihood (ML) full family configuration. Each full
sibling relationship is supported by full likelihood > 0.50 probability. Includes mother, father,
probability of inclusion (Inc.), probability of exclusion (Exc.), and siblings included in the full
sib family. Probability of inclusion ranges from 0 to 1 with low numbers indicating family is
splitable. Probability of exclusion ranges from 0 to probability of inclusion of the same full sib
family with higher numbers indicating that individuals within a full sib configuration are full
sib and no other individuals are full sibs within the full sib family. Higher probability of inclu-
sion and lower probability of exclusion means that the best full sibship is probably true, but
incomplete.

(XLSX)

$12 Table. Genotype of same name accessions from the USDA-ARS NCGR and the
USDA-ARS FSCR that had different profiles. Includes female parent, cultivar set name, sam-
ple names, and the genotype at each SSR in the 9-SSR fingerprinting set. Alleles that are differ-
ent within each cultivar group are highlighted in grey.

(XLSX)

$13 Table. Genotypes at the 9 SSRs for female parents and nine reported progenies with
non-matching allele composition that were obtained from the USDA-ARS NCGR and the
USDA-ARS FSCR. Samples are grouped by common female parent. Alleles in common with
the female parent are highlighted in orange. Offspring alleles that are not shared with the
female parent are highlighted in grey.

(XLSX)

$14 Table. Eighteen synonym sets and H. lupulus var. neomexicanus Colorado 2-1 of 190
samples genotyped with the 9-SSR and the 25-KASP assays. Synonym sets were given a
group name to represent the corresponding genotype. Includes synonym sets identified by
genotyping 190 samples with the 9-SSR set collected independently from those submitted to
LGC Biosearch Technologies DNA for KASP assay genotyping, 9-SSR synonym sets after allele
corrections with DNA from LGC Biosearch Technologies.

(XLSX)

S15 Table. Comparison of HI-AGA7 genotype of hop cultivars from this study that are in
common with three previous studies: Jakse et al., 2008; Korbecka-Glinka et al., 2016; and
Rodolfi et al., 2018. Includes, cultivar name, hop type [cultivated (CULT) vs wild North
American (WNA)], sex, HI-AGA genotype for accessions in each of the studies. Samples
highlighted in gray do not have equivalent allele calls. (-) indicates no sample or genotype.
(XLSX)

$16 Table. Equivalent alleles at HI-AGA7 between this study and three previous studies:
Jakse et al., 2008; Korbecka-Glinka et al., 2016; and Rodolfi et al., 2018. (-) indicates inabil-
ity to identify equivalent allele due to absence of genotypes in common between our study and
the study in question.

(XLSX)

S$17 Table. List of 30 alleles identified at HI-AGA?7 alleles per sex in cultivated (CULT),
wild North American (WNA) or both (BOTH) types of hop germplasm. Allele counts in
females and males are listed. Alleles highlighted in light grey are male specific and in dark grey
are female specific. (-) indicates allele was not found.

(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 32/40


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257746.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257746.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257746.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257746.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257746.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257746.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257746.s018
https://doi.org/10.1371/journal.pone.0257746

PLOS ONE

Two fingerprinting sets for hop

Acknowledgments

We appreciate the assistance of April Nyberg and Jaimie Green for technical support and that
of Jeanine DeNoma, Jim Oliphant, Debra Hawkes, and Gabriel Flores for management of the
hop germplasm collection at NCGR. We thank Jernej Jakse at the Agronomy Department, Bio-
technical Faculty, University of Ljubljana, Ljubljana, Slovenia for providing the allele data for
HI-AGA?7.

Author Contributions

Conceptualization: Keenan Amundsen, Annette Wiles, Claudia Wiedow, Josef Patzak, John
A. Henning, Nahla V. Bassil.

Data curation: Mandie Driskill, Nahla V. Bassil.

Formal analysis: Nahla V. Bassil.

Funding acquisition: Keenan Amundsen, Annette Wiles, Nahla V. Bassil.

Investigation: Nahla V. Bassil.

Methodology: Katie Pardee, Kim E. Hummer, Jason D. Zurn, Nahla V. Bassil.

Project administration: Nahla V. Bassil.

Resources: Kim E. Hummer, John A. Henning, Nahla V. Bassil.

Supervision: Nahla V. Bassil.
Writing - original draft: Mandie Driskill, Nahla V. Bassil.
Writing - review & editing: Mandie Driskill, Nahla V. Bassil.

References

1.

Small E. A numerical and nomenclatural analysis of morpho-geographic taxa of Humulus. Syst Bot.
1978; 3(1):37—76. https://doi.org/10.2307/2418532.

Small E. A numerical analysis of morpho-geographic groups of cultivars of Humulus lupulus based on
samples of cones. Can J Bot. 1981 Mar 1; 59(3):311-24. https://doi.org/10.1139/b81-044.

Bassil NV, Gilmore B, Oliphant JM, Hummer KE, Henning JA, et al. Genic SSRs for European and
North American hop (Humulus lupulus L.). Genet Resour Crop Evol. 2008 Nov 1; 55(7):959. https://
doi.org/10.1007/s10722-007-9303-9.

Haunold A. Cytology, sex expression, and growth of a tetraploid x diploid cross in hop (Humulus lupu-
lusL.). Crop Sci Madison. 1971 Nov;Vol. 11(6):pp.868—871. https://doi.org/10.2135/cropsci1971.
0011183X001100060031x.

Jakse J, Stajner N, Luthar Z, Jeltsch J-M, Javornik B, et al. Development of transcript-associated
microsatellite markers for diversity and linkage mapping studies in hop (Humulus lupulus L.). Mol
Breed. 2011 Aug; 28(2):227-39. http://dx.doi.org/10.1007/s11032-010-9476-3.

Henning JA, Coggins J, Peterson M, et al. Simple SNP-based minimal marker genotyping for Humulus
lupulus L. identification and variety validation. BMC Res Notes. 2015 Dec; 8(1):542. https://doi.org/10.
1186/s13104-015-1492-2 PMID: 26438052.

Jakse J, Stajner N, Kozjak P, Cerenak A, Javornik B, et al. Trinucleotide microsatellite repeat is tightly
linked to male sex in hop (Humulus lupulus L.). Mol Breed. 2008 Feb; 21(2):139—-48. https://doi.org/10.
1007/s11032-007-9114-x.

Mafakheri M, Kordrostami M, Rahimi M, Matthews PD, et al. Evaluating genetic diversity and structure
of a wild hop (Humulus lupulus L.) germplasm using morphological and molecular characteristics.
Euphytica. 2020 Apr; 216(4):58. https://doi.org/10.1007/s10681-020-02592-z.

National Agricultural Statistics Service. 2019 [cited 2020 Oct 27]. In: National hop report 12/18/2019
[Internet]. Available from: https://downloads.usda.library.cornell.edu/usda-esmis/files/s7526c41m/
7m01cc012/kd17dk83t/hopsan20.pdf.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 33/40


https://doi.org/10.2307/2418532
https://doi.org/10.1139/b81-044
https://doi.org/10.1007/s10722-007-9303-9
https://doi.org/10.1007/s10722-007-9303-9
https://doi.org/10.2135/cropsci1971.0011183X001100060031x
https://doi.org/10.2135/cropsci1971.0011183X001100060031x
http://dx.doi.org/10.1007/s11032-010-9476-3
https://doi.org/10.1186/s13104-015-1492-2
https://doi.org/10.1186/s13104-015-1492-2
http://www.ncbi.nlm.nih.gov/pubmed/26438052
https://doi.org/10.1007/s11032-007-9114-x
https://doi.org/10.1007/s11032-007-9114-x
https://doi.org/10.1007/s10681-020-02592-z
https://downloads.usda.library.cornell.edu/usda-esmis/files/s7526c41m/7m01cc012/kd17dk83t/hopsan20.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/s7526c41m/7m01cc012/kd17dk83t/hopsan20.pdf
https://doi.org/10.1371/journal.pone.0257746

PLOS ONE

Two fingerprinting sets for hop

10.

