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In the last century, breeding programs have traditionally favoured yield-related
traits, grown under high-input conditions, resulting in a loss of genetic diversity
and an increased susceptibility to stresses in crops. Thus, exploiting understudied
genetic resources, that potentially harbour tolerance genes, is vital for
sustainable agriculture. Northern European barley germplasm has been
relatively understudied despite its key role within the malting industry. The
European Heritage Barley collection (ExHIBIT) was assembled to explore the
genetic diversity in European barley focusing on Northern European accessions
and further address environmental pressures. ExHIBIT consists of 363 spring-
barley accessions, focusing on two-row type. The collection consists of
landraces (~14%), old cultivars (~18%), elite cultivars (~67%) and accessions with
unknown breeding history (~1%), with 70% of the collection from Northern
Europe. The population structure of the ExHIBIT collection was subdivided into
three main clusters primarily based on the accession’s year of release using
26,585 informative SNPs based on 50k iSelect single nucleotide polymorphism
(SNP) array data. Power analysis established a representative core collection of
230 genotypically and phenotypically diverse accessions. The effectiveness of
this core collection for conducting statistical and association analysis was
explored by undertaking genome-wide association studies (GWAS) using
24,876 SNPs for nine phenotypic traits, four of which were associated with
SNPs. Genomic regions overlapping with previously characterised flowering
genes (HvZTLb) were identified, demonstrating the utility of the ExHIBIT core
collection for locating genetic regions that determine important traits. Overall,
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the ExHIBIT core collection represents the high level of untapped diversity within
Northern European barley, providing a powerful resource for researchers and
breeders to address future climate scenarios.

KEYWORDS

barley, genetic resources, agronomic characterization, germplasm collection, genome-
wide association studies, plant phenotyping

1 Introduction

Food security is a pressing global issue, with agricultural
production facing severe yield penalties due to abiotic stresses
caused by climate change (Prosckov & Ivanova, 2018; Masson-
Delmotte et al.,, 2021; Sasidharan et al., 2021). Barley is the fourth
most produced cereal crop, and is used for human food, animal feed
and malting alcoholic drinks. Therefore, it is a key crop for food
security as it can be grown in many marginal communities where
very few other crops survive (Newton et al., 2011).

Barley was domesticated around 10,000 years ago in the Fertile
Crescent (Badr et al., 2000) and has since undergone continuous
selection and breeding. Traditional breeding methods and recent
advances in genetic engineering have significantly increased barley
yields (Harwood, 2019). However, due to past population
bottlenecks, genetic drift, and inbreeding, modern barley cultivars
have a narrow genetic basis compared to landraces and wild
ancestors (Schmidt et al,, 2023). This has resulted in modern
cultivars becoming more susceptible to stress and less adaptable
to changing environments (Tanksley and Mccouch, 1997; Caldwell
et al., 2006). Landraces and cultivars bred before the Green
Revolution exhibit improved stress resilience and adaptation to
their environments (Slama et al., 2018; Marone et al., 2021), but
their exceptional genetic potential remains largely uncharacterized
(Newton et al.,, 2010, 2011; Monteagudo et al., 2019).

Natural genetic diversity is a key pillar of plant breeding, with
most breeding techniques heavily relying on it as the canvas for
breeders to improve and develop new cultivars. To screen for
genetic diversity, it is important to have a diverse collection with
a large number of accessions. Collections with higher levels of
diversity are more likely to harbour resilience, that has of yet
remained untapped. In addition, in association methods such as
genome-wide association studies (GWAS), variation is essential for
the establishment of a relationship between markers and traits
(Korte and Farlow, 2013). However, phenotyping of a large
collection can be costly and time consuming, and some accessions
can be highly similar, resulting in additional work without the
associated benefits (Frankel and Brown, 1984; Berger et al., 20125
Araus et al, 2018). The core collection strategy minimises
repetitiveness within a collection while preserving genetic
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diversity and reducing phenotyping costs (Brown, 1989a, b). To
establish a core collection, highly similar accessions within the
collection need to be identified and removed, which can be
achieved using the passport data of the accessions, population
structure and phenotypic characterization of the collection. The
barley research community has established several core collections
to study diversity and evolution as well as to screen for biotic and
abiotic stress responses. For instance , the International Barley Core
Collection (BCC) was established in 1989 (van Hintum, 1994; van
Treuren et al., 2006) to reflect the diversity of barley worldwide, and
since its inception, it has been used to better understand barley‘s
diversity and evolution (Liu et al., 1999, 2000, 2001, 2002). The
Spanish Core Collection was assembled to show the diversity of
barley found within the Spanish Germplasm Bank (Igartua et al,
1998), and the Czech winter barley collection (Dreiseitl, 2021;
Dreiseitl and Nesvadba, 2021) has been recently established to
screen for disease resistance.

The majority of barley collections have been primarily focused on
accessions from Southern Europe, disregarding the specific needs and
challenges of barley production in Northern Europe (Pasam et al,
2014; Selcuk et al., 2015). In Northern Europe, which accounts for
25% of the EU’s malting production capacity (Euromalt, 2021), the
impact of climate change on cultivation is becoming increasingly
challenging. Malting is the premium use product for barley (Hertrich,
2013), with two-row spring barley being the main target of selective
breeding for malting quality and yield (Tondelli et al, 2013). The
growing craft brewing (Guido, 2019) and distilling markets (Umego
and Barry-Ryan, 2022) have created an increased demand for barley
with favourable malting quality and unique taste. The Northern
European region is expected to experience deteriorating agricultural
conditions due to climate change, characterized by more frequent
extreme weather events, excessive precipitation, and even drought
(Uleberg et al., 2014; Nolan and Flanagan, 2022), leading to a
reduction in barley production (Xie et al., 2018). Assembling,
characterising and utilising genetic resources capable of overcoming
these threats will help ensure the resilience and productivity of barley,
even in changing climatic conditions. Moreover, fostering barley
production using low carbon emission methods will enhance the
sustainability of the critically important malting industry (European
Commission, 2020; Sleight, 2022).
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This study aims to: (i) assemble a natural and diverse two-row
spring barley collection (ExHIBiT) focusing on Northern European
accessions and investigate its genetic and phenotypic diversity (ii)
establish a core-collection of two-row spring barley for multiple
purposes, and (iii) analyse the role of geographic origin and
breeding history in the formation of the ExHIBIT genetic
structure using the 50k iSelect SNP array (Bayer et al., 2017). The
ExHIBIT collection is predominantly composed of Northern and
Central European accessions due to their historical contribution for
the malting industry in these regions. Characterisation of the
ExHIBIT collection will promote the use of heritage barley as an
untapped reservoir of genetic variation for breeders and support the
identification of quantitative trait loci (QTL), facilitating the
advance genetic and breeding research and tackling barley
sustainability in Northern and Central Europe.

