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Abstract: The barley old cultivars can be used as a source of genetic diversity to breed new varieties
well adapted to different environmental conditions. In this study, 431 European barley accessions
were evaluated phenotypically across 2 years under field conditions and genotypically using DArTseq
to gain insight into the genetic architecture of phenology, biomass, yield components, and seed yield
traits. Accessions were grouped into sub-collections by cultivation period (group A—cultivated prior
to 1985, B—cultivated after 1985, and C—Polish landraces), and by European country of origin or
European region, to compare their phenological and agronomic value for 16 traits such as: days to
heading (DH), days to milk-waxy stage (DMW), days to maturity (DM), days to harvest (DPH), plant
height (PH), lodging (LT), row number (RN), spike density (SD), spike length (SL), grain per spike
(NGS), glume colour (GC1), grain awn type (GAT), grain covering (GT), grain pericarp colour (GPC),
and 1000—grain weight (TGW), and to indicate marker-trait associations (MTAs) with these traits.
Based on the results, phenotypic plants per se under field conditions and spikes, or seeds under
laboratory conditions it was possible to cluster the collection. DH negatively correlated with PH
and important yield components, such TGW. Overall, the genome-wide association study (GWAS)
analysis identified 143 MTAs associated with these traits. Twenty-three MTAs were associated with
plant phenological stages: 5 MTAs with DH, 6 MTAs with DMW, 5 MTAs with DM, and 9 MTAs
with DPH. Eighty-nine SMTAs for plant phenotypic traits were identified: 1 for LT and 88 MTAs
for PH. Thirty-one markers were identified for agronomic yield traits: 16 MTAs for SD, 11 MTAs
for NGS, and 4 for TGW. One association result, 7241263-17 on chromosome 2H, corresponded to
the genomic region mapped for DM, DPH, and SD. Marker 3258999-37-C/T on chromosome 2H,
significant for NGS, was closely located to results 3263044-31-G/T for SD and 3263989-64-A/C for
DMW. On chromosome 6H, closely located were markers significant for SD (3255466-35-C/G) and
for NGS (3259102-57-C/A). Moreover, on chromosome 6H, closely located were markers significant
for SD (3918801-14-G/A), for NGS (3666407-49-T/G), and for DMW (3663162-62-A/C). The well-
characterized barley collection and identified MTAs markers will be used to create a Polish Genebank
platform and will serve as a valuable resource for precise breeding programs.

Keywords: barley; DArTseq; diversity; Hordeum vulgare; phenological traits; height; lodging; spike
traits; seeds traits

1. Introduction

Barley (Hordeum vulgare L.) is one of the most important cereal crops in the world,
including Poland. It constitutes a staple food in several regions of the world due to
adaptation to high altitudes, drought, and soil salinity [1]. Cultivated varieties, including
those with grain husks and naked grains, are used as a livestock feed, malt, and foods
including the roasted grains as a coffee substitute. In recent years, there has been a growing
interest in food barley because of recent research confirming the health benefits of barley in
human diets [2]. In 2018, the barley domestic supply for Poland was 3289 thousand tonnes.
Though Poland’s barley domestic supply fluctuated substantially in recent years, it tended
to decrease for the period 1969–2018, ending at 3289 thousand tonnes in 2018.
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It is one of the oldest cereal crops and is widely grown in marginally productive soils
across the world. Available evidence suggests that barley was first domesticated around
10,000 to 12,000 y ago in the Fertile Crescent. Second, locally adapted landraces emerged
in Eurasia. Modern crop breeding commenced around 1900 [3]. Genetic gain, in terms of
higher yields, was achieved at the expense of reduced adaptability to various ecological
stressors and a narrowing of the genetic base in the cultivated barley. Despite a noticeable
shift towards improved cultivars, several farming communities transcending continental
boundaries continue to retain the interest in barley landraces, due, apparently, to their
better performance and compatibility with the local needs. The genetic uniformity of
modern current cultivars is causing greater vulnerability to the negative effects of climate
change, and will also limit future genetic gains [4]. Currently, more and more breeding
strategies are focused on the identification of novel sources of genetic variation which can
be incorporated into breeding programs. By broadening the genetic basis of their initial
plant material, breeders continue to make gains in productivity and quality of new cultivars,
while at the same time efficiently responding to climate change [5].

The ability to identify new varieties and determine their diversity with respect to
previously registered varieties promises to be the prime requirement for a valuable market
of plant varieties, as well as a guaranteeing genetic value of plant materials, according to
Lanteri and Barcaccia, 2006 [6].

Genebanks’ main goal is to preserve key plant genetic resources for handling current
and future challenges to food production. The role of genebanks has evolved from pri-
marily serving plant breeders to including conservation of biodiversity and distribution
of plant genetic resources to local communities [7–11]. More than 400,000 accessions of
barley are stored in 47 barley collections with more than 500 accessions and 25 smaller
collections worldwide. Major seed collections are PGRC—Plant Gene Resources of Canada;
NSGC—The USDA-ARS National Small Grains Collection, CENARGEN—Embrapa Ge-
netic Resources and Biotechnology: Embrapa Cenargen; ICARDA—International Center for
Agricultural Research in the Dry Areas; NIAS—The National Institute of Agrobiological Sci-
ences, reorganized to the National Agriculture and Food Research Organisation (NARO) in
2016; IPK—the Leibniz Institute of Plant Genetics and Crop Plant Research; and the Vavilov
Institute of Plant Industry (VIR, Russia) (https://www.genebanks.org/resources/crops/
barley/ (accessed on 25 July 2022)). In addition, there are well-established repositories and
data-deposition and data-exchange formats for genomic data, such as the National Center
for Biotechnology Information (NCBI) [12], the European Nucleotide Archive (ENA) [13],
and the DNA Data Bank of Japan (DDBJ), which are part of the International Nucleotide
Sequence Database Collaboration (https://ngdc.cncb.ac.cn/databasecommons/ (accessed
on 25 July 2022)). Many accessions are duplicated in genebanks because of quarantine
issues and safety reasons. These genetic resources of barley have priceless value for the
breeding of barley to create new cultivars well adapted to the changing climate [8,14].

Being one of the most widely adapted crops, the barley germplasm pool has the poten-
tial to contain sufficient genetic diversity to breed for adaptation to changing environmental
conditions. However, it has to be well characterised using novel genomic and breeding
technologies [14–16]. Future barley cultivars will have to produce under the constraints of
higher temperature in combination with increased concentrations of atmospheric carbon
dioxide and ozone as a consequence of climate change [17].