11.

12

13.

14.

15.

16.
17.
18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Brewers Association. 2021 [cited 2021 Aug 13]. In: National Beer Sales & Production Data [Internet].
Available from: https://www.brewersassociation.org/statistics-and-data/national-beer-stats/.

Barth-Haas Group. 2016 [cited 2021 Aug 13]. In: The Barth Report 2016/2017 [Internet]. Available
from: http://www.johnihaas.com/wp-content/uploads/2017/08/barthbericht20162017en.pdf.

Teghtmeyer S. Hops. J Agric Food Inf. 2018 Jan 2; 19(1):9. https://doi.org/10.1080/10496505.2018.
1403248.

Pigg K. Aroma Hops Breeding Program develops, grows new Strata Hop. The Daily Barometer. 2017
Nov 6. [cited 2021 Aug 13]. Available from: https://dailybaro.orangemedianetwork.com/7625/daily-
barometer-news/aroma-hops-breeding-program-develops-grows-new-strata-hop/.

Rodger Erin. Cornell AgriTech launches hops breeding program. Cornell Chronicle. 2021 Jun 10.
[cited 2021 Aug 13]. Available from: https://news.cornell.edu/stories/2021/06/cornell-agritech-
launches-hops-breeding-program.

Alberts L. Zatec, cradle of Saaz hops and landmark of commercial hop cultivation. Brew Hist. 2020
Jan 1; 181:43-50.

Hornsey I. Brewing. Cambridge, UK: The Royal Society of Chemistry; 1999.
Darby P. The history of hop breeding and development. Brew Hist. 2005 Dec 1; 121: 94—112.

Peredo EL, Revilla MA, Reed BM, Javomnik B, Cires E, Fernandez Prieto JA, et al. The influence of
European and American wild germplasm in hop (Humulus lupulus L.) cultivars. Genet Resour Crop
Evol. 2010 Apr; 57(4):575-86. https://doi.org/10.1007/s10722-009-9495-2.

Korbecka-Glinka G, Skomra U, Olszak-Przybys H, et al. Cultivar identification in dry hop cones and
pellets using microsatellite loci. Eur Food Res Technol. 2016 Sep; 242(9):1599-605. https://doi.org/
10.1007/s00217-016-2715-z.

McAdam EL, Vaillancourt RE, Koutoulis A, Whittock SP, et al. Quantitative genetic parameters for
yield, plant growth and cone chemical traits in hop (Humulus lupulus L.). BMC Genet. 2014 Feb 13; 15
(1):22. https://doi.org/10.1186/1471-2156-15-22 PMID: 24524684

Skomra U, Bocianowski J, Agacka-Motdoch M, et al. Agro-morphological differentiation between Euro-
pean hop (Humulus lupulus L.) cultivars in relation to their origin. J Food Agric Environ. 2013 Jan 1;
11:1123-8.

Li Y-C, Korol AB, Fahima T, Beiles A, Nevo E, et al. Microsatellites: genomic distribution, putative func-
tions and mutational mechanisms: a review. Mol Ecol. 2002; 11(12):2453-65. https://doi.org/10.1046/
j-1365-294x.2002.01643.x PMID: 12453231

Robinson AJ, Love CG, Batley J, Barker G, Edwards D et al. Simple sequence repeat marker loci dis-
covery using SSR primer. Bioinformatics. 2004 Jun 12; 20(9):1475-6. https://doi.org/10.1093/
bioinformatics/bth104 PMID: 14962913.

Palumbo F, Barcaccia G. Rediscovery of landraces as a resource for the future.In: Grillo O, editor. Crit-
ical Aspects on the Use of Microsatellite Markers for Assessing Genetic Identity of Crop Plant Varieties
and Authenticity of their Food Derivatives. UK: IntechOpen; 2018. pp129-160. http://dx.doi.org/10.
5772/intechopen.70756.

Henning JA, Gent DH, Twomey MC, Townsend MS, Pitra NJ, Matthews PD, et al. Genotyping-by-
sequencing of a bi-parental mapping population segregating for downy mildew resistance in hop
(Humulus lupulus L.). Euphytica. 2016 Apr; 208(3):545-59. https://doi.org/10.1007/s10681-015-1600-
3.

Howard EL, Whittock SP, Jakse J, Carling J, Matthews PD, Probasco G, et al. High-throughput geno-
typing of hop (Humulus lupulus L.) utilizing diversity arrays technology (DArT). Theor Appl Genet.
2011 May 1; 122(7):1265-80. https://doi.org/10.1007/s00122-011-1529-4 PMID: 21243330.

Matthews PD, Coles MC, Pitra NJ, et al. Next generation sequencing for a plant of great tradition:
Application of NGS to SNP detection and validation in hops (Humulus lupulus L.). BrewingScience.
2013; 66:185-91.

Yamauchi H, Mukouzaka Y, Taniguchi T, Nakashima K, Furukubo S, Harada M, et al. Newly devel-
oped SNP-based identification method of hop varieties. J Am Soc Brew Chem. 2014 Sep 1; 72
(4):239-45. https://doi.org/10.1094/ASBCJ-2014-1006-01.

Brady JL, Scott NS, Thomas MR, et al. DNA typing of hops (Humulus lupulus) through application of
RAPD and microsatellite marker sequences converted to sequence tagged sites (STS). Euphytica.
1996;(83):277-284. https://doi.org/10.1007/BF00033088.

Hadonou AM, Walden R, Darby P, et al. Isolation and characterization of polymorphic microsatellites
for assessment of genetic variation of hops (Humulus lupulus L.). Mol Ecol Notes. 2004; 4(2):280—
282. https://doi.org/10.1111/j.1471-8286.2004.00641.x.

Jakse J, Bandelj D, Javornik B, et al. Eleven new microsatellites for hop (Humulus lupulus L.). Mol
Ecol Notes. 2002; 2(4):544-546. https://doi.org/10.1046/j.1471-8286.2002.00309.x.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 34/40


https://www.brewersassociation.org/statistics-and-data/national-beer-stats/
http://www.johnihaas.com/wp-content/uploads/2017/08/barthbericht20162017en.pdf
https://doi.org/10.1080/10496505.2018.1403248
https://doi.org/10.1080/10496505.2018.1403248
https://dailybaro.orangemedianetwork.com/7625/daily-barometer-news/aroma-hops-breeding-program-develops-grows-new-strata-hop/
https://dailybaro.orangemedianetwork.com/7625/daily-barometer-news/aroma-hops-breeding-program-develops-grows-new-strata-hop/
https://news.cornell.edu/stories/2021/06/cornell-agritech-launches-hops-breeding-program
https://news.cornell.edu/stories/2021/06/cornell-agritech-launches-hops-breeding-program
https://doi.org/10.1007/s10722-009-9495-2
https://doi.org/10.1007/s00217-016-2715-z
https://doi.org/10.1007/s00217-016-2715-z
https://doi.org/10.1186/1471-2156-15-22
http://www.ncbi.nlm.nih.gov/pubmed/24524684
https://doi.org/10.1046/j.1365-294x.2002.01643.x
https://doi.org/10.1046/j.1365-294x.2002.01643.x
http://www.ncbi.nlm.nih.gov/pubmed/12453231
https://doi.org/10.1093/bioinformatics/bth104
https://doi.org/10.1093/bioinformatics/bth104
http://www.ncbi.nlm.nih.gov/pubmed/14962913
http://dx.doi.org/10.5772/intechopen.70756
http://dx.doi.org/10.5772/intechopen.70756
https://doi.org/10.1007/s10681-015-1600-3
https://doi.org/10.1007/s10681-015-1600-3
https://doi.org/10.1007/s00122-011-1529-4
http://www.ncbi.nlm.nih.gov/pubmed/21243330
https://doi.org/10.1094/ASBCJ-2014-1006-01
https://doi.org/10.1007/BF00033088
https://doi.org/10.1111/j.1471-8286.2004.00641.x
https://doi.org/10.1046/j.1471-8286.2002.00309.x
https://doi.org/10.1371/journal.pone.0257746