2 Materials and methods
2.1 Plant material

The ExHIBIiT collection comprised of 363 two-row spring
barley accessions, from several gene banks and collections,
namely from the Department of Agriculture, Food and the
Marine (DAFM), Ireland, Nordic Genetic Resource Centre
(NordGen), Norway, the James Hutton Institute (JHI), UK. The
germplasm material from JHI includes accessions from i) Bustos-
Korts et al., 2019, namely from the Wheat and barley legacy for
breeding improvement (WHEALBI) project (https://
www.whealbi.eu/); ii), IMPROMALT project (Looseley et al,
2020); iii) 9k project and Heritage collection (Schmidt et al,
2019), as well as the Germplasm Resource Unit of the John Innes
Centre (GRU-JIC) and JHI stocks. Accessions were selected based
on their passport information, to reflect their genetic diversity and
breeding history. Particular focus was placed on Northern and
Central European accessions, taking into consideration previous
population structure results of a European two-row spring barley
collection (Saade et al., 2016). In this work, the term heritage is used
to encompass the intricate crop breeding history of a region, which
is in turn influenced by historic and ever-changing factors such as
source material, climate, land type, evolving agricultural equipment,
manufacturing processes and market demands. We further
characterise these endemic resources into three groups. (i)
Landraces: highly diverse material continually selected by
producers over time and therefore well adapted to local
environments; (ii) Old Cultivars: cultivars actively selected by
formal breeding programs prior to the Green Revolution (Pre-
1960s) and; (iii) Elite Cultivars: cultivars developed in the modern
era of plant breeding (post-1960) and after the introduction of the
Distinctiveness, Uniformity and Stability (DUS) testing in the
United Kingdom. The completed list of accessions, including year
of release and geographical origin based on information from JHI,
the European search catalogue for plant genetic resources
(EURISCO) and previously published works (Maxted et al., 2014;
Weise et al., 2017; Faccini et al., 2021) are given in Supplementary
Table S1.
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2.2 Genotyping of the ExHIBIT collection

DNA was extracted from an individual plant utilising two-
week-old leaf tissue of the accessions within the ExHIBiT collection
using the DNeasy Plant Mini Kit (Qiagen, Germany) following the
manufacturer's protocol. Plants for DNA extraction were grown in
controlled conditions prior to any field experiment. Accessions
were genotyped at the JHI using the Illumina Infinium iSelect HD
50k chip, which was designed to capture the most representative set
of barley germplasm (Bayer et al, 2017). Physical positions of
markers were based on the pseudo-molecule assembly of the most
recently updated barley reference assembly- “Morex” V3 (Mascher
et al,, 2021). Markers with a call rate value lower than 90% and
minor allele frequency (MAF) lower than 5% were removed using
TASSEL (Bradbury et al,, 2007). To identify any duplicate lines
within the collection, standard R v3.6.0 0 (R Core Team, 2022) was
used to calculate the similarity between the accessions by examining
the percentage of markers sharing the same nucleotide. The SNP
marker data for this study have been deposited in the European
Variation Archive (EVA) at EMBL-EBI under accession number
PRJEB67728 (https://www.ebi.ac.uk/eva/?eva-study=PRJEB67728).

2.3 Population structure and
pedigree analysis

To determine ExHIBIT population structure, genotypic data
was analysed using STRUCTURE V.2.3.4 software, which uses a
Bayesian clustering approach to assign individuals to K subgroups
(Pritchard et al., 2000). Five independent runs (K =1 to 10) were
performed with 50,000 burn-in periods, and 10,000 Markov Chain
Monte Carlo iterations for each value of K. The best number of K
was chosen using the AK method (Evanno et al., 2005) by running
the Structure Harvester software (Earl and VonHoldt., 2012).
Accessions were classified as belonging to a group if more than
50% of the markers belong to that group, otherwise they were
classified as admixture.

To construct the Neighbour Joining Tree (Saitou and Nei, 1987)
from the 363 barley accessions, using simple matching of markers,
the R package APE: Analysis of Phylogenetics and Evolution
(Paradis et al., 2004) was employed. The phylogenetic tree was
visualised using R package phytools (Revell, 2012). Phylogenetic
distances between accessions were calculated using R package
‘adephylo’ (Jombart et al., 2010). Principal Component Analysis
(PCA) was conducted on the same set of data using R package
pcaMethods (Stacklies et al., 2007) and visualised using R package
ggplot2 (Wickham, 2016).

Pedigree data of the collection was gathered from various sources
including historical records held at JHI, breeder supplied pedigree
definitions, manuscripts and other written communications, pedigree
definitions obtained from the Agriculture and Horticulture
Development Board (AHDB) pocketbooks and finally the AHDB
Recommended Lists app (https://ahdb.org.uk/knowledge-library/
recommended-lists-for-cereals-and-oilseeds-rl-app). The collated
data was checked for inconsistencies between data sources and
finally formatted in Helium format files that can be visualised using
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Helium (https://helium.hutton.ac.uk), where pedigree structure can
be explored and additional data types uploaded and overlaid on the
pedigree for visualisation and analysis.

2.4 Phenotyping the ExHIBIT collection

The ExHIBIT collection was studied during 2020 under field
conditions at University College Dublin (UCD) Lyons Estate
Research Farm, Ireland (53.18322, -6.31398) along with three
checks, namely Golden Promise (top old cultivar in Europe),
RGT Planet (top cultivated elite cultivar in Europe in 2020’s) and
Propino (top cultivated elite cultivar in Europe in 2010’s). Checks
were used to detect and correct for spatial variation across the trial
blocks, ensuring that the partial replication provided an estimate of
the trial error. The field was divided into 15 rows and 30 columns,
which formed a grid of 50 blocks with nine (3 by 3) plots in each
block. Each plot contained a primary check (RGT planet) at its
centre and a secondary check (RGT planet, Golden Promise or
Propino) was randomly placed around the field. In total, 52 RGT
planet, 17 Propino and 16 Golden Promise plost were used. Each
accession plot measured 4m by 0.45m, containing four rows of
plants with 15 cm spacing between them. Accessions were grown
according to local management practices in terms of sowing rate,
weed and disease control, and fertiliser inputs. The sowing rate of
140.8 kg Ha-1 was maintained consistently across all accessions
following the recommendations of Teagasc, the Agricultural and
Food Development Authority of Ireland. A full outline of the trial
dates, fertilisation and weed control practices are provided in
Supplementary Table S2. Description of weather including
temperature, relative humidity and precipitation during the
growing season is presented in Supplementary Table S3. During
sowing, the accessions with ID number from 338 to 363 in the last

10.3389/fpls.2024.1268847

row of the field were phenotypically unreliable due to sowing
equipment malfunction; hence, phenotypic data for these
accessions was not collected and row-type was labelled as
unknown. However, despite the lack of their phenotypic data, the
accessions 338-363 were included in the genotypic analysis to
investigate the overall genetic variability of the ExHIBiT
collection as this information was collected prior to field trials.

