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Abstract: The extensive genetic diversity of crop landraces deposited in gene banks is an important part
of future breeding programs. However, in order to exploit this potential, it is necessary both to preserve
germplasm and to collect and share a wide range of data on its characteristics and evaluation. The main
objective of the presented paper was to evaluate the diversity of spring barley landraces originating from
Poland. Historical data from standard field evaluation of agronomic traits, genetic data obtained from
Inter Simple Sequence Repeat (ISSR) analysis and grain morphometric data were used. The analysis
showed that groups of hulled and hulls barley accessions were substantially separate. Genetic and grain
morphological variation did not show any relationship with eco-geographical conditions in the place
of origin. There was also no clear division into forms with two- and six-row ears. The combination of
the results of various types of analyzes describing this collection makes us believe that its chances of
being used in research and breeding will increase.

Keywords: barley; genetic diversity; germplasm; grain morphology; Hordeum vulgare; landrace;
molecular marker; population structure

1. Introduction

The European countries are at the forefront of barley cultivation and production worldwide.
According to FAO data, in 2018, barley production in Poland amounted to about 3.04 million tons,
which places the country in 14th place in the world and 8th in Europe in terms of grain produced in
that year. On a national scale, barley is classified as the 7th most important crop species and the 4th
most important cereal crop. Since 1961, the barley yield in Poland has increased almost 2.4 times and
production almost 3.5 times [1]. The global increase in barley production has resulted from significant
progress in breeding and the development of more productive cultivars, more efficient disease and
pest control, progress in agricultural production, and agrotechnics [2].

There are currently about 1400 cultivars registered in the European Union [3], of which about 70%
are double-row barley. This indicates the intensity of breeding programs for this species. However,
the restriction of the use of genetic modification technologies in plant breeding in the EU, as well as
the largely limited gene pool of modern breeding populations, may significantly limit further progress
in breeding this species [4]. The genetic resources stored in gene banks have potential to enable
further improvements.

Approximately 340,000 accessions of Hordeum genus are stored in 108 gene banks spread across
64 countries worldwide. The collection comprises accessions representing 20 species including wild
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relative species. However, 98.5% of the accessions represent common barley (Hordeum vulgare L.).
Among them, 31.8% are traditional cultivars/landraces, 29.4% are breeding/research materials, 11.6% are
advanced/improved cultivars, and 2.5% are wild accessions; as much as 24.7% of the barley accessions
in the world collection have not been assigned to any of the previously mentioned biological statuses [5].
In Poland, the collection of barley genetic resources is stored in the gene bank, the National Centre
for Plant Genetic Resources (NCPGR), of the Plant Breeding and Acclimatization Institute-National
Research Institute in Radzików. It consists of 6597 accessions representing 10 species originating from
54 countries and it is the 4th largest collection in Europe. A total of 98.3% of the accessions represent
common barley [6].

Landraces stored in gene banks represent an important element of future breeding programs
due to their high potential for adaptation to environmental conditions and high level of genetic
diversity. Although they are less productive than modern commercial cultivars, they have recently
become an important source of variation in the search for resistance or tolerance genes to biotic
and abiotic stresses important for agriculture [7]. Significant work has been undertaken to introduce
the desired wild barley and landrace alleles into the breeding programs that has provided a catalog of
useful cultivars. Among them, the most successful have focused on disease resistance [2,8], abiotic
stress [9–11] and on root architecture features [12]. In order to use plant genetic resources effectively,
it is necessary to develop a comprehensive set of accessions that captures most of the existing genetic
variants, and to characterize them in phenotypic and genetic terms.

The objectives of the work reported here were: (a) to study the relationships and diversity of
spring barley landraces collected during gene bank expeditions; (b) to evaluate grain morphology;
(c) to mobilize the historical evaluation data stored in the gene bank database; (d) identify accessions
showing resistance to disease under field conditions and assess their relatedness; (e) to increase
the interest of breeders and scientists in the genetic resources stored in the gene bank for the inclusion
them in pre-breeding programs; (f) to pay attention to traditional knowledge retained in the form of
genetic resources.

Due to the turbulent and traumatic history of Poland, farmers demonstrated an attachment to
tradition, including the growing of traditional cultivars and landraces. Combined with the high level
of small-scale farming, which is still maintained to date, although on a smaller scale, cereal landraces
were found and collected during field expeditions as late as the 1990s [13]. The southern, southeastern,
and eastern regions of the country were considered as areas rich in the genetic resources of crops [14–16].
All barley landraces that were analyzed here were obtained from these particular regions.

2. Materials and Methods

2.1. Plant Material

The study encompassed 64 landraces of spring barley. The survey included all accessions
originating from the expedition in Poland with biological status of landrace and stored in the National
Centre for Plant Genetic Resources (NCPGR), i.e., the Polish gene bank. Accessions were gathered
during the field expeditions that took place in the 1970s and 1980s in Poland (Table 1).