PLOS ONE

Two fingerprinting sets for hop

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Stajner N, Jakse J, Kozjak P, Javornik B, et al. The isolation and characterization of microsatellites in
hop (Humulus lupulus L.). Plant Sci. 2005 Jan 1; 168(1):213-21. https://doi.org/10.1016/j.plantsci.
2004.07.031.

Koelling J, Coles MC, Matthews PD, Schwekendiek A, et al. Development of new microsatellite mark-
ers (SSRs) for Humulus lupulus. Mol Breed. 2012 Jun; 30(1):479-84. https://doi.org/10.1007/s11032-
011-9637-z.

Stajner N, Satovic Z, Cerenak A, Javornik B, et al. Genetic structure and differentiation in hop (Humu-
lus lupulus L.) as inferred from microsatellites. Euphytica. 2008 May; 161(1-2):301-11. https://doi.org/
10.1007/s10681-007-9429-z.

Cerenak A, Jakse J, Javornik B, et al. Identification and differentiation of hop varieties using simple
sequence repeat markers. J Am Soc Brew Chem. 2004 Jan 1; 62(1):1-7. https://doi.org/10.1094/
ASBCJ-62-0001.

Murakami A, Darby P, Javornik B, Pais MSS, Seigner E, Lutz A, et al. Microsatellite DNA analysis of
wild hops, Humulus lupulus L. Genet Resour Crop Evol. 2006 Dec 1; 53(8):1553—-62. https://doi.org/
10.1007/s10722-005-7765-1.

Henning JA, Townsend MS, Gent DH, Bassil N, Matthews P, Buck E, et al. QTL mapping of powdery
mildew susceptibility in hop (Humulus lupulus L.). Euphytica. 2011 Aug; 180(3):411-20. https://doi.
org/10.1007/s10681-011-0403-4.

Cerenak A, Satovic Z, Javornik B, et al. Genetic mapping of hop (Humulus lupulus L.) applied to the
detection of QTLs for alpha-acid content. Genome. 2006 May 1; 49(5):485-94. https://doi.org/10.
1139/g06-007 PMID: 16767173

Patzak J, Nesvadba V, Henychova A, Krofta K, et al. Assessment of the genetic diversity of wild hops
(Humulus lupulus L.) in Europe using chemical and molecular analyses. Biochem Syst Ecol. 2010 Apr
1; 38(2):136—45. https://doi.org/10.1007/s10722-005-7765-1.

Seefelder S, Ehrmaier H, Schweizer G, Seigner E, et al. Genetic diversity and phylogenetic relation-
ships among accessions of hop, Humulus lupulus, as determined by amplified fragment length poly-
morphism fingerprinting compared with pedigree data. Plant Breed. 2000; 119(3):257—63. https://doi.
org/10.1046/j.1439-0523.2000.00500.x.

McAdam EL, Freeman JS, Whittock SP, Buck EJ, Jakse J, Cerenak A, et al. Quantitative trait loci in
hop (Humulus lupulus L.) reveal complex genetic architecture underlying variation in sex, yield and

cone chemistry. BMC Genomics. 2013 May 30; 14:360. https://doi.org/10.1186/1471-2164-14-360

PMID: 23718194.

Rodolfi M, Silvanini A, Chiancone B, Marieschi M, Fabbri A, Bruni R, et al. Identification and genetic
structure of wild Italian Humulus lupulus L. and comparison with European and American hop cultivars
using nuclear microsatellite markers. Genet Resour Crop Evol. 2018; 65(5):1405-22. https://doi.org/
10.1007/s10722-018-0622-9.

Hill ST, Coggins J, Liston A, Hendrix D, Henning JA, et al. Genomics of the hop pseudo-autosomal
regions. Euphytica. 2016 May 1; 209(1):171-9. https://doi.org/10.1007/s10681-016-1655-9.

Zhang D, Easterling KA, Pitra NJ, Coles MC, Buckler ES, Bass HW, et al. Non-Mendelian single-
nucleotide polymorphism inheritance and atypical meiotic configurations are prevalent in hop. Plant
Genome. 2017 Nov; 10(3). https://doi.org/10.3835/plantgenome2017.04.0032 PMID: 29293819.

Van Holle A, Muylle H, Ruttink T, Van Landschoot A, Haesaert G, Naudts D, et al. Single nucleotide
polymorphisms and biochemical markers as complementary tools to characterize hops (Humulus
lupulus L.) in Brewing Practice. J Agric Food Chem. 2019 Apr 3; 67(13):3761-71. https://doi.org/10.
1021/acs.jafc.9b00816 PMID: 30896165

Jiang P, Song T, Jiang W, Wang D, Pu B, Luan C, et al. SNP-based kompetitive allele specific PCR
(KASPTM) method for the qualification and quantification of hop varieties. J Am Soc Brew Chem.
2018 Jul 3; 76(3):185-9. https://doi.org/10.1080/03610470.2018.1483702.

Henning J, Hill S, Darby P, Hendrix D, et al. QTL examination of a bi-parental mapping population seg-
regating for “short-stature” in hop (Humulus lupulus L.). Euphytica. 2017 Mar; 213(3):1-15. https://doi.
org/10.1007/s10681-017-1848-x.

Henning JA, Gent DH, Townsend MS, Woods JL, Hill ST, Hendrix D, et al. QTL analysis of resistance
to powdery mildew in hop (Humulus lupulus L.). Euphytica. 2017 Apr; 213(4):1—13. https://doi.org/10.
1007/s10681-017-1849-9.

Henning JA, Gent DH, Twomey MC, Townsend MS, Pitra NJ, Matthews PD, et al. Precision QTL map-
ping of downy mildew resistance in hop (Humulus lupulus L.). Euphytica. 2015 Apr; 202(3):487-98.
https://doi.org/10.1007/s10681-015-1356-9.