A total of nine phenotypic traits were recorded for each
accession (Table 1), with the timing of main stages being
recorded according to the Zadoks growth stage scale
(Zadoks et al., 1974). Flowering time (FLT) was recorded
according to Alqudah and Schnurbusch (2017). During the
harvest, plot samples were manually cut at ground level from one
of the middle rows (linear metre) and stored in a glasshouse prior to
processing. To determine the Shoot Fresh Mass (SFM), grain yield
(YLD), and harvest index of each accession, the samples were
threshed and cleaned using machinery from Almaco, Nevada,
USA. The machinery used included the thresher model SBT
(serial number 99005) and the seed cleaner model ABSC (serial
number 99006). The harvest index (HI) is defined as the ratio of
harvested grain to total shoot dry matter. The spikes of all
accessions were photographed to create a spike image library
which is available from the ExHIBIiT Germinate (Raubach et al.,
2021) database (http://ics.hutton.ac.uk/germinate-exhibit).

2.5 Power analysis and selection of ExHIBIT
core collection

To reduce the number of accessions while preserving the
diversity of the collection, the ExHIBIiT core collection was
established using a power analysis, in which the number of
accessions was determined to achieve sufficient association power

TABLE 1 List of nine traits recorded during the 2020 and 2021 field trials. Includes type of trait, name of trait, method of measurement and unit

of measurement.

Trait Abbreviation Method of measurement Unit
Pre- Tiller count N Number of tillers per plant (average from three plants -
harvest per plot)
traits
Flowering FLT Number of days from sowing to flowering days
time
Ripening RIP Number of days from sowing to ripening days
period
Height HEI Distance from soil surface to tip of the spike (excluding cm
awns), averaged from four measurements
Post- Shoot SEM Weight of fresh shoot per linear metre kg
harvest Fresh Mass
traits
Grain Yield YLD Weight of grains per linear metre g
Harvest Index HI Ratio between grain yield (YLD) and shoot fresh %
mass (SFM)
Seed traits Thousand TKW Weight of 1000 kernels g
kernel weight
Protein PRO Protein content of seeds after drying %
content
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using both genotypic and phenotypic data (which included all
recorded traits from 2020 except Protein Content-PRO). Effective
sample size and statistical power was computed using the R package
“pwr” (Champely, 2020). The power and sample sizes were
calculated under different ranges of factors, including MAF of 0.5,
0.2, 0.01. The core collection was set up by identifying the most
diverse genotypes using the Core Hunter 3 software (De Beukelaer
et al., 2018), in which subsets on the bases of multiple genetic and
phenotypic measures, including both distance measures and allelic
diversity indices were assembled. To further confirm the
conservation of genetic diversity in the core collection, the results
of the genetic principal components (PCs) of the whole ExHIBIiT
collection were compared to the PCs of the core collection. Wilcox
test was performed by running the wilcox.test r function from R
package stats v4.2.2 (R Core Team, 2022) between the phenotypic
data from 2020 of the whole ExHIBIiT collection versus the
core collection.

2.6 Phenotyping the ExHIBIT
core collection

A total of 230 accessions comprising the ExHIBIiT core
collection, along with two checks (RGT planet and Golden
Promise), were trialled at UCD Lyons Estate Research Farm in
2021. The experimental layout consisted of two blocks arranged in a
completely randomized design. The core collection was fully
replicated, and checks were randomly replicated across the field,
in summary each block included a fully replicated instance of the
ExHIBIT core collection and 22 replicates of each check randomly
distributed. Trial dates, fertilisation and weed control practices
together with weather conditions during growth season are
provided in Supplementary Table S2, S3, respectively. The sowing
rate of 140.8 kg Ha-1 was maintained consistently across all
accessions. The field trial comprised a total of 504 plots,
distributed by 24 rows and 21 columns. The plot size was 7m by
0.60m, containing 5 rows of plants with a row spacing of 0.15m;
thus, enabling the retrieval of agronomic data. For sowing, the
Wintersteiger (A-4910 Reid, Austria machinery with the serial
number 2270-4014-PDS-E and the machinery type Plotseed XL)
was used. The same traits were recorded as previously described for
2020 (Table 1).

2.7 Statistical analysis of phenotypic data

An initial step of data cleaning and processing included outlier
removal (for both 2020 and 2021) using Tukey’s method
(Anscombe and Tukey, 1963) with outliers removed from both
within and across the years according to Khodaeiaminjan et al.
(2023). The data was then adjusted for the spatial variation in the
field using a mixed-model analysis for each trait in each year using
ASReml-R v4.0 (Butler et al., 2017) and asremlPlus (Brien, 2023)
packages for the R statistical computing environment R v3.6.0 (R
Core Team, 2022). In brief, the formula of the maximal mixed
model for this analysis is:
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y = XB + Zu + ¢

where y is the vector of values of the trait analysed and 3, u and
e are the vectors for the fixed, random, and residual effects,
respectively. The design matrices corresponding to ‘B’ and ‘u’ are
denoted by X and Z, respectively. The checks, blocks, position, and
genotype effects were all accounted for in this model. To identify the
environmental terms that were sources of variation and needed to
be included in the analysis model, variograms were examined
following recommendations outlined by Gilmour et al. (1997).
From these analyses, the best linear unbiased estimates (BLUEs)
were obtained and used as an input for the subsequent association
analysis. The heritability was calculated according to Cullis et al.
(2006). Full details about the spatial correction of the field data can
be found in Saade et al. (2016).

Correlation analysis was performed using the Pearson
correlation with R package Hmisc (Harrell, 2023), and the
correlation matrix figure was generated with R package corrplot
(Wei and Simko, 2021). PCA of the phenotypic data was conducted
using R package pcaMethods (Stacklies et al., 2007) and visualised
using R package ggplot2 (Wickham, 2016). All scripts used are
available in Germinate at http://ics.hutton.ac.uk/germinate-exhibit.

2.8 Genome-wide association studies

GWAS was performed using the Genome Association and
Prediction Integrated Tool package (GAPIT) (Wang and Zhang,
2021). Bayesian-information and Linkage-disequilibrium Iteratively
Nested Keyway (BLINK), a state-of-the-art multivariate model was
employed for GWAS as a suitable model for smaller populations
(~200) (Huang et al., 2019). To cope with population structure,
kinship matrix and PCs were included in the model. The optimal
number of PCs for each trait was determined using the results from
the population structure analysis, and by analysing quantile-
quantile (QQ) plots, created by the qqPlot() function in the “car”
package in R (Fox and Weisberg, 2019), which are commonly used
to effectively determine false positives and negative associations
(Riedelsheimer et al.,, 2012; Kristensen et al., 2018). False discovery
rate (FDR<0.05) was considered as the significant association
threshold between markers and traits (Storey and Tibshirani,
2003; Storey et al., 2022), together with the Bonferroni-adjusted
threshold of 0.=0.05. Phenotypic distribution of significant SNPs
identified in GWAS was analysed using t-test.

2.9 Linkage Disequilibrium (LD) analysis
and candidate gene selection

Pairwise Linkage disequilibrium (LD) analysis was carried out
according to Khodaeiaminjan et al. (2023). In short, LD-decay and
LD-blocks were analysed using the ‘Ldheatmap’ R package (Shin
et al., 2006) for each chromosome. Regions of interest for candidate
genes were considered: i) genome region containing a significant
marker in which flanking markers displayed strong LD (r2>0.5),
and neighbouring markers on either side and ii) genome region
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containing significant markers outside of LD block defined by
flanking marker. The allelic diversity of the SNP markers
previously identified by Bustos-Korts et al. (2019) was examined
by quantifying the percentage makeup of two alleles at those
SNP regions.