2.2. Agro-Morphological Traits

The data were obtained from the EGISET, i.e., the database of NCPGR [6]. Accessions were
evaluated in a series of three-year field experiments in the years 1978–1990, using standardized
scales and descriptors. The trials were carried out in the experimental field of the Plant Breeding and
Acclimatization Institute at Radzików, Poland. The soil was classified as good, i.e., leached brown
soil (pH 5.8) which may be used for cultivating wheat and sugar beet. During the vegetation period
(IV–VIII), the average multiannual temperature for this location is about 16.3 ◦C and the average
multiannual total precipitation is 312 mm.
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Table 1. The list of accessions used in the study with eco-geographic description of collection sites.

Number Accession Number
with Country Prefix

Botanical
Variety

Acquisition
Year Latitude Longitude Altitude (Meters above

Sea Level) Region Resistance

H1 PL 40004 4 1978 49 36 N 21 44 E 400 SE sr, nb
H2 PL 40068 4 1978 49 37 N 22 06 E 400 SE sr, nb, s
H3 PL 40070 3 1978 49 33 N 21 56 E 400 SE sr, nb, s
H4 PL 40073 4 1978 49 36 N 20 29 E 860 S sr, nb, s
H5 PL 40215 4 1978 49 30 N 22 05 E 900 SE sr, nb, s
H6 PL 40552 4 1977 52 05 N 22 07 E 160 E pm, nb
H7 PL 40553 3 1977 50 49 N 22 19 E 260 SE nb
H8 PL 40554 4 1977 50 22 N 21 50 E 200 SE nb
H9 PL 41265 4 1978 50 18 N 21 45 E 220 SE nb, s

H10 PL 41266 1 1978 49 32 N 22 06 E 400 SE sr, nb, s
H11 PL 41267 1 1978 49 33 N 20 33 E 340 S sr, nb, s
H12 PL 41268 4 1978 49 36 N 21 03 E 400 SE sr, nb, s
H13 PL 41269 4 1978 49 32 N 21 02 E 440 SE sr, nb, s
H14 PL 41270 3 1978 49 33 N 20 59 E 400 S nb, s
H15 PL 41271 4 1978 49 33 N 20 59 E 400 S sr, nb, s
H16 PL 41272 3 1978 49 27 N 20 59 E 680 S sr, nb, s
H17 PL 41273 1 1978 49 39 N 20 36 E 500 S sr, nb, s
H18 PL 41274 4 1978 49 41 N 20 21 E 640 S sr, nb, s
H19 PL 41279 4 1978 49 41N 20 21 E 640 S sr, nb, s
H20 PL 41280 1 1978 49 41 N 20 21 E 640 S sr, nb, s
H21 PL 41281 1 1978 49 36 N 21 03 E 360 SE sr, nb, s
H22 PL 41282 4 1978 49 22 N 20 11 E 900 S sr, nb, s
H23 PL 41284 4 1978 49 24 N 20 18 E 500 S nb, s
H24 PL 41365 4 1979 53 16 N 23 47 E 180 NE sr, nb, s
H25 PL 41430 4 1978 49 33 N 20 33 E 380 S sr, nb, s
H26 PL 41431 1 1981 49 32 N 21 02 E 400 SE sr, s
H27 PL 41432 3 1981 49 33 N 20 33 E 400 S sr, s
H28 PL 41433 1 1981 49 36 N 21 03 E 360 SE s
H29 PL 41434 4 1981 49 26 N 20 19 E 400 S sr, s
H30 PL 41435 4 1981 49 24 N 20 21 E 500 S s
H31 PL 41525 4 1977 49 24 N 20 21 E 500 S pm, sr, nb
H32 PL 41526 4 1977 49 22 N 20 11 E 660 S l, pm, sr, nb
H33 PL 41527 4 1977 49 35 N 20 28 E 500 S pm, sr, nb
H34 PL 41528 4 1977 49 29 N 22 04 E 440 SE l, pm, sr, nb
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Table 1. Cont.