Padgitt-Cobb L.K., Kingan S.B. & Henning J.A, et al. Genomic analysis of powdery mildew resistance
in a hop (Humulus lupulus L.) bi-parental population segregating for “R6-locus”. Euphytica 216, 10
(2020). https://doi.org/10.1007/s10681-019-2543-x.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 35/40


https://doi.org/10.1016/j.plantsci.2004.07.031
https://doi.org/10.1016/j.plantsci.2004.07.031
https://doi.org/10.1007/s11032-011-9637-z
https://doi.org/10.1007/s11032-011-9637-z
https://doi.org/10.1007/s10681-007-9429-z
https://doi.org/10.1007/s10681-007-9429-z
https://doi.org/10.1094/ASBCJ-62-0001
https://doi.org/10.1094/ASBCJ-62-0001
https://doi.org/10.1007/s10722-005-7765-1
https://doi.org/10.1007/s10722-005-7765-1
https://doi.org/10.1007/s10681-011-0403-4
https://doi.org/10.1007/s10681-011-0403-4
https://doi.org/10.1139/g06-007
https://doi.org/10.1139/g06-007
http://www.ncbi.nlm.nih.gov/pubmed/16767173
https://doi.org/10.1007/s10722-005-7765-1
https://doi.org/10.1046/j.1439-0523.2000.00500.x
https://doi.org/10.1046/j.1439-0523.2000.00500.x
https://doi.org/10.1186/1471-2164-14-360
http://www.ncbi.nlm.nih.gov/pubmed/23718194
https://doi.org/10.1007/s10722-018-0622-9
https://doi.org/10.1007/s10722-018-0622-9
https://doi.org/10.1007/s10681-016-1655-9
https://doi.org/10.3835/plantgenome2017.04.0032
http://www.ncbi.nlm.nih.gov/pubmed/29293819
https://doi.org/10.1021/acs.jafc.9b00816
https://doi.org/10.1021/acs.jafc.9b00816
http://www.ncbi.nlm.nih.gov/pubmed/30896165
https://doi.org/10.1080/03610470.2018.1483702
https://doi.org/10.1007/s10681-017-1848-x
https://doi.org/10.1007/s10681-017-1848-x
https://doi.org/10.1007/s10681-017-1849-9
https://doi.org/10.1007/s10681-017-1849-9
https://doi.org/10.1007/s10681-015-1356-9
https://doi.org/10.1007/s10681-019-2543-x
https://doi.org/10.1371/journal.pone.0257746

PLOS ONE

Two fingerprinting sets for hop

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Zhang D, Pitra NJ, Coles MC, Buckler ES, Matthews PD, et al. Non-Mendelian inheritance of SNP
markers reveals extensive chromosomal translocations in dioecious hops (Humulus lupulus L.). bioR-
xiv. 2016 Aug 16;069849. https://doi.org/10.1101/069849.

Gilmore B, Bassil N, Hummer K, et al. DNA extraction protocols from dormant buds of twelve woody
plant genera. J Am Pom Soc. 2011; 65(4):pp.201-6.

Schuelke M. An economic method for the fluorescent labeling of PCR fragments. Nat Biotechnol. 2000
Feb; 18(2):233—4. https://doi.org/10.1038/72708 PMID: 10657137

Elshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, et al. A robust, simple genotyp-
ing-by-sequencing (GBS) approach for high diversity species. PLOS ONE. 2011 May 4; 6(5):€19379.
https://doi.org/10.1371/journal.pone.0019379 PMID: 21573248

Padgitt-Cobb LK, Kingan SB, Wells J, Elser J, Kronmiller B, Moore D, et al. A draft phased assembly
of the diploid Cascade hop (Humulus lupulus) genome. Plant Genome. 2021; 14(1):e20072. hitps://
doi.org/10.1002/tpg2.20072 PMID: 33605092

Glaubitz JC, Casstevens TM, Lu F, Harriman J, Elshire RJ, Sun Q, et al. TASSEL-GBS: A High Capac-
ity Genotyping by Sequencing Analysis Pipeline. PLOS ONE. 2014 Feb 28; 9(2):e90346. https://doi.
org/10.1371/journal.pone.0090346 PMID: 24587335

Fujii H, Ogata T, Shimada T, Endo T, Iketani H, Shimizu T, et al. Minimal marker: an algorithm and
computer program for the identification of minimal sets of discriminating DNA markers for efficient vari-
ety identification. J Bioinform Comput Biol. 2013 Apr; 11(2):1250022. https://doi.org/10.1142/
S0219720012500229 PMID: 23600813.

Paradis E, Claude J, Strimmer K, et al. APE: Analyses of phylogenetics and evolution in R language.
Bioinforma Oxf Engl. 2004 Jan 22; 20(2):289-90. https://doi.org/10.1093/bioinformatics/btg412 PMID:
14734327

Kamvar ZN, Tabima JF, Griinwald NJ, et al. Poppr: an R package for genetic analysis of populations
with clonal, partially clonal, and/or sexual reproduction. PeerJ. 2014; 2:€281. https://doi.org/10.7717/
peerj.281 PMID: 24688859.

Kamvar ZN, Brooks JC, Griinwald NJ, et al. Novel R tools for analysis of genome-wide population
genetic data with emphasis on clonality. Front Genet. 2015; 6:208. https://doi.org/10.3389/fgene.
2015.00208 PMID: 26113860.

Bruvo R, Michiels NK, D’Souza TG, Schulenburg H, et al. A simple method for the calculation of micro-
satellite genotype distances irrespective of ploidy level. Mol Ecol. 2004 Jul; 13(7):2101-6. https://doi.
org/10.1111/j.1365-294X.2004.02209.x PMID: 15189230.

Metzger MJ, Villalba A, Carballal MJ, Iglesias D, Sherry J, Reinisch C, et al. Widespread transmission
of independent cancer lineages within multiple bivalve species. Nature. 2016 Jun; 534(7609):705-9.
https://doi.org/10.1038/nature 18599 PMID: 27338791

Simpson EH. Measurement of Diversity. Nature. 1949 Apr; 163(4148):688—688. https://doi.org/10.
1038/163688a0.

Nei M. Estimation of average heterozygosity and genetic distance from a small number of individuals.
Genetics. 1978 Jul; 89(3):583-90. https://doi.org/10.1093/genetics/89.3.583 PMID: 17248844.

Rousset F. genepop’007: a complete re-implementation of the genepop software for Windows and
Linux. Mol Ecol Resour. 2008; 8(1):103-6. https://doi.org/10.1111/j.1471-8286.2007.01931.x PMID:
21585727.

R Core Team. R: A language and environment for statistical computing, Viennam Austria. 2018.

Chae SS, Warde WD. Effect of using principal coordinates and principal components on retrieval of
clusters. Comput Stat Data Anal. 2006 Mar 10; 50(6):1407—17. https://doi.org/10.1016/j.csda.2005.
01.013.

Chae S-S, Il K. Cluster analysis using principal coordinates for binary data. Commun Stat Appl Meth-
ods. 2005 Dec 1; 12:683-96. https://doi.org/10.5351/CKSS.2005.12.3.683.

Kassambara A, Mundt F. factoextra: Extract and visualize the results of multivariate data analyses ver-
sion 1.0.7 from CRAN [Internet]. [cited 2021 Aug 16]. Available from: https://rdrr.io/cran/factoextra/.

Charrad M, Ghazzali N, Boiteau V, Niknafs A, et al. NbClust: An R package for determining the rele-
vant number of clusters in a data Set. J Stat Softw. 2014 Nov 3; 61(1):1-36. https://doi.org/10.18637/
jss.v061.i06.

Maechler M, Rousseeuw P, Struyf A, Hubert M, Hornik K, et al. cluster: Cluster analysis basics and
extensions. 2019. R package Version 2.1.0.