Characterisation and evaluation data based on standardised methods and rating sys-
tems are needed for more efficient searching of initial breeding materials that meet all
requirements for new barley cultivars. Improved web interfaces that provide genebank in-
ventory identities, along with well-described genotype and phenotype data, are needed for
precise accession selection. These repositories should include the description of molecular
markers associated with all major germplasm characteristics [7,9,12,14,18–20]

The GWAS approach, starting with phenotyping of traits of interest followed by
a forward genetic analysis to identify loci and candidate genes by marker-trait association
(MTA) approach, was used in the present study [13,15,21]. Linkage disequilibrium (LD)
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present in characterized genetic resources are important prerequisites to deduce the genetic
composition and genomic predictions of traits of interest. It could also be used as a predictor
of the resolution at which significant genomic regions with influence on traits can be
detected through marker-trait-association analysis [22].

In recent years, new high throughput genotyping platforms have enabled the imple-
mentation of GWAS in barley [15,23–25]. Many studies have shown practical results of
characterisation and use of barley germplasm arrays for identifying candidate genes via
GWAS, e.g., the use of elite US and UK breeding germplasm combined with the devel-
opment of high-throughput barley SNP assays has allowed the detection of quantitative
genetic factors for biotic and abiotic stress resistance [26–28], agronomic and/or grain
quality traits [29–32], and one of the genes controlling spike architecture in barley [33]. In
another study, GWAS was used to detect QTL for heading date, plant height, thousand-
grain weight, starch content, and crude protein content in a diverse collection of 224 spring
barleys of worldwide origin [34]. Other examples of using GWAS were a study using
a large panel of 615 barley cultivars in a mixed linear model that identified significant
associations for 16 morphologic and nine agronomic traits [35], and a study of a large panel
consisting of 2417 accessions using the barley iSelect 9 k SNP assay to dissect hull cover,
heading date, and spike morphology [15].

This research is a part of a larger effort focused on developing and implementing
a national management system for major crop plant genetic resources stored in the Polish
Genebank which incorporates phenotypic and genotypic data (https://agrobank.cdr.gov.
pl/index.php (accessed on 25 July 2022)). This management system, with data sets for major
crops, will facilitate more effective breeding of new cultivars well adapted to changing
climate conditions. Accessions originated from Poland and other European countries. They
were classified into three groups: 1. “old cultivars” if they were cultivated before 1985,
2. “modern cultivars” if they were cultivated after 1985, and 3. “Polish landraces”. All
these accessions were genotyped to select a mini core collection for sequencing and creating
a platform.

The aim of this study was to provide more information concerning the molecular
characteristic of barley germplasm, which is crucial for their proper use in breeding pro-
grams. GWAS analysis was conducted to identify loci determining barley phenotypic and
phenological traits during vegetation times, such as days to heading, days to milk-waxy
stage, days to maturity, days to harvest, plant height, and lodging. Agronomic traits
which directly or indirectly determine yield potential such as: number of grains per spike,
1000-grain weight, row number, spike density, spike length, and grain per spike were
described and loci associated with them were identified. In addition, data for traits such
as glume colour, lemma awn/hood, grain covering, and grain colour were collected for
GWAS analysis.

2. Materials and Methods

The plant materials used in the presented study were characterized in terms of adult
powdery mildew and rusts resistance under field conditions 2018–2019 in a previous study
by Czembor et al. [36].

2.1. Plant Material

In summary, a collection of 431 barley accessions, including landraces and old cultivars,
stored at the Polish Genebank (National Centre for Plant Genetic Resources: NCPGR) were
phenotyped and evaluated using DArTseq: 137 POL, 67 DEU, 38 SWE, 35 CSK, 34 FRA,
27 GBR, 25 DNK, 21 NLD, 12 AUT, 8 SUN, 6 NOR, 4 FIN, 3 IRL, 3 CAN, 2 USA, and 2 HUN
and 1 each from UKR, TUR, PRK, NZL, JPN, and BEL and 1 of unknown origin were
evaluated. For evaluation using DArTseq, 23 additional control genotypes were included.

Accessions were classified into three groups to compare them in terms of phenological
and other significant agronomical traits: group A (206 accessions) representing old cultivars
cultivated prior to 1985, group B (178 accessions) representing modern cultivars cultivated
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after 1985, and group C (37 accessions) representing Polish landrace, i.e., traditional culti-
vars to which were not applied any breeding methods (“landraces have been and are in
a constant state of evolution as a result of natural and artificial selection”) [37].

Accessions were grouped into sub-collections, either by country of origin or by Eu-
ropean region according to barley domestication in Europe. These sub-collections were:
group I: Polish (A—51, B—49. C—37); group II: West—Central European (CSK, DEU, DNK,
AUT; A—91, B—59); group III: French (A—14, B—21); group IV: Great Britain (A—22,
B—8); group V: North European (FIN, NOR; A—16, B—15); group VI: Swedish (A—12,
B—26); VII other (origin unknown) [36].

The Polish accessions were selected to reflect the diversity of Polish accessions held at
the Genebank, with priority given to those with key phenotypic traits in Polish breeding
programs. This was then supplemented with non-Polish accessions from countries where
a particular trait is most frequent. Passport data include: accession number (ACCENUMB),
accession name (ACCENAME), country of origin (ORIGCTY), institute code (INSTCODE)/
institute name, acquisition date (ACQDATE), donor institution code (DONORCODE)/donor
institute name (DONORNAME), and type of germplasm storage (STORAGE).

2.2. Field Experiment and Phenotypic Evaluation

Field experiments were conducted in 2018 and 2019 in the experimental fields of Plant
Breeding and Acclimatization Institute-National Research Institute (PBAI-NRI), Radzikow,
near Warsaw, Poland. No specific permissions were required, and no endangered or
protected species were involved.

The experimental trials were conducted in a randomised complete block design. In
2018, seeds were sown in three replications (blocks), and in 2019 in two replications—2 rows
(row length of 2.0 m), plant spacing of 4.0 cm, and row spacing of 20.0 cm [36].

Accessions were evaluated according to IPGRI methodology, taking into account traits
that are crucial for agricultural value such as: phenological development, height, lodging,
inflorescence, and seeds traits. In the group of phenological, stages four stages of plant
development, which are crucial for final yields, were described.

A total of sixteen traits were described: days to plants heading stage (DH), days to
plants milky-waxy stage (DMW), days to plants maturity stage (DM), days to plants harvest
stage (DPH), plants height (PH), plants lodging tendency (LT), row number (RN), spike
density (SD), glume colour (GGC1), grain awn type (GAT), glume colour (GGC2), spike
length (SL), grain per spike (NGS), grain type/covering (GT), grain colour (pericarp) (GC)
and 1000-grain weight (TGW) (Table 1). Among the evaluated spring barley collection
402 were two-row barley and 29 six-row genotypes.