3 Results

The ExHIBIT collection, comprising 363 barley accessions,
from 22 European countries (including the former Yugoslavia)
was assembled in this study. The collection specifically focused on
Northern Europe (70%), with most accessions coming from the UK
(30%). Four accessions originate from outside of Europe due to
mislabelling in genebanks. The ExHIBiT collection includes elite
cultivars (~67%), old cultivars (~18%), landraces (~14%), and
accessions with unknown breeding history (~1%), representing
the genetic diversity and breeding history of two-row spring
barley in Europe, with the majority of accessions being released
before the 90s (Figure 1). Full passport data for genotypes (based on
information from JHI, the European search catalogue for plant
genetic resources (EURISCO), Weise et al. (2017) and Faccini et al.
(2021) is provided in Supplementary Table S1. Despite only
accessions labelled as ‘two-row’ types being selected for this study,
16 out of the 363 accessions in the ExHIBIT were identified as six-
row upon phenotypic analysis. These accessions remained as part of
the ExHIBIT collection but were not considered for inclusion in the
core collection and not included in subsequent studies. The entire
collection was genotyped using the 50k iSelect SNP array (Bayer
et al, 2017). In total 35,968 markers were mapped to a physical
position on the “Morex” V3 genome sequence (Mascher et al,
2021). Full 50k SNP array data for the collection can be found on

s NA
Landrace
= 0ld cultivar

= Elite cultivar

FIGURE 1
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the germinate website (http://ics.hutton.ac.uk/germinate-exhibit).
After MAF and missing data filtering 26,585 robust markers
remained for genotypic analysis. This data set is available at
EMBL-EBI under accession number PRJEB67728 (https://
www.ebi.ac.uk/eva/?eva-study=PRJEB67728) (Supplementary
Figure S1).

3.1 Phylogenetic relationship & population
structure of the ExHIBIT collection

The genetic structure of the EXHIBIT collection showed three
main groups (Figure 2A), which can be further divided into six
smaller sub-groups, as shown by the AK peaks at K3 and K6
(Figure 2B). The fixation index (Fst) showed significant
divergence within the groups, with values of 0.32, 0.48 and 0.35
for three groups of K3.1, K3.2, and K3.3 respectively. K3.1, K3.2,
K3.3 contained 151, 122 and 64 accessions respectively, with the
remaining 26 accessions being classified as admixture. These groups
can also be distinguished in both PC & phylogenetic trees
(Figures 2C, D). The division of these three groups was
investigated using geographical data in three main regions of
origin (UK and Ireland, Northern and Southern Europe)
(Figures 3A, B). However, the results showed that the population
structure was not influenced by geographical origin. To further
explore the ExHIBIT population structure, breeding history was
investigated, and the results showed that in K3.1, 56% of the
accessions were released post-1990 and 43% pre-1990. While in
K3.2, 86% of the accessions had been released pre-1990 and in K3.3,
63% of accessions were landraces according to known breeding
history. In these six groups, the K3.3 group split into K6.1 and K6.2
where K6.1 contains the two-row landraces and K6.2 all the six-row

Missingaccessions:
5 unknown
4 non-European

The Background of the ExHIBIT collection. (A) Breeding history of accessions in the ExHIBIT collection, divided into landraces, old cultivars (released
before 1960) and elite cultivars (released after 1960). (B) The decade of release of accessions in the ExHIBIT collection, showing the number of

accessions released in each decade in the collection. Landraces are separated as they do not have a specific year of release. (C) Country of origin of
the accessions in the ExHIBIT collection. In the case of landraces, this is the country where the accession was found. In the case of the old and elite
cultivars, this is the location of the institute or company where breeding took place. The origin of one accession is unknown and four lines originate

from outside of Europe.
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FIGURE 2

Population structure and phylogenetic analysis of ExHIBIT collection. (A) Results of structure analysis for K=3, each vertical line represents an
accession, y-axis shows percentage content of each accession to the three different groups. (B) Graph of Delta K values for K 2 to K 10. Maximum
DeltaK was reached at K = 3 and another peak at K=6. (C) Principal Component Analysis based on 50K genotypic data coloured according to the
three groups identified in population structure analysis. (D) phylogenetic tree coloured according to the three groups identified in population

structure analysis.

landraces (Supplementary Figure S4). In the population structure
analysis, the accessions categorised as “admixture” were
predominantly elite cultivars, comprising approximately 69% of
the group. The remaining 31% of this category was divided into 12%
landraces and 19% old cultivars. This distribution closely mirrors
the overall composition of the collection.

In principal component analysis of genotypic data, PC1 and
PC2 explained 8% and 6% of variation respectively. Clustering by

PCA and phylogenetic analysis (Supplementary Figure S2) results
are consistent with a population structure of three groups
representing barley breeding history (Figures 4A, B), with
landraces, pre-1990 and post-1990 accessions being distinct. PCA
confirms the distinction between the different row types with two-
and six-row accessions clearly clustering away from each other
(Supplementary Figure S3), and the six-row accessions perfectly
overlapping with cluster K6.2 when analysing the PCA results

FIGURE 3

Principal Component Analysis (PCA) and neighbour joining phylogenetic analysis based on the region of origin of the ExHIBIT collection. (A) PCA
coloured by the region of origin (B) phylogenetic tree coloured by region of origin. In pink shown accessions from the UK and Ireland, in purple
accessions from Northern Europe, in green accessions from Southern Europe and in black accessions whose region of origin is unknown.

-+ 0 P

UK and Ireland
[l Northern Europe]
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FIGURE 4

Principal Component Analysis (PCA) and neighbour joining phylogenetic analysis based on the year of release of the ExHIBIT collection (A) PCA
coloured by year of release. (B) phylogenetic tree coloured by year of release. In green shown accessions released before 1990, in pink accessions
released after 1990, in purple accessions landraces and in black accessions whose year of release is unknown.

according to population structure with six sub-groups
(Supplementary Figure S4). The splitting of K3.2 into subgroups
K6.3 and K6.4, and K3.3 into K6.5 and K6.6, is unclear, with no
distinct overlap to either geographical origin or year of release.

To assess how effectively the ExHIBIT collection captures the
genetic diversity of European two-row spring barley, the genotypic
diversity of the collection was compared to wider IPK Barley Core
1000 collection (Milner et al., 2019). The IPK collection reflects
worldwide barley diversity and contains a large number of
European accessions. Principle component analysis results

combining the two collections revealed that ExHIBiT distinctly
clusters with the European two-row spring barley accessions within
the IPK collection (Figure 5A) with PC1 explaining 13% and PC2
8% of the variation in the data (Figure 5B).