Frichot E, Frangois O. LEA: An R package for landscape and ecological association studies. Methods
Ecol Evol. 2015; 6(8):925-9. https://doi.org/10.1111/2041-210X.12382.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 36/40


https://doi.org/10.1101/069849
https://doi.org/10.1038/72708
http://www.ncbi.nlm.nih.gov/pubmed/10657137
https://doi.org/10.1371/journal.pone.0019379
http://www.ncbi.nlm.nih.gov/pubmed/21573248
https://doi.org/10.1002/tpg2.20072
https://doi.org/10.1002/tpg2.20072
http://www.ncbi.nlm.nih.gov/pubmed/33605092
https://doi.org/10.1371/journal.pone.0090346
https://doi.org/10.1371/journal.pone.0090346
http://www.ncbi.nlm.nih.gov/pubmed/24587335
https://doi.org/10.1142/S0219720012500229
https://doi.org/10.1142/S0219720012500229
http://www.ncbi.nlm.nih.gov/pubmed/23600813
https://doi.org/10.1093/bioinformatics/btg412
http://www.ncbi.nlm.nih.gov/pubmed/14734327
https://doi.org/10.7717/peerj.281
https://doi.org/10.7717/peerj.281
http://www.ncbi.nlm.nih.gov/pubmed/24688859
https://doi.org/10.3389/fgene.2015.00208
https://doi.org/10.3389/fgene.2015.00208
http://www.ncbi.nlm.nih.gov/pubmed/26113860
https://doi.org/10.1111/j.1365-294X.2004.02209.x
https://doi.org/10.1111/j.1365-294X.2004.02209.x
http://www.ncbi.nlm.nih.gov/pubmed/15189230
https://doi.org/10.1038/nature18599
http://www.ncbi.nlm.nih.gov/pubmed/27338791
https://doi.org/10.1038/163688a0
https://doi.org/10.1038/163688a0
https://doi.org/10.1093/genetics/89.3.583
http://www.ncbi.nlm.nih.gov/pubmed/17248844
https://doi.org/10.1111/j.1471-8286.2007.01931.x
http://www.ncbi.nlm.nih.gov/pubmed/21585727
https://doi.org/10.1016/j.csda.2005.01.013
https://doi.org/10.1016/j.csda.2005.01.013
https://doi.org/10.5351/CKSS.2005.12.3.683
https://rdrr.io/cran/factoextra/
https://doi.org/10.18637/jss.v061.i06
https://doi.org/10.18637/jss.v061.i06
https://doi.org/10.1111/2041-210X.12382
https://doi.org/10.1371/journal.pone.0257746

PLOS ONE

Two fingerprinting sets for hop

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

Frichot E, Mathieu F, Trouillon T, Bouchard G, Frangois O, et al. Fast and Efficient Estimation of Indi-
vidual Ancestry Coefficients. Genetics. 2014 Apr 1; 196(4):973-83. https://doi.org/10.1534/genetics.
113.160572 PMID: 24496008

Rodzen JA, Famula TR, May B, et al. Estimation of parentage and relatedness in the polyploid white
sturgeon (Acipenser transmontanus) using a dominant marker approach for duplicated microsatellite
loci. Aquaculture. 2004 Apr 5; 232(1):165-82. https://doi.org/10.1016/S0044-8486(03)00450-2.

Wang J, Scribner KT. Parentage and sibship inference from markers in polyploids. Mol Ecol Resour.
2014 May; 14(3):541-53. https://doi.org/10.1111/1755-0998.12210 PMID: 24299450.

Jones OR, Wang J. COLONY: a program for parentage and sibship inference from multilocus geno-
type data. Mol Ecol Resour. 2010; 10(3):551-5. https://doi.org/10.1111/j.1755-0998.2009.02787.x
PMID: 21565056.

Prevosti A, Ocafia J, Alonso G, et al. Distances between populations of Drosophila subobscura, based
on chromosome arrangement frequencies. Theor Appl Genet. 1975 Jun 1; 45(6):231—41. https:/doi.
org/10.1007/BF00831894 PMID: 24419466.

Brownstein MJ, Carpten JD, Smith JR, et al. Modulation of non-templated nucleotide addition by Taq
DNA polymerase: Primer modifications that facilitate genotyping. BioTechniques. 1996 Jun 1; 20
(6):1004-10. https://doi.org/10.2144/96206st01 PMID: 8780871

Agriculture Research Service. 2018 [cited 2020 Oct 27]. In: Hop Cultivar Descriptions 6/26/2018 [Inter-
net]. Available from: https://www.ars.usda.gov/pacific-west-area/corvallis-or/forage-seed-and-cereal-
research/people/john-henning/cultindex/.

Patzak J, Henychova A. Evaluation of genetic variability within actual hop (Humulus lupulus L.) culti-
vars by an enlarged set of molecular markers. Czech J Genet Plant Breed. 2018 May 28; 54(No.
2):86-91. https://doi.org/10.17221/175/2016-CJGPB.

Jakse J, Satovic Z, Javornik B, et al. Microsatellite variability among wild and cultivated hops (Humulus
lupulus L.). Genome. 2004 Oct; 47(5):889-99. https://doi.org/10.1139/g04-054 PMID: 15499403.

Patzak J, Vrba L, Matousek J, et al. New STS molecular markers for assessment of genetic diversity
and DNA fingerprinting in hop (Humulus lupulus L.). Genome. 2007 Jan; 50(1):15-25. https://doi.org/
10.1139/g06-128 PMID: 17546067.

Salmon ES. Thirty-first report on the trial of new varieties of hops, 1947. J Inst Brew. 1949; 55(1):29—
38. https://doi.org/10.1002/j.2050-0416.1949.tb01384 .x.

Nesvadba V, Charvatova J, Henychova A, Patzak J, et al. Evaluation of original historical clones of
hops (Humulus lupulus L.). KVASNY PRUMYSL. 2020 Dec 15; 66(6):382—91. https://doi.org/10.
18832/kp2019.66.382.

Cipriani G, Marrazzo MT, Di Gaspero G, Pfeiffer A, Morgante M, Testolin R et al. A set of microsatellite
markers with long core repeat optimized for grape (Vitisspp.) genotyping. BMC Plant Biol. 2008 Dec
16; 8(1):127. https://doi.org/10.1186/1471-2229-8-127.

Zurn JD, Nyberg A, Montanari S, Postman J, Neale D, Bassil N, et al. A new SSR fingerprinting set
and its comparison to existing SSR-and SNP-based genotyping platforms to manage Pyrus germ-
plasm resources. Tree Genet Genomes. 2020 Sep 9; 16(5):72. https://doi.org/10.1007/s11295-020-
01467-7.

Weeks DE, Conley YP, Ferrell RE, Mah TS, Gorin MB, et al. A tale of two genotypes: consistency
between two high-throughput genotyping centers. Genome Res. 2002 Mar; 12(3):430-5. https://doi.
org/10.1101/gr.211502 PMID: 11875031.

Lauerman LH. Advances in PCR technology. Anim Health Res Rev. 2004 Dec; 5(2):247-8. https://doi.
org/10.1079/ahrr200477 PMID: 15984333.

Zhu H, Zhang H, Xu Y, Las$akova S, Korabecna M, Neuzil P, et al. PCR past, present and future. Bio-
Techniques. 2020 Aug 20; 69(4):317-25. https://doi.org/10.2144/btn-2020-0057 PMID: 32815744.

Bassil N, Bidani A, Nyberg A, Hummer K, Rowland LJ, et al. Microsatellite markers confirm identity of
blueberry (Vaccinium spp.) plants in the USDA-ARS National Clonal Germplasm Repository collec-
tion. Genet Resour Crop Evol. 2020 Feb 1; 67(2):393-409. https://doi.org/10.1007/s10722-019-
00873-8.