In 2018 five traits were described: DMW, DM, PH, LT, and SL, and in 2019 twelve
additional traits were described as follows (in total, 15 traits): DH, DMW, DM, DPH, PH,
LT, RN, SD, GHC1, GH, GHC2), NGS, GT, GC, and TGW (Table 1). Resistance to diseases,
powdery mildew, and rusts was published separately [36].

2.2.1. Statistical Analysis

As it was described, the sub-collections were created using two criteria: (1) cultivation
period or registration of cultivars (group A—cultivated prior to 1985, B—cultivated after
1985, and C—Polish landraces) and (2) country of origin or geographical region.

Based on the differences between and within the sub-collections, it was possible to
compare the effects of plant breeding on the genetic diversity of barley over years and to
conclude if the old cultivars may be valuable sources of the traits which were described
(DH, DMW, DM, DPH, PH, LT, RN, SD, GHC1, GH, GHC2, NGS, GHT, GC, and TGW) in
the breeding programs over the years.
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Table 1. List of the traits described 431 accessions evaluated under field conditions across 2018–2019.

No. Trait Description

1 DH Days number from planting to the plants’ heading stage when half of the heads had emerged for 50% of the plants
in a plot (Z55 according to the Zadoks growth scale).

2 DMW Days number from planting to the plants’ early seeds’ milky-waxy maturity stage (Z75 according to Zadoks
growth scale).

3 DM Days number from planting to plants’ maturity stage (the Z90 according to Zadoks growth scale).
4 DPH Days number from planting to plants’ harvesting stage (the Z97 according to Zadoks growth scale).

5 PH Plants height (cm): measured under field conditions at maturity stage, from the ground level to the top of spike
excluding awns.

6 LT Plants lodging tendency: numeric scale 1–9 (9 vertical/upright, 6—most plants at 45◦ angle from ground, 3—all
plants 20–30◦ angle from ground, 2—most plants flat/prostrate).

7 RN Row number: numeric scale 1–6 (1—two-rowed; large or small sterile lateral florets, 2—two-rowed, deficient,
3—irregular, 4 six-rowed, awnless or awnleted lateral florets, 5—six-rowed, long awns on lateral florets, 6—other).

8 SD Spike density: numeric scale 3–7 (3—lax, 5—intermediate, 7—dense an average of five typical spikes).

11 SL Spike length (mm): measured from bottom to end of the spike excluding awns (a sample of 15 spikes collected from
the experimental field, 5 spikes per replication).

12 NGS Number of grains per spike (sample of 30 spikes collected from the experimental field, 10 spikes per replication,
which have been threshing and the seeds were counted).

9 GH Grain awn type: numeric: 1–5 (1—awnless, 2—awnleted, 3—awned, 4—sessile hoods, 5—elevated hoods).
10 GHC1 Grain glume colour: numeric scale 1–4 (1—white, 2—yellow, 3 brown, 4—black).
13 GT Grain type: numeric scale 1–3 (1—naked, 2—semi-covered, 3—covered).
14 GHC2 numeric: 1–5 (1—amber (= normal), 2-tan/red, 3—purple, 4—black/grey, 5—other).
15 GC Grain pericarp colour: numeric scale 1–5 (1—white, 2—tan/red, 3—purple, 4—black, 5—other).
16 TGW Thousand-grain weight (g).

A statistical analysis of the traits, DH, DMW, DM, DPH, PH, LT, SL, NGS, and TGW
was conducted using Statistica software (version 13.31984-2017 TIBCO Software). It was
used to obtain the range, mean, standard deviation (SD), coefficient of variation (CV), and
analysis of variance (ANOVA test; α ≤ 0.05) values to confirm the significant differences
in these traits between the accessions and the sub-collections and estimate the standard
error (SE) for measurement of variation of the sub-collection mean. The results of the
collection summary statistic were presented in the form of graphs as frequency histograms
with mean, SD., Max, and Min and for sub-collections, the results are presented in the
form of graphs with ANOVA and Standard Error (SE) bars. Relationships between plant
phenological and morphological traits, and grain and spike morphological traits were
described using Pearson’s correlation coefficient analysis and linear regression.

Because there were no differences in the grain traits described visually using
a numeric scale, such as: GH, GHC1, GHC2, and for GC (with one exception in the Polish
sub-collection which was not white like the whole collection, only black—POL003: 259 J:
43319, CZARNY PERCIWALA) and GT (with two exceptions in Polish sub-collections
which were described as a naked—RAJSKI 40415, POLO 43368), statistical analyses were
not performed.

2.2.2. Genotyping

Genotyped by Diversity Arrays Technology (DArT) Pty Ltd., Monana St.,
Bruce, ACT 2617, Australia, using DArTseq [21], were 454 accessions (431 evaluated
under field conditions and 25 additional, used as controls). SNP calls were made against
IBSC Barley Morex v2 assembly [38]. The Barley GBS 1.0 platform DArT genotyping
service returned 28,530 in-silico DArT-seq markers.

2.3. Data Filtering Process

DArT data were handled in the same manner as described previously for soybean,
and barley adult plant resistance for powdery mildew and rusts [36,39]. That is, we used
the dartR v1.1.11 package [40] in the R programming language. SNPs and genotypes
were removed if SNP markers contained >5% missing data and genotypes contained
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>10% missing data, respectively. SNPs with a reproducibility score (RepAvg) <100% were
removed. Where SNPs originated from the same fragment, a random SNP was retained
while the others were discarded. Non-informative monomorphic SNPs were removed, and
so too were rare SNPs with a minor allele frequency of <1%. After filtering, 453 accessions
(1 individual was removed due to having >10% missing calls) and 10,153 SNPs were
retained for further analysis.

2.4. Genome-Wide Association Studies (GWAS)

GWAS analysis was conducted as was described for barley powdery mildew and rusts,
adult plant resistance [36] using the GAPIT v2018.08.18 R package [25,41,42]. We used the
recently developed Bayesian-information and Linkage-disequilibrium Iteratively Nested
Keyway (BLINK) model, which has been shown to produce fewer false positives, identify
more true positives, and scale to very large data sets [25]. Physical genome positions
of markers were derived from the DArTseq SNP genotype file. Since GAPIT can only
handle complete data, only markers with a physical position on one of the chromosomes
and zero missing data were used as input into the GWAS analysis. Bonferroni and FDR
thresholds were used. DArTseq markers with FDR and Bonferroni p = 0.01 thresholds
were taken as significantly associated with the evaluated trait. In order to show the
distribution of SNPs over the chromosome, Manhattan plots have also been generated.
The significance levels for GWAS analysis on the Manhattan plots were as follow: solid
green line—Bonferroni FDR multiple test threshold (p = 0.01) and dashed green line FDR
threshold (FDR adjusted ≤ 0.05).