The pedigree of lines within the ExHIBIiT collection overlap
with the pedigree data assembled from historical records held at JHI
and supplemented with breeder declared pedigrees from AHDB and
genotypes maintained at JHI for 1,847 European barley varieties
(https://helium.hutton.ac.uk). The pedigree data for ExHIBIiT can
be visualised using the Helium pedigree visualisation platform

« IPK6-row spring barley

= IPK Non-European 2-row springbarley

ExHIBIT
1PK 2-row winter barley

1PK 6-row winter barley

IPK European 2-row spring barley

FIGURE 5

Principal Component Analysis (PCA) of ExHIBIT collection against IPK Barley Core 1000 collection. (A) PCA of the ExHIBIT collection (in black)
clustered against the IPK Barley Core 1000 collection with European 2-row spring barley accessions from the IPK collection shown in green, non-
European two-row spring barley accessions in yellow, six-row spring barley accessions in orange, two-row winter barley accessions in blue and six-
row winter barley in grey. (B) PCA of ExHIBIT collection (in black) clustered with only the European two-row spring barley accession from the IPK

Barley Core 1000 shown in green.
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(Shaw et al,, 2014; https://helium.hutton.ac.uk/#/pedigree/exhibit)
where along with pedigree definitions, additional characterization
data related to the ExHIBiT collection is openly available.

3.2 Phenotypic variation of the
ExHIBIT collection

Nine agronomic traits were measured (Table 1) for all
accessions in the ExHIBiT collection, in 2020. The collection
showed considerable diversity in the field, with plant height (HEI)
varying from 69.3cm (Kria) to 122.9cm (Irish Goldthorpe) with an
average HEI of 90.6 cm. The YLD per linear metre varied from
79.8g (Craigs Triumph) to 155g (Primus) with an average of 120g
(Supplementary Table S5). In 2020 flowering time (FLT) and
ripening period (RIP) data collection was limited by weather
conditions and lockdown restrictions associated with COVID19,
resulting in unavoidable missing information. RIP particularly
suffered from this resulting in data with nearly no variation,
therefore this trait was excluded from any further analysis
(Supplementary Table S4). The results indicate that FLT spanned
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Histogram presenting the diversity difference between two sets of accessions in the 2020 field trials. The ExHIBIT core collection, consisting of 230
accessions, is represented in yellow, while the ExHIBIT collection accessions not included in the core collection, totalling 123 accessions, are shown
in grey. The dashed lines represent the average values of the checks: RGT planet (in black), Propino (in green), and Golden Promise (in brown).
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from 66 to 83 days from sowing to flowering with an average of 70
days. After a visual analysis of the histograms (Figure 6), all traits,
except FLT and RIP, appear to be normally distributed. To further
illustrate the phenotypic diversity of the collection, a photo library
showing the variability in shape and size of the spikes, has been
included with the genotypic data on the Germinate database (http://
ics.hutton.ac.uk/germinate-exhibit), and is exemplified in
Supplementary Figure S5.

3.3 Construction and phenotypic
characterization of the ExHIBIT
core collection

To assemble a representative ExHIBIT core population, a power
analysis was undertaken using phenotypic and genotypic data from
the 363 accessions. Power analysis revealed that genetic effect would
be detectable with 230 accessions at a power of 0.8. Regarding
phenotypic data from 2020, it was observed that there was no
statistical difference between the entire EXHIBIT and core collection
(363 vs. 230 accessions) with p-values ranging from 0.96 to 0.20.
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The range of phenotypic values between the core collection and the
entire ExHIBIT collection is highly similar (Figure 6). PCA results
in a near perfect overlap between the whole and core collection in
terms of genetic diversity, with the exception of the six-row barley
accessions which were not included in core collection
(Supplementary Figure S6). The core collection contains
accessions from 20 European countries, with around 70% coming
from Northern Europe. It includes elite cultivars (~74%), old
cultivars (~15%), and landraces (~10%), and accessions with
unknown breeding history (1%) (Supplementary Figure S7). The
makeup of the core collection highly resembles that of the
ExHIBIT collection.

The core collection was sown in April 2021 at UCD Lyons
Estate Research Farm and phenotyped during the growing season

10.3389/fpls.2024.1268847

until harvesting in August. The same ten agronomic traits were
recorded as in 2020, and similar phenotypic diversity was observed
in both years with the full dataset presented in Supplementary Table
S6 and correlation in Supplementary Table S8. HEI varied from
80.3cm (Wren) to 150.7cm (Chevalier Tystofte) with an average of
105.5cm. YLD per linear meter varied from 75g (Irish Goldthorpe)
to 117g (Canasta) (Table 2).

PCA results for phenotypic data from 2021 were examined to
compare to PCA results from the genotypic data and verify similar
patterns in the clustering (Figure 7). The results show that in the
PCA of 2021 phenotypic data, PC1 explained 7% of variation and
PC2 3% of variation. PCA obtained from the phenotypic and
genotypic data in the core collection is consistent with PCA
patterns of the whole ExHIBIT collection. These results

TABLE 2 Agronomic data from ExHIBIT core collection field traits in 2021. Shows minimum, maximum, average and standard deviation for all nine
collected traits”.

Minimum Maximum Average Standard
deviation
Pre-harvest traits TN 9.71 7.35 0.411
FLT days 53.86 79.97 65.75 3.91
RIP days 118.94 125.83 122.98 1.33
HEI cm 150.65 105.51 13.05
Post-harvest traits SFM kg 0.2308 0.3415 0.27 0.01895
YLD g 75.04 116.7 97.86 8.38
HI % 0.259 0.458 0.356 0.0276
Seed traits TKW g 41.26 58.89 50.25 3.048
PRO % 17.7 13.95 0.909

!See Table 1 for list of abbreviations.

TABLE 3 Genome-Wide Association Studies results for nine traits in 230 ExHIBIT core accessions using BLINK.

Associated SNP Chromosome Position P.value LD block
FLT 0.38938 3 JHI-Hv50k-2016-383902 6H 37,699,708 9.30E-08 LD Block H6 - 87
FLT 0.0996 3 JHI-Hv50k-2016-460460 7H 43,608,409 2.71E-07 LD Block H7 - 133
HEI 0.1659 3 JHI-Hv50k-2016-168497 3H 174,958,294 1.51E-10 LD Block H3 - 155
HEI 03362 3 JHI-Hv50k-2016-205137 3H 563,141,095 1.15E-09 LD Block H3 - 296
HEI 0.0568 3 JHI-Hv50k-2016-453491 7H 25,872,760 2.16E-07 LD Block H7 - 85
HEI 0.1288 3 JHI-Hv50k-2016-227194 4H 3,218,930 2.99E-0.6 LD Block H4 - 17
PRO 0.0526 4 JHI-Hv50k-2016-102790 2H 546,982,003 1.03E-07 LD Block H2 - 224
PRO 0.0614 4 JHI-Hv50k-2016-283903 5H 16,822,952 2.94E-0.8 LD Block H5 - 77
PRO 0.0746 4 JHI-Hv50k-2016-504314 7H 598,982,074 2.67E-10 LD Block H7 - 287
TKW 0.1288 4 JHI-Hv50k-2016-57915 1H 516,436,801 8.88E-08 JHLHv50k.2016.57915
TKW 0.1900 4 JHI-Hv50k-2016-117361 2H 610,739,002 1.01E-06 LD Block H2 - 287
TKW 0.0917 4 JHI-Hv50k-2016-200892 3H 545,834,674 291E-12 LD Block H3 - 270
TKW 0.1572 4 JHI-Hv50k-2016-358877 5H 573,661,301 1.52E-06 LD Block H5 - 492

The table includes the list of significant associations detected, the identified markers for each trait, the optimum number of PCs used for GWAS, p-values and, MAF and LD blocks are given. The

positions are based on “Morex” V3 (Mascher et al., 2021).
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demonstrate that the region of geographical origin has no visible
effect on clustering of the core collection while the year of release
shows three distinct groups; landraces and accessions released
before and after 1990.