Akin M, Nyberg A, Postman J, Mehlenbacher S, Bassil N, et al. A multiplexed microsatellite fingerprint-
ing set for hazelnut cultivar identification. Eur J Hortic Sci. 2017 Jan 12; 81:327-38. http://dx.doi.org/
10.17660/eJHS.2016/81.6.6.

Freixas-Coutin JA, An S, Postman J, Bassil NV, Yates B, Shukla M, et al. Development of a reliable
Corylus sp. reference database through the implementation of a DNA fingerprinting test. Planta. 2019
Jun 1; 249(6):1863-74. hitps://doi.org/10.1007/s00425-019-03131-4 PMID: 30859306.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 37/40


https://doi.org/10.1534/genetics.113.160572
https://doi.org/10.1534/genetics.113.160572
http://www.ncbi.nlm.nih.gov/pubmed/24496008
https://doi.org/10.1016/S0044-8486(03)00450-2
https://doi.org/10.1111/1755-0998.12210
http://www.ncbi.nlm.nih.gov/pubmed/24299450
https://doi.org/10.1111/j.1755-0998.2009.02787.x
http://www.ncbi.nlm.nih.gov/pubmed/21565056
https://doi.org/10.1007/BF00831894
https://doi.org/10.1007/BF00831894
http://www.ncbi.nlm.nih.gov/pubmed/24419466
https://doi.org/10.2144/96206st01
http://www.ncbi.nlm.nih.gov/pubmed/8780871
https://www.ars.usda.gov/pacific-west-area/corvallis-or/forage-seed-and-cereal-research/people/john-henning/cultindex/
https://www.ars.usda.gov/pacific-west-area/corvallis-or/forage-seed-and-cereal-research/people/john-henning/cultindex/
https://doi.org/10.17221/175/2016-CJGPB
https://doi.org/10.1139/g04-054
http://www.ncbi.nlm.nih.gov/pubmed/15499403
https://doi.org/10.1139/g06-128
https://doi.org/10.1139/g06-128
http://www.ncbi.nlm.nih.gov/pubmed/17546067
https://doi.org/10.1002/j.2050-0416.1949.tb01384.x
https://doi.org/10.18832/kp2019.66.382
https://doi.org/10.18832/kp2019.66.382
https://doi.org/10.1186/1471-2229-8-127
https://doi.org/10.1007/s11295-020-01467-7
https://doi.org/10.1007/s11295-020-01467-7
https://doi.org/10.1101/gr.211502
https://doi.org/10.1101/gr.211502
http://www.ncbi.nlm.nih.gov/pubmed/11875031
https://doi.org/10.1079/ahrr200477
https://doi.org/10.1079/ahrr200477
http://www.ncbi.nlm.nih.gov/pubmed/15984333
https://doi.org/10.2144/btn-2020-0057
http://www.ncbi.nlm.nih.gov/pubmed/32815744
https://doi.org/10.1007/s10722-019-00873-8
https://doi.org/10.1007/s10722-019-00873-8
http://dx.doi.org/10.17660/eJHS.2016/81.6.6
http://dx.doi.org/10.17660/eJHS.2016/81.6.6
https://doi.org/10.1007/s00425-019-03131-4
http://www.ncbi.nlm.nih.gov/pubmed/30859306
https://doi.org/10.1371/journal.pone.0257746

PLOS ONE

Two fingerprinting sets for hop

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Zurn JD, Carter KA, Yin MH, Worthington M, Clark JR, Finn CE, et al. Validating blackberry seedling
pedigrees and developing an improved multiplexed microsatellite fingerprinting set. J Am Soc Hortic
Sci. 2018 Sep 1; 143(5):381-90. https://doi.org/10.21273/JASHS04474-18.

Pachakkil B, Yamanaka S, Girma G, Matsumoto R, Tamiru-Oli M, Bhattacharjee R, et al. Simple
sequence repeat-based mini-core collection for white Guinea yam (Dioscorea rotundata) germplasm.
Crop Sci. 2021; 61(2):1268-79. https://doi.org/10.1002/csc2.20431.

Cipriani G, Spadotto A, Jurman |, Di Gaspero G, Crespan M, Meneghetti S, et al. The SSR-based
molecular profile of 1005 grapevine ( Vitis vinifera L.) accessions uncovers new synonymy and parent-
ages, and reveals a large admixture amongst varieties of different geographic origin. Theor Appl
Genet. 2010 Nov; 121(8):1569-85. https://doi.org/10.1007/s00122-010-1411-9 PMID: 20689905.

Govan CL, Simpson DW, Johnson AW, Tobutt KR, Sargent DJ, et al. A reliable multiplexed microsatel-
lite set for genotyping Fragaria and its use in a survey of 60 F. x ananassa cultivars. Mol Breed. 2008
Nov 1; 22(4):649-61. https://doi.org/10.1007/s11032-008-9206-2.

Marra FP, Caruso T, Costa F, Di Vaio C, Mafrica R, Marchese A, et al. Genetic relationships, structure
and parentage simulation among the olive tree (Olea europaea L. subsp. europaea) cultivated in
Southern Italy revealed by SSR markers. Tree Genet Genomes. 2013 Aug; 9(4):961-73. https://doi.
org/10.1007/s11295-013-0609-9.

Nashima K, Hosaka F, Shimajiri Y, Matsumura M, Tarora K, Urasaki N, et al. SSR marker develop-
ment and genetic identification of pitaya (Hylocereus spp.) collected in Okinawa Prefecture, Japan.
Hortic J. 2021; 90(1):23-30. https://doi.org/10.2503/hortj.UTD-220.

Karlsson Strese E-M, Lundstrém M, Hagenblad J, Leino MW, et al. Genetic diversity in remnant Swed-
ish hop (Humulus lupulus L.) yards from the 15th to 18th Century. Econ Bot. 2014 Sep; 68(3):231—45.
http://dx.doi.org/10.1007/s12231-014-9273-8.

Zhao M-H, Li X, Zhang X-X, Zhang H, Zhao X-Y, et al. Mutation mechanism of leaf color in plants: A
review. Forests. 2020 Aug; 11(8):851. https://doi.org/10.3390/f11080851.

Haas FB, Fernandez-Pozo N, Meyberg R, Perroud P-F, Géttig M, Stingl N, et al. Single Nucleotide
Polymorphism Charting of P. patens Reveals Accumulation of Somatic Mutations During in vitro Cul-
ture on the Scale of Natural Variation by Selfing. Front Plant Sci. 2020; 11:813. https://doi.org/10.
3389/fpls.2020.00813 PMID: 32733496.

Sterling C, Palagi J, Evans J, et al. Polymorphic microsatellite markers identified for genotyping of Sas-
safras albidum; 2020 [cited 2020 Dec 23]; Repository: Sewanee DSpace Repository [Internet]. Avail-
able from: https://dspace.sewanee.edu/handle/11005/21681.

Han E-K, Cho W-B, Choi G, Yang S, Choi H-J, Song G-P, et al. New polymorphic microsatellite mark-
ers for Sarcandra glabra (Chloranthaceae), an evergreen broad-leaved shrub endangered in South
Korea. J For Res. 2020 Sep 2; 25(5):364-8. https://doi.org/10.1080/13416979.2020.1783052.

Bassil N, Postman JD. Identification of European and Asian pears using EST-SSRs from Pyrus.
Genet Resour Crop Evol. 2010 Mar 1; 57(3):357-70. https://doi.org/10.1007/s10722-009-9474-7.