3. Results

The collection of 431 accessions was evaluated under field conditions across 2018–2019
and 16 traits were described in detail in Table 1. Phenotypic data collected for the GWAS
panel are presented in Supplementary Tables S1–S3 and Figure S1. Overall, an analysis of
the GWAS for phenotypically collected data indicates 146 markers associated with these
traits which are presented on the Manhattan plots with Quantile–Quantile (QQ) plots
observed against expected probability values (p-values) from the GWAS analysis.

3.1. Collecting Data of Plant Phenology Traits

Frequency distribution of the barley accessions based on phenological stages
as days from planting time to plants heading stage (DH), milky-waxy grain stage
(DMW), maturity (DM), and harvesting (DPH) are presented in Figure 1 and in
Supplementary Tables S1 and S2 and Figure S1. Significant differences between accessions
belonging to the evaluated collection was determined for all traits with the exceptions of
DM and DPH in 2019, and DM in 2018 (Figure 1A1,B1,C1,D1, Supplementary Table S2). At
the same time, differences between sub-collections were significant (Figure 1A2,B2,C2,D2,
Supplementary Table S2).

It was observed that in 2019, accessions were intermediate in all phenological stages
as follows: 88.3% of accessions in the heading stage (PH) belong to the group in the
range 160–164 days from planting time, 97.4% of accessions in which seeds were in the
milky-waxy stage (DMW) belong to the group 170.0–180.0 days from planting, 83.6% of
accessions belonging to the group which were in the Z90 stage according to Zadoks growth
scale 190–192 days from planting time were in the maturity (PM) stage (Figure 1A1,B1,C1;
Supplementary Table S1). The harvest (DPH) time was, on average, 9 days after seed
maturity, when grain was dray (82.6% accessions belong to the group which were harvested
198–200 days after planting time; Figure 1F1, Supplementary Tables S1 and S2). In 2018, the
plants’ developing stages were, on average, 5 days later. In 2019, significant differences
between sub-collections were observed for DH, DMW, and in 2018, for DMW and DM.

A broad range in variation of the number of days from planting to heading and to
milky-waxy stage was observed in the group originating from Great Britain (Figure 1A1,A2,
Supplementary Table S2). Polish materials were very homogeneous in terms of these
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traits (CV = 0.25% in a range 162–164 days). On the other hand, in terms of the DMW,
sub-populations from Northern Europe were more diverse than the others (Figure 1C2,
Supplementary Table S2).

In the group of Polish landraces, meaning accessions to which were no breeding
methods were applied, the range of variability was in a range 162–164 days (CV = 0.25%)
(in a range 162–1790, Figure 1C2; Supplementary Table S2). The broadest range was in
the group from Great Britain, in the sub-population cultivated after 1985, CV = 42.17%,
however in this population only 6 accessions were evaluated. Next, the highest variation for
heading was observed in the group IVA, the sub-population from Great Britain cultivated
before 1985, CV = 21.10% (in a range 155.0–177.00).
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Figure 1. Frequency distribution histograms with summary statistics for phenological traits of barley
accessions belong to the collection evaluated in 2019 and 2018 and the result of ANOVA testing
(p < 0.05) showed statistically significant differences between sub-collections (groups). The bars
represent mean value and standard error (SE) for each sub-collection. 2019: (A1,A2) plants at tillage
stage (DH), (B1,B2) plants at milky-waxy (DMW), (C1,C2) plants at maturity stage (DM), and (D1,D2)
plants at harvest stage (DPH). 2018: (E1,E2) plants at milky-waxy stage (DMW), (F1,F2) plants at
maturity stage (DM). The sub-collections (groups) of accessions were created using two criteria:
(1) cultivation period and registration of cultivars (group A—cultivated prior to 1985, group B—
cultivated after 1985, and group C—Polish landraces), and (2) country of origin or geographical
region: I: POL; II: CSK, DEU, DNK, AUT; III: FRA; IV: GBR, IRL; V: NLD, FIN, NOR; VI SWE; VII:
other non-European.
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The broad variability of DMW traits was found for sub-collections of old cultivars
from Great Britain (CV = 39.10%), CSK, DEU, DNK, AUT (CV = 12.30%), and NLD,
FIN, NOR (CV = 10.54%). In 2018, genetic variation for DMW was 13.25% (in a range
172.0–187.0 days from planting) and for DH, 6.17% (in a range 202.0–213.0 days from
planting; Figure 1E1,E2,F1,F2; Supplementary Table S1).

3.2. Collecting Data of Plant Height and Lodging Tendency

Frequency distribution of the barley accessions based on plant height (PH) and lodging
tendency (LT) are presented in Figure 2A1,B1,C1 and in the Supplementary Tables S1 and S2
and Figure S1. Differences for these traits are significant, with the exception of LT in 2019
(all genotypes were scored for 9, which means plants were vertical/upright on the scale
of 1–9) and this trait was not taken into account in the statistical analysis. On average, in
2019, accession plant height was 78.0 cm with genetic variation in the range 50.0–105.0 cm
(SD 10.308; CV 106.25%). In 2018, genotypes were lower, and their average height was
66.7 cm, with genetic variation in the range 40.0–91.0 cm (SD 8.652; CV 74.865).

In 2018, over 25.0% of accessions from the whole evaluated collection belong to the
group which were higher than 100.0 cm (Figure 2B1, Supplementary Table S1). Next,
19.7% of genotypes belong to the group with height in the range 80.0–100.0 cm and 5.5% of
genotypes belong to the group with the range 60.0–80.0 cm. In 2019, dominated accessions
of which height was in the range 70.0–80.0 cm. In both years differences between accessions
cultivated prior to 1985 and after 1985 in different parts of Europe were significantly
different from each other in this trait.

In 2019, it was possible to observe broad genetic variation in the sub-collections
cultivated prior to 1985 (coefficient variation was in the range 46.5–93.6%), and in the sub-
collections cultivated after 1985, it was in the range 18.4–96.3%. In 2018, genetic variation
in the sub-collections cultivated prior to 1985 was in the range 32.3–74.7%, and in the
sub-collections cultivated after 1985, it was in the range 24.1–59.5%. In both years, in the
sub-collection originating from Poland, genetic variability for the trait height in the group
of old cultivars was much higher than in the group of cultivars cultivated after 1985, and
landraces. Regarding genetic variation in the sub-collection originating from Great Britain,
genetic variation in the sub-collection cultivated before 1985 was broader than in the group
cultivated after 1985 (CV in group A in 2018 was 59.5% and in 2019 it was 82.0%; CV
in group B in 2018 was 24.1% and in 2019 it was 39.7%). In 2019, CV for height in both
sub-collections originating from Central and Western Europe was over 90.0%.
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2019: (A1,A2) plant height (PH). 2018: (B1,B2) plant height (PH), (C1,C2) lodging tendency (LT). The
sub-collections (groups) of accessions were created using two criteria: (1) cultivation period and
registration of cultivars (group A—cultivated prior to 1985, B—cultivated after 1985 and C—Polish
landraces) and (2) country of origin or geographical region: I: POL; II: CSK, DEU, DNK, AUT; III:
FRA; IV: GBR, IRL; V: NLD, FIN, NOR; VI SWE; VII: other non-European.