Relationships between the traits and year of release were
explored using correlation analysis. Correlations between years
varied from 0.44 for HEI to 0.045 for SEFM. Positive correlation
between HEI and PRO (0.45 in 2021 and 0.16 in 2020), FLT (0.33 in
2021 and 0.36 in 2020) and SFM (0.28 in 2021 and 0.3 in 2020) were
observed. Positive correlation between SFM and FLT (0.31 in 2021
and 0.14 in 2022) and YLD (0.6 in 2021 and 0.48 in 2020) were
observed. Year of release negatively correlated with HEI and FLT,
and positively correlated with HI and YLD (Supplementary
Figure S8).

3.4 Genome-wide association studies

To confirm the value of the EXHIBIT core collection for genetic
analyses, GWAS was performed on all phenotypic traits collected
during the 2021 field trial (Table 3). The 50K SNP data was re-
filtered on the core collection, resulting in 24,876 high quality
markers for the 230 accessions.

GAPIT was used to test BLINK models. To account for the
population structure, PC3 was initially tested due to the
identification of three groups in the population structure analysis.
After QQ plot analysis, PC4 was used as a fixed effect in BLINK
whenever the results indicated that PC3 was not suitable. The QQ
plots for all traits indicated that either PC3 or PC4 was appropriate,
eliminating the need to run BLINK with higher PC numbers.
Significant SNPs were identified for several traits: FLT, HEI,
Thousand Kernel Weight (TKW), and PRO. GWAS results with
Manhattan plots and phenotypic distribution of significant SNPS
for HEI, TKW and PRO can be found in Supplementary Figure S9
while the complete list of significant SNPs is presented in Table 3.

10.3389/fpls.2024.1268847

For validation purposes, FLT was selected as an example because it
is a very well described trait in barley (Alqudah et al., 2014; Bustos-
Korts et al., 2019; Fernandez-Calleja et al., 2021) and presented the
highest heritability (0.912).

3.5 Genetic regions underlying FLT and
diversity analysis of flowering genes

The GWAS results identified two markers to be significantly
associated with FLT on chromosomes 6H (JHI-Hv50k-2016-383902
located at chr6: 37,699,708) and 7H (JHI-Hv50k-2016-460460
located at chr7: 43,608,409) (Figure 8A). Significant p-values for
associations between markers and phenotypic traits were
determined using the FDR (Storey and Tibshirani, 2003; Storey
et al, 2022) and the Bonferroni-adjusted threshold of a.=0.05,
which corresponded to a logarithm of odds (LOD) score of 5.69.
Pairwise marker LD matrices and LD-decay were estimated for each
of the chromosomes separately based on the SNP data showing
lowest p-values. The LD regions expanded the genomic regions of
interest to chr6:36,884,125 - 115,649,880 bp and chr7:40,532,291 -
44,676,872 bp. The significant SNPs identified on 6H overlapped
with two previously identified flowering genes: HvZTLb (Bustos-
Korts et al., 2019) and Eam7 (Stracke and Borrner, 1998).
Additionally, other flowering genes HvZTLa, Vrn-H3
(chr7:39,680,381), HvCO8 (chr7:50,187,671) and HvLHY were
found to be in close proximity to the significant SNP on 7H,
although they were not located within the same LD block
(Alqudah et al., 2014; Bustos-Korts et al., 2019). Analysis of the
phenotypic distribution of the two significant SNP markers shows
statistical differences between the alleles among the
population (Figure 8B).

To verify the genetic diversity of the ExHIBiT core collection at
previously identified flowering genes, 11 flowering genes and 24
related SNP markers were examined following the findings of
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FIGURE 7

Principal Component Analysis (PCA) of 2021 phenotypic data for the ExHIBIT core collection. (A) PCA coloured by year of release of accessions. In
green are shown landraces, in blue pre-1990 accessions and in red accession released after 1990. (B) PCA coloured by region of origin, in red are
shown accessions from Northern Europe, in green Southern European accessions and in blue accessions from UK and Ireland.
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Bustos-Korts et al. (2019). Out of these 24 alleles, two were filtered
out due to a high number of missing data. The results show that
eight SNP markers within four genes have been fixed in the
ExHIBIT core collection, including the Ppd-HI gene. The
remaining 14 SNP markers and seven flowering genes showed
allelic diversity in the collection. Ratio of alleles at these SNPs
ranged from a near equal allelic make up (49% vs. 51% at SNP JHI-
Hv50k-2016-494493 associated with gene HvZTLa) to one allele
being predominant at SNP JHI-Hv50k-2016-411622 associated
with gene HvCO2 (13% vs. 87%).

4 Discussion

Here the ExHIBIT collection is introduced for the first time. The
collection comprises 363 European spring barley assessions and was
used to assemble the core ExHIBIT collection comprising 230 two-
row accessions. This collection was created to reflect European
barley diversity, and to be of use in future screening and association
mapping studies to address the molecular and physiological
mechanism underlying biotic and abiotic stresses.

4.1 Diversity & population structure of the
ExHIBIT collection

Barley has a large genetic diversity, with landraces and older
cultivars representing great untapped diversity; which, when bred
with modern cultivars can create high yielding and resilient
accessions (Ceccarelli et al.,, 1995; Lakew et al., 1997; Kumar et al.,
2020). Several barley collections have been created and introduced
previously, but their majority are either global with only a subset of
European lines (Liu et al., 2000; Milner et al., 2019), or focus on
specific parts of Europe (Igartua et al., 1998; Milotova et al., 2008).
Northern European germplasm tends to be under-represented in
diversity panels compared to Southern accessions (Pasam et al., 2014;
Selcuk et al., 2015). Therefore, there are still aspects of European and
in particular Northern European barley diversity that have not been
fully explored. The ExHIBIT collection contains many historically
important malting varieties from Northern Europe, ranging from
landraces to elite cultivars and reflecting the diverse breeding
practices used throughout the history of Northern Europe (e.g.,
Chevalier, RGT Planet, Kenia, Quench, Proctor, Carlsberg (Plarr
et al,, 1963; Hagenblad & Leino, 2022; Nejat, 2022).