Patzak J, Matousek J. Development and evaluation of expressed sequence tag-derived microsatellite
markers for hop genotyping. Biol Plant. 2011 Oct 15; 55(4):761. http://dx.doi.org/10.1007/s10535-011-
0183-7.

Lin M, Cai S, Wang S, Liu S, Zhang G, Bai G, et al. Genotyping-by-sequencing (GBS) identified SNP
tightly linked to QTL for pre-harvest sprouting resistance. Theor Appl Genet. 2015 Jul 1; 128(7):1385—
95. https://doi.org/10.1007/s00122-015-2513-1 PMID: 25851002

Tan C-T, YuH, Yang Y, Xu X, Chen M, Rudd JC, et al. Development and validation of KASP markers
for the greenbug resistance gene Gb7 and the Hessian fly resistance gene H32 in wheat. Theor Appl
Genet. 2017 Sep 1; 130(9):1867—84. https://doi.org/10.1007/s00122-017-2930-4 PMID: 28624908.

Xu X, Li G, Bai G, Bernardo A, Carver BF, St. Amand P, et al. Development of KASP markers for
wheat greenbug resistance gene Gb5. Crop Sci. 2021 Jan; 61(1):490-9. http://doi.org/10.1002/csc2.
20339.

YangZ,ChenZ, PengZ, YuY, Liao M, Wei S, et al. Development of a high-density linkage map and
mapping of the three-pistil gene (Pis1) in wheat using GBS markers. BMC Genomics. 2017 Jul 31; 18
(1):567. https://doi.org/10.1186/s12864-017-3960-7 PMID: 28760136

Uitdewilligen JGAML, Wolters A-MA, D’hoop BB, Borm TJA, Visser RGF, Eck HJ van, et al. A next-
generation sequencing method for genotyping-by-sequencing of highly heterozygous autotetraploid
potato. PLOS ONE. 2013 May 8; 8(5):e62355. https://doi.org/10.1371/journal.pone.0062355 PMID:
23667470.

Cheon K-S, Baek J, Cho Y, Jeong Y-M, Lee Y-Y, Oh J, et al. Single nucleotide polymorphism (SNP)
discovery and kompetitive allele-specific PCR (KASP) marker development with Korean Japonica rice
varieties. Plant Breed Biotechnol. 2018 Dec 1; 6(4):391-403. http://dx.doi.org/10.9787/PBB.2018.6.4.
391.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 38/40


https://doi.org/10.21273/JASHS04474-18
https://doi.org/10.1002/csc2.20431
https://doi.org/10.1007/s00122-010-1411-9
http://www.ncbi.nlm.nih.gov/pubmed/20689905
https://doi.org/10.1007/s11032-008-9206-2
https://doi.org/10.1007/s11295-013-0609-9
https://doi.org/10.1007/s11295-013-0609-9
https://doi.org/10.2503/hortj.UTD-220
http://dx.doi.org/10.1007/s12231-014-9273-8
https://doi.org/10.3390/f11080851
https://doi.org/10.3389/fpls.2020.00813
https://doi.org/10.3389/fpls.2020.00813
http://www.ncbi.nlm.nih.gov/pubmed/32733496
https://dspace.sewanee.edu/handle/11005/21681
https://doi.org/10.1080/13416979.2020.1783052
https://doi.org/10.1007/s10722-009-9474-7
http://dx.doi.org/10.1007/s10535-011-0183-7
http://dx.doi.org/10.1007/s10535-011-0183-7
https://doi.org/10.1007/s00122-015-2513-1
http://www.ncbi.nlm.nih.gov/pubmed/25851002
https://doi.org/10.1007/s00122-017-2930-4
http://www.ncbi.nlm.nih.gov/pubmed/28624908
http://doi.org/10.1002/csc2.20339
http://doi.org/10.1002/csc2.20339
https://doi.org/10.1186/s12864-017-3960-7
http://www.ncbi.nlm.nih.gov/pubmed/28760136
https://doi.org/10.1371/journal.pone.0062355
http://www.ncbi.nlm.nih.gov/pubmed/23667470
http://dx.doi.org/10.9787/PBB.2018.6.4.391
http://dx.doi.org/10.9787/PBB.2018.6.4.391
https://doi.org/10.1371/journal.pone.0257746

PLOS ONE

Two fingerprinting sets for hop

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124,

125.

126.

127.

128.

129.

Riccioni C, Belfiori B, Sileoni V, Marconi O, Perretti G, Bellucci M, et al. High genetic and chemical
diversity of wild hop populations from Central Italy with signals of a genetic structure influenced by
both sexual and asexual reproduction. Plant Sci. 2021 Mar 1; 304:110794. https://doi.org/10.1016/j.
plantsci.2020.110794 PMID: 33568295.

Patzak J, Nesvadba V, Krofta K, Henychova A, Marzoev Al, Richards K, et al. Evaluation of genetic
variability of wild hops (Humulus lupulus L.) in Canada and the Caucasus region by chemical and
molecular methods. Genome. 2010 Jul; 53(7):545-57. https://doi.org/10.1139/g10-024 PMID:
20616876.

Kalinowski ST, Taper ML, Marshall TC, et al. Revising how the computer program cervus accommo-
dates genotyping error increases success in paternity assignment. Mol Ecol. 2007; 16(5):1099-106.
https://doi.org/10.1111/j.1365-294X.2007.03089.x PMID: 17305863.

Flanagan SP, Jones AG. The future of parentage analysis: From microsatellites to SNPs and beyond.
Mol Ecol. 2019; 28(3):544—67. https://doi.org/10.1111/mec.14988 PMID: 30575167

Dakin EE, Avise JC. Microsatellite null alleles in parentage analysis. Heredity. 2004 Nov; 93(5):504-9.
https://doi.org/10.1038/sj.hdy.6800545 PMID: 15292911

Gramazio P, Prohens J, Borras D, Plazas M, Herraiz FJ, Vilanova S, et al. Comparison of transcrip-
tome-derived simple sequence repeat (SSR) and single nucleotide polymorphism (SNP) markers for
genetic fingerprinting, diversity evaluation, and establishment of relationships in eggplants. Euphytica.
2017 Nov 7; 213(12):264. https://doi.org/10.1007/s10681-017-2057-3.

Xud, LiuL, XuY, Chen C, Rong T, Ali F, et al. Development and characterization of simple sequence
repeat markers providing genome-wide coverage and high resolution in maize. DNA Res Int J Rapid
Publ Rep Genes Genomes. 2013 Oct; 20(5):497-509. https://doi.org/10.1093/dnares/dst026 PMID:
23804557.

YuJ, Zhang Z, Zhu C, Tabanao DA, Pressoir G, Tuinstra MR, et al. Simulation appraisal of the ade-
quacy of number of background markers for relationship estimation in association mapping. 2009 Mar
1; 2(1):63-77. https://doi.org/10.3835/plantgenome2008.09.0009.

Van Inghelandt D, Melchinger AE, Lebreton C, Stich B, et al. Population structure and genetic diversity
in a commercial maize breeding program assessed with SSR and SNP markers. Theor Appl Genet.
2010 May 1; 120(7):1289-99. https://doi.org/10.1007/s00122-009-1256-2 PMID: 20063144.