On average, in 2018, in sub-collections cultivated prior to 1985, LT was scored in the
range 5.4–7.4 and after 1985 in the range 7.8–8.2 using a 1–9 scale. Differences between
sub-collections for this trait were significant (Figure 2C2). Genetic variability in the sub-
collection cultivated prior to 1985 was in the range 0.97% (sub-collection originating from
NLD, FIN, NOR)–2.8% (sub-collection originating from Central and Western Europe CSK,
DEU, DNK, AUT).

3.3. Collecting Data of Spike and Grain Morphology Traits

The description of the spike morphology for GWAS panel was carried out consid-
ering six traits: RN, SD, SL, NGS, GAT1, and GAT2, and the description of the grain
morphology was carried out considering three traits: GH, GC, and HGW. All of them
were described using samples collected from the field experiments in 2019, with excep-
tion of SL, which was described using samples collected from the field experiment in
2018. A summary description of the spike and grain traits is presented on the Figure 3
and in the Supplementary Table S3 and Figure S2. Figure 3A1,B1,C1 presented frequency
distribution with summary statistics for NGS, TGW, and SL. Figure 3A2,B2,C2 presented
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results of ANOVA testing (p < 0.05) and showed statistically significant differences between
sub-collections (groups) with standard error (SE).
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Figure 3. Frequency distribution histograms with summary statistics for seeds per spike (NGS),
spike length (SL) and 1000-grain weight (TGW) of barley accessions belong to the collection eval-
uated in 2019 and 2018 and the result of ANOVA testing (p < 0.05) showed statistically significant
differences between sub-collections (groups). The bars represent mean value and standard error
(SE) for each sub-collection. 2018: (A1,A2) spike length (SL); 2019: (B1,B2) grain per spike (NGS),
(C1,C2) 1000-grain weight (TGW). The sub-collections (groups) of accessions were created using
two criteria: (1) cultivation period and registration of cultivars (group A—cultivated prior to 1985,
B—cultivated after 1985, and C—Polish landraces) and (2) country of origin or geographical region:
I: POL; II: CSK, DEU, DNK, AUT; III: FRA; IV: GBR, IRL; V: NLD, FIN, NOR; VI SWE; VII: other
non-European.



Agronomy 2022, 12, 2135 12 of 22

However, differences between accessions for SL were not significant, and it was
possible to determine significant differences between sub-collections. Broad variability
was observed in sub-collection II, accessions originating from CSK, DEU, DNK, and AUT
(average 61.9 cm; CV = 511.7%, range: 46.5–138.4 cm) and IV, accessions originating from
GBR and IRL and cultivated after 1985 (average 79.5 cm, CV = 331.8%, range 67.2–120.5).
Old cultivars cultivated prior to 1985 were more homogeneous and, in these groups, the
maximum SL length did not exceed 90.0 cm. SL in group B (cultivated after 1985) was
above 100.0 cm.

On average, the NGS was 22.2 grains with a range of 10.2–49.2 g (CV = 39.09%). The
broad variability of the NGS trait was found for the sub-collections of old cultivars culti-
vated after 1985 originating from NLD, FIN, and NOR (CV = 112.43%). Very homogenous
sub-collections were from France (CV = 2.36% in group A and CV = 7.51% in group B).

It was observed that in the sub-collection accessions originating from Poland cultivated
prior to 1985, the average for NGS was higher than the average of the sub-collection
accessions cultivated after 1985, and of the landraces group. In addition, the range of
the variability in group A originating from Poland was higher than in all other groups
(CV = 74.9%, range 10.2–48.3 g).

There were no differences for the grain traits described visually using a numeric scale,
such as: GH, GHC1, GHC2, GC (with one exception in Polish sub-collection: POL003: 259 J:
43319, CZARNY PERCIWALA, in which the grain was black and the grain of the remaining
genotypes in the collection was described as a white), and GT (with two exceptions in
Polish sub-collections which were described as a naked—RAJSKI 40415, POLO 43368).
Because of this, they were not included in the statistical analysis. Variability in spike shape
and density, awn types, and grain of the cultivars evaluated during AGROBANK project is
presented in the Supplementary Figure S3.

3.4. Relationship between Phenological and Agronomical Traits

Pearson correlation coefficients were used to evaluate relationship between traits
described across 2019–2018: DH, DMW, DM, DPH, RN, NGS, TSW, SD, GT, GC1, GC2, and
GC in 2019 and LT in 2018.

In 2019, for DH it was possible to observe a low to moderate positive correlation
with DMW (r = 0.228*, p <0.05), DM (r = 0.312**, p < 0.01), and DPH (r = 0.257**, p < 0.05)
(Table 2). A low to moderate negative correlation was between DH and PH (r = −0.252*,
p < 0.05), RN (r = −0.330**, p < 0.01), and NGS (r = −0.340**, p < 0.01). LT negatively
correlated with DH (0.176*, p < 0.05), DMW (0.179*, p < 0.05) and moderately with PH
(r = 0.426***, p < 0.001). RN strongly positively correlated with NGS (r = 0.801***, p < 0.001)
and moderately negatively with TGW (r = −0.400***, p < 0.0015).

Table 2. Pearson correlation coefficients matrix between traits described across 2019–2018: days
number to heading stage (DH), days number to milky-waxy stage (DMW), days number to maturity
stage (DM), days number to harvesting stage (DPH), plant height (PH), row number (RN), number
grain per spike (NGS), thousand-grain weight (TGW), grain awn type (GH), spike density (SD),
grain type (GT), grain glume colour (GHC1, GHC2), grain pericarp colour (GC) in 2019, and lodging
tendency (LT) in 2018.