To ensure that the collection’s skew towards Northern
European accessions did not introduce a bias and that the genetic
diversity of European barley was successfully captured, the ExHIBIiT
collection was compared to the IPK Barley Core 1000 collection
(Milner et al., 2019). IPK Barley Core 1000 is a large collection that
aims to capture global barley diversity, including Europe. PCA
results of the ExHIBIT collection together with the IPK collection
showed that the ExHIBiT accessions fit well with other two-row
spring barley accessions present in IPK collection. Specifically,
ExHIBIT accessions showed the same diversity to the European
two-row spring barley accessions in the IPK collection (Figure 5).
This result indicates that, the EXHIBIT collection has successfully
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captured European barley diversity despite its focus on Northern
European accessions.

Based on genomic data, population structure of the ExHIBIiT
collection appears to be mainly defined by the year of release, while
the region of origin plays a minimal role. Similar patterns, found in
the PCA of the phenotypic data from 2021, further confirms this
population structure. This is consistent with results of previous
research with non-landrace accessions of European origin
(Malysheva-Otto et al., 2006, 2007; Tondelli et al., 2013; Brbaklic
et al., 2021). This result contrasts with research focusing on global
collections where population structure tends to be defined by
country/region of origin (Jones et al, 2011; Mufoz-Amatriain
et al., 2014; Pasam et al., 2014; Russell et al., 2016).

The population structure of the EXHIBIT collection was found
to consist of three main groups, which can be broadly described as
landraces, pre-1990’s cultivars and post-1990’s released cultivars
(Figure 2). The ExHIBIT population structure is in good agreement
with previous studies focusing on European two-row spring barley.
Saade et al. (2020), found that the collection of 377 European two-
row spring barley had a population structure made up of three
groups, whereas Tondelli et al. (2013), using a collection of 216
European two-row spring barley, found a population structure
made up of only two groups. However, the latter collection from
Tondelli et al. (2013), does not contain landraces and the two
identified groups could be broadly described as pre- and post-1990
released cultivars. The population structure results are consistent
with breeding practices in Europe because of the interchange of
germplasm between breeding programs, creating a diverse
germplasm without major division in the population structure
(Rostoks et al., 2006), with most contemporary barley cultivars
having four preeminent accessions in their pedigree, these pedigrees
being Spratt Archer (from Ireland), Gull (from Sweden), Binder
(from Moravia) and Isaria (from Bavaria) (Fischbeck, 1992, 2003,
Russell et al., 2000). These results are consistent with the findings of
Schreiber et al. (2024), reporting that many European elite barley
cultivars are descendant of a small number of “founder” genotypes,
namely Kenia, Maja and Gull. The pedigree of the ExHIBiT
collection was visualized using the Helium pedigree visualisation
platform (Shaw et al., 2014; https://helium.hutton.ac.uk/#/pedigree/
exhibit) where along with pedigree definitions, additional
characterization data related to the ExHIBiT collection is openly
available and can be explored, visualised, and exported should
additional downstream analysis be required. These example
datasets not only shows the ExHIBIT collection, but also shows
where this collection sits in relation to other European barley
varieties and how its constituents are related to other
varietal material.

Despite the importance of six-row spring barley, the ExHIBiT
collection exclusively focuses on two-row spring barley as this is the
main type used by the malting industry making it of premium value
(Newton et al., 2011; Hertrich, 2013). A small number of the
accessions in the collection that were labelled as two-row in their
passport data, upon planting were identified as six-row barley.
Mislabelling and duplication are the most frequent problems
within genebanks, this is due to the large number of accessions
maintained (Mascher et al., 2019; Dreiseitl and Nesvadba, 2021).
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Although the 16 six-row accessions were considered as part of the
ExHIBIT collection, they were not considered for inclusion in the
core collection. The inclusion of the six-row accessions further
supports the idea that the population structure is defined by year of
release instead of row-type as breeding history appears to be the
most dominant factor. The population structure of the remaining
subgroups is not fully explained by row number nor year of release,
implying some influence from region of origin or other factors.
Malysheva-Otto et al. (2006), found that accessions from Northern
Europe and the Soviet Union tend to form subgroups. However, due
to the small representation of accessions from some countries and
regions, no further assumptions on the reasons behind the structure
of the subgroups can be made.

4.2 Core collection construction
and phenotyping

The core collection with 230 accessions was created to be used in
genetic and association mapping studies, effectively reducing the cost
and time investment required, while still preserving the diversity of the
ExHIBIT collection. One of the main objectives in the establishment of
the ExHIBIT core collection was to ensure that the population has
sufficient accession numbers with maximum diversity for genetic
studies. To create the core collection, a distance-based method called
Core Hunter was applied, relying on both genetic and phenotypic data.
The choice of appropriate method depended on the purpose of the
study (i.e., to capture as much diversity as possible with the smallest
number of accessions), in addition to the computational speed of the
method, and the information required (i.e., sample size). The distance-
based method was ideal as its main purpose was maximising the
combination of allelic diversity at genome level, which is a key factor for
breeding programs (Leroy et al., 2014). The phenotypic and genotypic
diversity in the core and ExHIBIT collection were compared and results
showed that the diversity of the whole collection was preserved
(Figures 6 and 7).
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Field data for both ExHIBIT (2020) and core collection (2021)
assessment, showed variation in all phenotypic traits, including
HEIL FLT, SFM, YLD, TKW and PRO. The checks; RGT Planet,
Propino (modern malting barley) and Golden Promise
(prominent malting barley in the 1960s). In both years several
accessions from the ExHIBIT core collection outperformed the
checks in terms of YLD, SEM, HI and PRO. Specifically, Clansman
(ID 220), Drost (ID 88), Ladik (ID 253), Primus (ID 260) and
Tyne (ID 205) accessions consistently showed superior
performance compared to the checks in terms of YLD and HI.
Clansman germplasm exhibited exceptional agronomical qualities
with consistently higher yields than RGT Planet. Four of these
accessions are from Northern Europe (UK, Denmark or Sweden).
These results indicate that some of these accessions have a great
potential in future breeding programs. However, the ExHIBiT
material has not been fully characterised, for biotic and abiotic
stresses. The correlation between agronomic performance and
year of release is consistent with knowledge of barley breeding
priorities, which through time have favoured shorter and early
flowering type plants with higher YLD and HI (Monteagudo et al.,
2019; Brbaklic et al., 2021).

4.3 Association mapping

To confirm the effectiveness of the ExHIBIT collection for
future genetic studies, association mapping was performed but
not with the aim of identifying new QTLs. Similar validation
analysis has been previously carried out by Wang et al. (2021).
Due to its high heritability and extensive knowledge, FLT was
selected as the validation trait, leading to the identification of
significant markers on chromosome 6H and 7H. Previous studies
have located several flowering genes on these chromosomes
(Alqudah et al., 2014; Bustos-Korts et al., 2019; He et al., 2019).
The identified significant SNP marker on the chromosome 6H
overlaps with the previously identified flowering gene HvZTLb

-I-*-} -

Ec
|

chr6:JHI-Hv50k-2016-383902 Chr7:JHI-HVS0k-2016-460460

Genome-Wide Association Studies (GWAS) results for Flowering Time for the ExHIBIT core collection (A) Manhattan plot of GWAS analysis using
BLINK with three principal components (PCs) in 2021 flowering time. In green are highlighted significant markers by Bonferroni correction (logarithm
of odds (LOD) score of 5.69). In blue is the suggestive line (LOD score of 5) and in red the genome-wide significance line (LOD score of 5.5).