Filippi CV, Aguirre N, Rivas JG, Zubrzycki J, Puebla A, Cordes D, et al. Population structure and
genetic diversity characterization of a sunflower association mapping population using SSR and SNP
markers. BMC Plant Biol. 2015 Feb 13; 15(1):52. https://doi.org/10.1186/s12870-014-0360-x PMID:
25848813

Chen W, Hou L, Zhang Z, Pang X, Li Y, et al. Genetic diversity, population structure, and linkage dis-
equilibrium of a core collection of Ziziphus jujuba assessed with genome-wide SNPs developed by
genotyping-by-sequencing and SSR markers. Front Plant Sci. 2017; 8:575. https://doi.org/10.3389/
fpls.2017.00575 PMID: 28458680.

Singh N, Choudhury DR, Singh AK, Kumar S, Srinivasan K, Tyagi RK, et al. Comparison of SSR and
SNP markers in estimation of genetic diversity and population structure of Indian rice varieties. PLOS
ONE. 2013 Dec 19; 8(12):e84136. https://doi.org/10.1371/journal.pone.0084136 PMID: 24367635.

Broccanello C, Chiodi C, Funk A, McGrath JM, Panella L, Stevanato P, et al. Comparison of three
PCR-based assays for SNP genotyping in plants. Plant Methods. 2018 Mar 28; 14(1):28. https://doi.
org/10.1186/s13007-018-0295-6 PMID: 29610576.

Semagn K, Babu R, Hearne S, Olsen M, et al. Single nucleotide polymorphism genotyping using kom-
petitive allele specific PCR (KASP): overview of the technology and its application in crop improve-
ment. Mol Breed. 2014 Jan 1; 33(1):1-14. https://doi.org/10.1007/s11032-013-9917-x.

Makhoul M, Rambla C, Voss-Fels KP, Hickey LT, Snowdon RJ, Obermeier C, et al. Overcoming poly-
ploidy pitfalls: a user guide for effective SNP conversion into KASP markers in wheat. Theor Appl
Genet. 2020 Aug; 133(8):2413-30. https://doi.org/10.1007/s00122-020-03608-x PMID: 32500260

Rodda MS, Sudheesh S, Javid M, Noy D, Gnanasambandam A, Slater AT, et al. Breeding for boron
tolerance in lentil (Lens culinaris Medik.) using a high-throughput phenotypic assay and molecular
markers. Plant Breed. 2018; 137(4):492-501. https://doi-org.libproxy.uoregon.edu/10.1111/pbr.
12608.

Steele KA, Quinton-Tulloch MJ, Amgai RB, Dhakal R, Khatiwada SP, Vyas D, et al. Accelerating public
sector rice breeding with high-density KASP markers derived from whole genome sequencing of
Indica rice. Mol Breed. 2018 Mar 7; 38(4):38. https://doi.org/10.1007/s11032-018-0777-2 PMID:
29563850.

Yang S, YuW, Wei X, Wang Z, Zhao Y, Zhao X, et al. An extended KASP-SNP resource for molecular
breeding in Chinese cabbage (Brassica rapa L. ssp. pekinensis). PLOS ONE. 2020 Oct 2; 15(10):
€0240042. https://doi.org/10.1371/journal.pone.0240042 PMID: 33007009.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 39/40


https://doi.org/10.1016/j.plantsci.2020.110794
https://doi.org/10.1016/j.plantsci.2020.110794
http://www.ncbi.nlm.nih.gov/pubmed/33568295
https://doi.org/10.1139/g10-024
http://www.ncbi.nlm.nih.gov/pubmed/20616876
https://doi.org/10.1111/j.1365-294X.2007.03089.x
http://www.ncbi.nlm.nih.gov/pubmed/17305863
https://doi.org/10.1111/mec.14988
http://www.ncbi.nlm.nih.gov/pubmed/30575167
https://doi.org/10.1038/sj.hdy.6800545
http://www.ncbi.nlm.nih.gov/pubmed/15292911
https://doi.org/10.1007/s10681-017-2057-3
https://doi.org/10.1093/dnares/dst026
http://www.ncbi.nlm.nih.gov/pubmed/23804557
https://doi.org/10.3835/plantgenome2008.09.0009
https://doi.org/10.1007/s00122-009-1256-2
http://www.ncbi.nlm.nih.gov/pubmed/20063144
https://doi.org/10.1186/s12870-014-0360-x
http://www.ncbi.nlm.nih.gov/pubmed/25848813
https://doi.org/10.3389/fpls.2017.00575
https://doi.org/10.3389/fpls.2017.00575
http://www.ncbi.nlm.nih.gov/pubmed/28458680
https://doi.org/10.1371/journal.pone.0084136
http://www.ncbi.nlm.nih.gov/pubmed/24367635
https://doi.org/10.1186/s13007-018-0295-6
https://doi.org/10.1186/s13007-018-0295-6
http://www.ncbi.nlm.nih.gov/pubmed/29610576
https://doi.org/10.1007/s11032-013-9917-x
https://doi.org/10.1007/s00122-020-03608-x
http://www.ncbi.nlm.nih.gov/pubmed/32500260
https://doi-org.libproxy.uoregon.edu/10.1111/pbr.12608
https://doi-org.libproxy.uoregon.edu/10.1111/pbr.12608
https://doi.org/10.1007/s11032-018-0777-2
http://www.ncbi.nlm.nih.gov/pubmed/29563850
https://doi.org/10.1371/journal.pone.0240042
http://www.ncbi.nlm.nih.gov/pubmed/33007009
https://doi.org/10.1371/journal.pone.0257746

PLOS ONE

Two fingerprinting sets for hop

130.

131.

132.

133.

134.

Guichoux E, Lagache L, Wagner S, Chaumeil P, Léger P, Lepais O, et al. Current trends in microsatel-
lite genotyping. Mol Ecol Resour. 2011 Jul; 11(4):591-611. https://doi.org/10.1111/j.1755-0998.2011.
03014.x PMID: 21565126.

Polley A, Ganal MW, Seigner E, et al. Identification of sex in hop (Humulus lupulus) using molecular
markers. Genome. 1997 Jun 1; 40(3):357-61. https://doi.org/10.1139/g97-048 PMID: 18464833.

Patzak J, Nesvadba V, Vejl P, Skupinova S, et al. Identification of sex in F1 progenies of hop (Humulus
lupulus) by molecular marker. Plant Soil Environ. 2002; 48(7):318-21. https://doi.org/https%3A//doi.
org/10.17221/4367-PSE

Cerenak A, Javornik B. Application of the male STS marker in hop (Humulus lupulus L.) breeding. In
Seigner E.(Ed.) proceedings of the IHGC Scientific Commission, Pulawy, Poland; 1999 July 27—
30;39-42.

Cerenak A, Kolenc Z, Sehur P, Whittock SP, Koutoulis A, Beatson R, et al. New male specific markers
for hop and application in breeding program. Sci Rep. 2019 Oct 2; 9(1):14223. https://doi.org/10.1038/
$41598-019-50400-z PMID: 31578340

PLOS ONE | https://doi.org/10.1371/journal.pone.0257746  April 14, 2022 40/40


https://doi.org/10.1111/j.1755-0998.2011.03014.x
https://doi.org/10.1111/j.1755-0998.2011.03014.x
http://www.ncbi.nlm.nih.gov/pubmed/21565126
https://doi.org/10.1139/g97-048
http://www.ncbi.nlm.nih.gov/pubmed/18464833
https://doi.org/https%3A//doi.org/10.17221/4367-PSE
https://doi.org/https%3A//doi.org/10.17221/4367-PSE
https://doi.org/10.1038/s41598-019-50400-z
https://doi.org/10.1038/s41598-019-50400-z
http://www.ncbi.nlm.nih.gov/pubmed/31578340
https://doi.org/10.1371/journal.pone.0257746