Trait DH DMW DM DPH PH RN NGS TGW GH SD GC GHC1 GHC2 GC

DMW 0.228 *
DM 0.312 ** 0.427 ***
DPH 0.257 ** 0.350 ** 0.941 ***
PH −0.260 ** −0.222 * −0.232 * −0.250 **
RN −0.330 ** −0.099 −0.077 −0.083 0.097

NGS −0.340 ** −0.036 −0.100 −0.117 * 0.099 0.801 ***
TGW 0.095 0.097 0.028 0.030 −0.169 * −0.400 *** −0.341 **

SD 0.021 −0.014 −0.013 0.039 −0.081 −0.049 −0.010 0.078 0.000
GT 0.016 0.016 −0.001 −0.015 −0.023 −0.102 −0.136 0.214 * 0.001 0.017

GHC1 −0.125 * −0.004 −0.047 −0.050 0.007 0.306 ** 0.210 * −0.058 0.000 −0.015 0.007
GHC2 −0.070 0.007 0.000 0.002 0.030 0.202 * 0.146 * −0.037 0.000 −0.010 0.005 0.904 ***

GC −0.070 0.007 0.000 0.002 0.030 0.202 * 0.146 * −0.037 0.000 −0.010 0.005 0.904 *** 1.000
LT 0.176 * 0.179 * 0.028 0.040 −0.427 *** −0.196 * −0.146 * 0.232 * 0.000 0.125 −0.031 −0.089 −0.097 −0.097

*, **, *** significance at the level 5%, p < 0.05, 1%, p < 0.01, and 0.1%, p < 0.001, respectively.
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Based on the regression analysis model it was possible observe a positive relationship
between PH and DPH scored in 2019 (Figure 4A), a negative relationship between LT and
PH scored in 2018 (Figure 4B), a strong negative relationship between NGS and TGW
scored in 2019 (Figure 4C), and a positive relationship between LT scored 2018 and NGS
scored in 2019 (Figure 4D).
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Figure 4. Regression analysis model to estimate relationship between (A) in 2019 plant height (PH)
and number days to harvest (DPH) scored in 2019, (B) lodging tendency (LT) and plant height (PH)
scored in 2018, (C) number of grains per spike (NGS) and TGW scored in 2019, (D) lodging tendency
(LT) scored 2018 and number of grains per spike (NGS).

3.5. GWAS Analysis for Marker Trait Associations

GWAS analysis indicated 143 marker-trait associations (MTAs) with the 16 traits
investigated in 2018 and 2019 (Table 3, Supplementary Tables S4 and S5).

For days to heading (DH) 5 MTAs were identified, one on each of the chromosomes
1H, 2H, 3H, 5H, and 6H (Table 3, Figure 5, Supplementary Table S4). For DMW, 6 markers
were identified (one on each of the chromosomes 1H, 2H, 4H, 5H, 6H, and UN), for DM,
5 markers (one on 2H and two on 3H and 5H). Only one marker (7241263-17-G/A) was
shared between DM and DPH and this resided on 2H. For plant lodging (LT) scored in 2018,
GWAS identified 1 locus on the chromosome. The highest number of significant markers
identified were associated with PH (88 MTAs) and they are presented on Figure 5 and in
Supplementary Table S5.
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GWAS for spike density (SD) described in 2019 identified 16 MTAs, 11 for NGS and
4 for TGW. Markers significant for SD were localized on chromosomes 1H (2 MTAs), 2H
(5 MTAs), 3H (2 MTA), 4H (1 MTA), 5H (1 MTA), 6H (4 MTAs), and 7 (2 MTAs). MTAs
significant for TGW were localized on chromosomes 4H (3 MTAs) and 1H (1 MTA). For
NGS, they were localized on chromosomes 2H (2 MTAs), 3H (2 MTAs), 4H (1 MTA), 5H
(2 MTAs), 6H (3 MTAs), and 7H (1 MTA).

The largest number of markers significantly associated with agronomic traits and
related to plant phenological stages was on chromosomes 2H and 6H. Association results
7241263-17 on chromosome 2H correspond to the genomic region mapped for DM, DPH,
and SD. Marker 3258999-37-C/T on chromosome 2H, significant for NGS, was closely
located to results 3263044-31 for SD, and 3263989-64 for DMW. On chromosome 3H, marker
3919802-61 for SD, was closely located to marker 3920041-34 for DH. On chromosome 6H,
closely located were markers significant for SD (3255466-35-C/G) and for NGS (3259102-
57-C/A). Moreover, on chromosome 6H, closely located were markers significant for SD
(3918801-14-G/A), for NGS (3666407-49-T/G), and for DMW (3663162-62-A/C).

Table 3. Summary of the number of significant (FDR adjusted ≤ 0.05) marker trait associations per
chromosome per trait.

Chromosome DH DMW DM DPH LT PH SD NGS TGW

1 1 1 0 0 0 15 2 0 1
2 1 1 1 1 0 7 4 2 0
3 1 0 2 2 0 14 2 2 0
4 0 1 0 2 0 19 1 1 3
5 1 1 2 1 0 8 1 2 0
6 1 1 0 0 0 7 4 3 0
7 0 0 0 1 1 13 3 1 0

Un 0 1 0 0 0 5 0 0 0

Total 5 6 5 7 1 88 16 11 4
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phological and agronomic traits across 2018 and 2019 identified by genome-wide association study 
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Manhattan plot and Quantile–quantile (QQ) plots for heading (DH) in 2019 (A1,A2). Manhattan plot 
and QQ plots for days to milky-waxy (DMW) in 2019 (B1,B2). Manhattan plot and QQ plots for days 
to maturity (DM) in 2018 and 2019 (C1,C2). Manhattan plot and QQ plots for days to harvest (DPH) 
in 2019 (D1,D2). Manhattan plot and QQ plots for lodging tendency (LT) in 2018 (E1,E2). Manhattan 
plot and QQ plots for plant height (PH) in 2019 (F1,F2). Manhattan plot and QQ plots for spike 
density (SD) (G1,G2). Manhattan plot and QQ plots for grain per spike (NGS) (H1,H2). Manhattan 
plot and QQ plots for thousand-grain weight (TGW) (I1,I2). 
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Figure 5. Single nucleotide polymorphisms (SNPs) significantly associated with phenological, mor-
phological and agronomic traits across 2018 and 2019 identified by genome-wide association study
(GWAS) with BLINK model representation on the Manhattan plots (right) and Quantile–Quantile
(QQ) plots (left) observed against expected probability values (p-values) from the GWAS analysis.
Manhattan plot and Quantile–quantile (QQ) plots for heading (DH) in 2019 (A1,A2). Manhattan plot
and QQ plots for days to milky-waxy (DMW) in 2019 (B1,B2). Manhattan plot and QQ plots for days
to maturity (DM) in 2018 and 2019 (C1,C2). Manhattan plot and QQ plots for days to harvest (DPH)
in 2019 (D1,D2). Manhattan plot and QQ plots for lodging tendency (LT) in 2018 (E1,E2). Manhattan
plot and QQ plots for plant height (PH) in 2019 (F1,F2). Manhattan plot and QQ plots for spike
density (SD) (G1,G2). Manhattan plot and QQ plots for grain per spike (NGS) (H1,H2). Manhattan
plot and QQ plots for thousand-grain weight (TGW) (I1,I2).