(B) Boxplot showing phenotypic distribution of flowering time of two significant single nucleotide polymorphisms (SNPs) identified by GWAS with the
BLINK model as observed on (A) results highlighted in green. Red star shows significance according to t-test (p-value< 0.05).
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(Bustos-Korts et al., 2019). Furthermore, well-known genes
HvZTLa, Vrn-H3, HvCOS8, and HvLHY are in close proximity to
the significant SNP markers on chromosome 7H, although they are
not situated within the same LD block (Alqudah et al., 2014; Bustos-
Korts et al., 2019). The significant marker identified on
chromosome 6 (JHI-Hv50k-2016-383902) is also located in close
proximity to previously identified QTL in chr6:13,136,770
(Alqudah et al, 2014) that might underlie the earlier described
Eam?7 (Stracke and Borrner, 1998). However, some of the most well-
described flowering genes including the photoperiod response gene
(Ppd-HI) and vernalization gene VRN-HI (Turner et al., 2005),
were not identified in GWAS. This could be explained by previous
research suggesting that Northern European barley (which makes
up 70% of the ExHIBIT collection) is quite homogenous in terms of
flowering genes particularly Ppd-HI (Aslan et al, 2015). This
observation was confirmed by examining the diversity at SNP
markers associated with flowering genes from previous research
(Bustos-Korts et al., 2019).

5 Conclusion

Barley is an essential crop for food security and has a large
genetic diversity, including landraces, old and elite cultivars. In
Europe, barley has a high market value with most of its use and
growth due to malt processing and breweries. Landraces and old
cultivars, which pre-date the Green Revolution represent a great, yet
untapped diversity. When bred with elite cultivars, it is possible that
high yielding and resilient accessions can be generated. To utilise
old accessions in breeding, first their diversity must be explored.
The ExHIBIT collection was created to reflect two-row spring
European barley diversity, and to be of use in future screening
studies and association mapping studies. The EXHIBIT collection
provides a better understanding of the genetics of European
heritage barley, contributing to improve barley yield, stress
resistance, and to promote sustainable barley production in
Northern European climates. The public availability of this new,
and fully characterised, European heritage collection that contains
historically important malting varieties will be useful for breeders,
geneticists, physiologists and pathologists around the world,
providing a valuable resource for a flourishing malting industry.
The 230 ExHIBIT core collection is manageable for field studies and
can contribute to the development of barley germplasm as well as to
the identification of genomic regions associated with traits of

economic importance.
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SUPPLEMENTARY FIGURE 1

Flow diagram showing genotypic and phenotypic data analysis steps. Single
nucleotide polymorphisms (SNP) marker data is available for 363 accessions
and 35,968 markers were mapped to ‘Morex' V3. After quality control (filtering
for minor allele frequency of >0.05 and 0.1 individual SNP missing) 9,383 SNP
markers were removed. Phenotypic data was lost for 26 genotypes due to
unreliable field data and lack of germination, and another 13 genotypes were
identified as six-row barley. Genotypic data (26,585 markers) were used for
population structure, Principal Component Analysis (PCA) and neighbour
joining phylogenetic tree construction. Phenotypic data was used for core
selection and genome-wide association study.

SUPPLEMENTARY FIGURE 2

Phylogenetic tree of the ExHIBIT collection. Neighbour Joining Tree of the
363 accessions in the ExHIBIT collection using 26,585 SNP markers.
Bootstrap values are displayed on the branches.

SUPPLEMENTARY FIGURE 3

Examination of the effect of row type on Principal Component Analysis (PCA)
and neighbour joining phylogenetic tree of the ExHIBIT collection (A) PCA
coloured by row type. (B) phylogenetic tree coloured by row type. In purple
are shown two-row barley accessions, green represents the six-row barley
accessions and pink is used for accessions with unknown row type.

SUPPLEMENTARY FIGURE 4
Examination of the effect of six subgroups identified in population structure
analysis on Principal Component Analysis (PCA) and neighbour joining
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SUPPLEMENTARY FIGURE 5

Diversity panel of ExHIBIT spikes. Selection of spikes from the ExHIBIT spike
library to represent the range of phenotypes including the variation in sizes
and shapes. Accessions from left to right: Chevalier Tystofte 2, Wisa, Cocktail,
Kinnan, Karat, Thuringia, Athos, Alis, Draught, and Beavans 35.

SUPPLEMENTARY FIGURE 6

Comparison of Principal Component Analysis between the whole ExHIBIT
collection and the ExHIBIT core collection. The ExHIBIT core collection is
shown in blue and the rest of the ExHIBIT collection in red. The range of
values in both data sets have similar values confirming the preservation of
genotypic diversity in the selection of the core collection.

SUPPLEMENTARY FIGURE 7

The Background of the ExHIBIT core collection. (A) Breeding history of
accessions in the ExHIBIT core collection, divided into landraces, old
cultivars (released before 1960) and elite cultivars (released after 1960). (B)
The decade of release of accessions in the ExHIBIT collection, showing the
number of accessions released in each decade in the collection. Landraces
are separated as they do not have a specific year of release. (C) Country of
origin of the accessions in the ExHIBIT core collection. In the case of
landraces, this is the country where the accession was found. In the case of
the old and elite cultivars, this is the location of the institute or company
where breeding took place. The origin of one accession is unknown and four
lines originate from outside of Europe.

SUPPLEMENTARY FIGURE 8

Correlation matrix between phenotypic data for ExHIBIT core collection
(from 2021) and ExHIBIT collection (from 2020), both within and between
the years. Blue shows positive correlation and red negative correlation. Trait
name followed by 20 denotes data from 2020 field trial and trait name
followed by 21 denotes data from 2021 field trial.

SUPPLEMENTARY FIGURE 9

Genome-Wide Association Studies (GWAS) mapping results for Plant Height,
Thousand Kernel Weight and Protein content for the ExHIBIT core collection
(A) Manhattan plot of GWAS analysis using BLINK, with three principal
components (PCs) in 2021 Plant Height. In green highlighted significant
markers by Bonferroni correction (logarithm of odds (LOD) score of 5.69).
In blue is the suggestive line (LOD score of 5) and in red the genome-wide
significance line (LOD score of 5.5). (B) Boxplot showing phenotypic
distribution of plant height of two significant single nucleotide
polymorphisms (SNP) identified by GWAS with BLINK model as seen on (A)
highlighted in green. Red star shows significance according to t-test (p-
value< 0.05). (C) Manhattan plot of GWAS analysis using BLINK (PC4) in 2021
thousand kernel weight. (E) Boxplot showing phenotypic distribution of
Thousand Kernel Weight of four significant SNPs identified by GWAS with
BLINK model as seen on (C) highlighted in green. (E) Manhattan plot of GWAS
analysis using BLINK (PC4) in 2021 protein content. (F) boxplot showing
phenotypic distribution of protein content of three significant SNPs identified
by GWAS with BLINK model as seen on (E) highlighted in green.
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