4. Discussion

There are many examples of the utility of landraces or old cultivars as potential sources
of new genes and alleles for crop breeding. Determining the genetic basis of economically
important agronomic traits has been one of the major scientific challenges in the process of
crop improvement. One of the most important tasks of crop geneticists is the molecular
characterisation of germplasm for preservation from genetic erosion, and the identification
of phenotypic variants potentially useful for breeding new varieties. In the past, one of the
reasons for the limited use of landraces to introduce new genetic variation into breeding
programs was linkage drag. Currently, the advent of new platforms of molecular markers
provides a solution to overcome this problem and the use of these platforms is becoming
routine in crop breeding programs [14,18,20,25,43–45].

The presented study is a part of a larger effort focused on developing and implement-
ing a national management system for major crop plant genetic resources stored in the
Polish Genebank, which incorporates phenotypic and genotypic data (https://agrobank.
cdr.gov.pl/index.php (accessed on 29 October 2021)) [40]. This management system, with
data sets for major crops (wheat, barley, soybean, rape, and pea), will facilitate more
effective breeding of new cultivars well adapted to changing climate conditions.

Most of the agronomically important traits are quantitative, resulting in greater diffi-
culty in discerning the genetic differences underlying the phenotype of interest. In barley,
the genetic variability of old cultivars or landraces was not fully exploited at the beginning
of modern breeding. Genebanks are invaluable sources of genetic material for important

https://agrobank.cdr.gov.pl/index.php
https://agrobank.cdr.gov.pl/index.php
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traits in breeding programs [7–10,14,18,19]. The introgression of new alleles into elite culti-
vars is performed more simply and effectively with old cultivars and landraces than with
wild relatives. For this reason, old barley cultivars and landraces collected in European
countries should be thoroughly mined for new genes.

Like other genebanks, the Polish Genebank (National Centre for Plant Genetic Re-
sources: NCPGR), not only plays an important role in the conservation of plant genetic
resources, but also as a source of new genetic alleles for crop breeding [36,39,46–48].

For a long time, Polish breeders included in their collections and breeding programs,
varieties from other European countries, and changes in the spring barley gene pool in
Poland during 120 years of breeding is described by Diurdziak et al. [49]. In the case
of barley, those with increased resistance to powdery mildew originated from the Czech
Republic, and those characterized by favourable yield-forming characteristics originated
from Germany or Great Britain [36,50]. Therefore, the collection assessed in this study of
431 barley accessions stored in the Polish Genebank included local varieties, old and mod-
ern varieties originating from Poland and other European countries, taking into account
that the number of accessions in each sub-collection represents variability for regions of
Europe: Central, Northern, Western, Southern, and Great Britain and Ireland. Based on this
fact, division into sub-collections of old and modern varieties and regions of Europe made
it possible to compare, in detail, the directional trends of selection in breeding programs
not only for whole Europe, but also for the regions of Europe. Moreover, the wide variation
of phenotypic traits within the evaluated collection made it possible to conduct GWAS and
help to identify their loci. Quantitative and qualitative traits were described during this
study, such as barley phenological and agronomic traits: DH, DMW, DM, PH, LT, SD, SL,
NGS, GH, GHC1, GH, GT, GHC2, GC, and TGW.

The sub-collection representing Polish germplasm was the most numerous. It included
not only old and modern varieties as with other sub-collections; but also Polish landrace
which were not described before. Some barley genotypes representing Polish populations
have been preliminarily studied, but not with European context. Their historical phenotypic
characteristics needed to be updated, taking into account that the climate changing that
occurred in the 21st century affected also Polish germplasm diversity [46,49]. Moreover,
Polish accessions have not been included in other extensive studies of genetic variation in
Europe and the world. Poland is a country where barley has been cultivated on a large
scale, and one of the most extensive studies which described a collection of 22,626 from
many genebanks did not include a sub-collection of Polish genotypes. Other studies on
the ecographical differentiation of landraces and wild relatives in Europe do not take into
account Polish germplasm [15,24,34,35,51,52]. In this study, phenotypic data were collected
in one environment and in the two years 2018 and 2019. They enabled the determination of
the diversity of the collection of 431 accessions of Polish and European barley, including
terrestrial breeds and old varieties, stored at the Polish Genebank, and conduction of GWAS
analysis. They were described as a source of resistance to major diseases and the most
important agronomic traits.

Earliness is an important trait in terms of yield and plant adaptation to different
growing environments. In this study, heading date was one of the traits which was used in
the group “earliness”, describes the plants’ phenological development. It was described
not as days to flowering [15], but instead as the appearance/emergence of the spike out
of the flag leaf sheath, i.e., Z50–Z59 = the first spikelet of inflorescence just visible to the
emergence of complete inflorescence [53]. Moreover, in this study earliness was described
not only as number of days from sowing time to heading (DH), but also to the milky-waxy
stage (DMW), to maturity (DM), and next till harvesting time. Fine adjustment of these
traits is important for understanding other developmental traits such as leaf area, plant
height, tillering, and grain number [54]. In this study, positive relationships were observed
between the main phases of plant development. Based on the results, phenotypic per
se under field conditions it was possible to observe that DH negatively correlated with
plant height (PH) and important yield components such as number of grains per spike
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(NGS). Heading date (or days to flowering), is a trait that is controlled by many QTLs [54].
Reducing plant height has played an important role in improving crop yield [55].

The number of tillers per plant, number of grains per spike (NGS), and thousand-grain
weight (TGW) directly determined yield potential. Agronomic traits, such as spike density
(SD), main spike length (SL), spike number per plant (SNP), and grain weight per spike
(GWS), could indirectly affect the yield [35,56,57].

Based on the phenotypic data, this study confirms the importance of DH for other
phenotypic traits such as LT and PH and yield components, such as NGS. A negative
correlation was between DH and RN or NGS. In addition, a negative relationship between
LT and DH, DMW or PH was observed. GWAS for DH identified 5 MTAs on the chro-
mosomes 1H, 2H, 3H, 5H, and 6H. For DMW, it identified 6 markers (on 1H, 2H, 4H, 5H,
6H, and UN), for DM 5 markers (one on 2H and two on 3H and 5H). Only one marker
(7241263-17-G/A) was shared between DM, DPH, and SD this resided on 2H. Based on
the results obtained in this research, it is possible to conclude that the highest significant
associations were located on chromosome 2H, which is confirmed by other studies [15].
Muñoz-Amatriaín et al. [15] evaluated 2298 accessions and obtained results showing that
the highest significant associations were located on chromosome 2H, BK_14 and 12_30871
within PPD-H1, and SCRI_RS_222769 and SCRI_RS_127347 coincident with EPS2. Results
obtained by Wang et al. [55] demonstrate that a QTL for plant height was identified on 7H.
This QTL showed no significant effects on the agronomic traits and yield components. In
this study, GWAS for plant lodging (LT) scored in 2018 identified one MTA on chromosome
7H. Moreover, 88 MTAs for plant height were present on all chromosomes. Because of
this, confirmation based on additional multi-environmental and multi-year experiments
is required.

In this study, based on phenotypic data, it was not possible to find any relationship be-
tween SD and other agronomic traits. However, association results 7241263-17 correspond
to the genomic region mapped for DM, DPH, and SD on chromosome 2H. NGS negatively
correlated with DH, as described previously. Negative significant correlation was between
DH and PH and NGS. RN strongly positively correlated with NGS and negatively with
TGW. TGW strongly negatively correlated with row number and grain NGS, and positively
with RN. Thirty-one markers were identified for agronomic yield traits: 16 significant
MTAs for SD, 11 significant MTAs for NGS, and 4 MTAs significant for TGW. Two MTAs
significant for SD were localized on chromosome 1H, five on 2H, two on 3H, one on 4H,
one on 5H, four on 6H, and two on 7H. Three MTAs significant for TGW were localized
on chromosomes 4H and one on 1H. For NGS, they were localized on chromosomes 2H
(2 MTAs), 3H (2 MTAs), 4H (one MTA), 5H (two MTAs), 6H (three MTAs), and on 7H (one
MTA). Marker 3258999-37-C/T on chromosome 2H significant for NGS, was closely located
to results 3263044-31-G/T for SD, and 3263989-64-A/C for DMW. It was possible to identify
marker 7241263-17 located on chromosome 2H significant for DM, DPH and SD. On chro-
mosome 6H, closely located were markers significant for SD (3255466-35-C/G) and for NGS
(3259102-57-C/A). Moreover, on chromosome 6H, closely located were markers significant
for SD (3918801-14-G/A), for NGS (3666407-49-T/G), and for DMW (3663162-62-A/C).

Many other studies have been conducted to determine the QTLs underlying agronom-
ical traits of barley [15,17,29,31,51]. Based on the research conducted by Wang et al. [57],
a total of 71 of 111 significant QTLs for 10 agronomic traits were detected. Plant material
was phenotyped in six environments. Six QTLs underlaying TGW were detected on chro-
mosomes 2H, 5H and 7H. A total of 24 QTLs underlying SD were detected on chromosomes
2H, 4H and 7H. This on chromosome 7H had the main effect on SD, which was detected
in three years. For SMS, a total of 27 QTLs were detected and they were dispersed on
chromosomes 1H, 2H, 4H, and 7H. A total of 16 QTLs underlying grain per plant (GP) were
detected on chromosomes 2H, 4H, 5H, 6H and 7H. For MSL, 18 QTLs were detected across
the five environments: one each on chromosomes 3H and 6H, two each on chromosomes
1H and 4H, four and eight on chromosomes 7H and 2H, respectively. For SPD, 15 QTLs
were identified across the five environments: one each on chromosomes 3H, 5H, and 6H,
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three on chromosome 7H, and nine on chromosome 2H. For SP, 5 QTLs were identified
across the five environments: one on chromosome 5H, two each on chromosomes 2H and
7H. SLP, 4 QTLs were identified across the five environments: one each on chromosomes
4H and 7H, two on chromosome 2H.

Results of the presented study may be used to compare adult disease resistance
for powdery mildew and rusts in barley germplasm. These traits are some of the most
important in barley production and for breeding programs [36]. Based on the phenotypic
results for PM (powdery mildew), BBR (barley brown rust), and stem rust resistance of
the same plant material phenotyped in this study, scored at the barley heading (DH) and
milky-waxy (DMW) seed stages, GWAS analysis identified 73 marker–trait associations
(MTAs) with these traits. For PM resistance five MTAs were identified at both the DH
stage, and when considering the maximal disease score across both growth stages and both
years. One marker (3432490-28-T/C) was shared between these two traits; it is located on
chromosome 4H. For BBR resistance, six MTAs at PH and one MTA at the MW stage in
2019 and seven MTAs, when considering the maximal disease score across both growth
stages and both years, were identified. Of the 48 markers identified as being associated
with SR resistance, 12 were on chromosome 7H, 1 was in the telomeric region of the short
arm, and 7 were in the telomeric region of the long arm. Rpg1 has previously been mapped
to 7HS.

The number of seeds available from the Genebank was small. Therefore, the results of
phenotyping collected for GWAS analysis were obtained based on the experiments con-
ducted in one location and, for some traits, only in one year. Therefore, this is a preliminary
study that will be continued for the most diverse genotypes which were sequenced, and
the data will be collected in more environments.

5. Conclusions

The presented study provided genotypic and phenotypic information on a diverse set
of previously uncharacterised Polish Genebank barley, old European cultivars, and Polish
landraces. Many different genomic regions were identified as responsible for phenological
and phenotypic plant, seed, or spike traits.

The evaluated plant material is also a source of resistance to important diseases, such
as powdery mildew or barley brown rust [36]. This confirmed findings in other studies that
European old barley cultivars and landraces are an important source of genetic variation,
which are already well adapted to European conditions. Genebanks play an important role
in their proper maintenance and availability for breeders, farmers, or scientists. Therefore,
this research was conducted to develop and implement a national management system
for crop plant genetic resources as part of the AGROBANK project at the Polish Genebank
(NCPGR) (https://agrobank.cdr.gov.pl/index.php (accessed on 29 October 2021)). It will
play a leading role in incorporating the phenotypic and genotypic data of crop plants of
agronomic importance to Polish agriculture and food production, such as wheat, barley,
soybean, or pea (http://dane.agrobank.pcss.pl/jbrowse/ (accessed on 29 October 2021)).

For Polish Genebank, this platform plays an important role in the preservation of
data, as some of the information kept on paper or computer files with phenotypical charac-
teristics may have been lost during material exchange between genebanks. Assignments
to genetically defined populations can thus complement written records and the expert
knowledge of curators in charge of maintaining and evaluating accessions. Genetic profiles
for many genetically diverse genebank accessions can guide conservation decisions and
supplement incomplete passport records. Moreover, they constitute a permanent resource
for connecting genetic diversity and phenotypic variation by means of association mapping.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12092135/s1, Figure S1: Frequency distribution of
the barley accessions based on phenological stages; Figure S2: Frequency distribution of the barley
accessions based on the spike and seeds traits; Figure S3: Variability in spike shape and density, awn
types and grain; Table S1: Phenotypic data collected for the GWAS panel across 2018–2019; Table S2:
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Summary statistic for the phenological stages; Table S3: Summary statistic for the spike and seeds
traits; Table S4: Significant marker-trait associations (MTAs) for days to plants heading stage (DH),
days to plants milky-waxy stage (DMW), days to plants maturity stage (DM), days to plants harvest
stage (DPH), lodging tendency (LT), spike density (SD), grain per spike (NGS) and 1000—grain
weight (TGW); Table S5: Significant marker-trait associations (MTAs) for plant height (PH).
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