Number Accession Number
with Country Prefix

Botanical
Variety

Acquisition
Year Latitude Longitude Altitude (Meters above

Sea Level) Region Resistance

H35 PL 41529 4 1977 49 19 N 22 41 E 500 SE pm, sr, nb
H36 PL 41530 4 1977 49 36 N 21 48 E 540 SE pm, sr, nb
H37 PL 41531 4 1977 49 27 N 22 20 E 500 SE pm, sr, nb
H38 PL 41532 4 1977 49 21 N 22 17 E 500 SE l, pm, sr, nb
H39 PL 41533 4 1978 49 32 N 22 06 E 400 SE sr, nb, s
H40 PL 41730 4 1977 49 20 N 20 06 E 900 S pm, sr, nb
H41 PL 41731 4 1977 49 23 N 20 08 E 800 S pm, sr, nb
H42 PL 41732 4 1977 49 30 N 20 14 E 900 S sr, nb, s
H43 PL 41768 4 1977 49 24 N 20 21 E 500 S l, pm, sr, nb
H44 PL 41867 2 1978 49 33 N 20 33 E 400 S sr, nb, s
H45 PL 41868 1 1978 49 39 N 20 36 E 500 S sr, nb, s
H46 PL 41869 6 1977 49 29 N 22 04 E 440 SE pm, sr, nb
H47 PL 41871 1 1978 49 32 N 22 06 E 400 SE sr, nb, s
H48 PL 42017 3 1977 49 26 N 20 44 E 505 S l, pm, sr, nb
H49 PL 42120 4 1977 49 33 N 20 33 E 360 S l, pm, sr, nb
H50 PL 42121 4 1977 49 29 N 22 04 E 440 SE pm, sr, nb
H51 PL 42122 1 1977 49 31 N 22 09 E 360 SE sr, nb
H52 PL 42388 4 1984 51 50 N 22 29 E 155 E
H53 PL 42389 5 1984 51 50 N 22 29 E 155 E
H54 PL 42768 3 1986 50 39 N 22 18 E 195 SE
H55 PL 42769 3 1986 50 39 N 23 22 E 220 SE
H56 PL 42770 3 1986 50 52 N 23 04 E 210 SE
H57 PL 42771 3 1986 50 51 N 23 27 E 280 SE
H58 PL 43051 4 1988 na na na na sr
H59 PL 43052 4 1988 na na na na sr
H60 PL 43053 4 1988 na na na na sr
H61 PL 43054 4 1988 na na na na
H62 PL 43055 4 1988 na na na na
H63 PL 43075 4 1988 na na na na
H64 PL 43357 4 1988 na na na na sr

(Botanical variety: 1—brunneinudum, 2—coeleste, 3—nigripallidum, 4—nutans, 5—rikotense, 6—viride; Region: E—East, NE—North East, S—South, SE—South East; Resistance: l—lodging,
pm—powdery mildew, sr—steam rust, nb—net blotch, s—scald).
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Each accession had 1000 grains sown on the 2.5 m2 plots represented each accession. Standard
fertilization with multi-component mineral fertilizer (100 kg/ha) was applied. During the vegetation
season, herbicide spraying was applied against dicot weeds. Monocot weeds were removed manually.
Fungicides were not used due to observations of resistance to pathogens. The characteristics of the plant
phenotype were based on twelve traits. Days to heading were defined as the number of days from
sowing to the time when half the plants started flowering. Grain filling duration was measured as
a number of days from the time that half of the plants have started flowering to full maturity of
the grain. Days to maturity was measured as the number of days from sowing to full maturity of
the grain. The plant height was measured at full maturity from the ground level to the top of the spike
excluding awns. Ear length was taken from the neck to the base of the lemma awns of the uppermost
grain. Thousand grain weight was converted from weighing a load of 250 grains. The number of grains
per ear was the average number for 20 manually harvested and threshed ears. Resistance to lodging,
powdery mildew, net blotch, stem rust, and scald was expressed in a bonitation scale where 1 meant
no resistance and 9 means total resistance. A summary is presented in Table 2 and detailed results are
available in the EGISET database [6]. Botanical variety was determined according to the morphological
description published by Mansfeld [17].

2.3. Grain Morphometrics

Approximately 400 grains from each accession were scattered on Canon CanoScan LiDE 700 F
desktop flat scanner and scanned in 300 dpi resolution then the results were saved as JPEG format files.
Files created in this way were analyzed using the CSIRO GrainScan software [18] program. The software
uses automated image recognition to identify individual grains, providing the measurement for each
grain in an image file. The following grains’ parameters were determined: surface area (mm2), perimeter
(mm), length (mm), width (mm), and color (described in a device independent color 3D CIELAB space
as 3 RGB channels).

2.4. DNA Isolation

Seeds obtained from the long-term storage facility were sown in a greenhouse, into pots filled
with peat substrate. In the second leaf phase, from 24 healthy seedlings, the middle section of
the second leaf blade (about 10 mm long) was collected. Therefore, each accession was represented
by 24 plants, from which a bulk sample was made up. Tissue samples were lyophilized, ground in
bead mill (Mixer Mill MM 100 Retsh, Retsch, Haan, Germany). Total genomic DNA was extracted by
Genomic Mini AX Plant (A & A Biotechnology, Gdynia, Poland) kit. DNA integrity was evaluated
by electrophoresis on 1.5% (w/v) agarose gel and its concentration was determined spectrometrically
(NanoDrop Spectrophotometer ND-1000, NanoDrop Technologies, Willmington, DA, USA).

2.5. ISSR Analysis

Based on the literature review, 20 ISSR primers with the highest potential for polymorphism
detection in cereals were selected. Eight of them that amplified the highest number of polymorphic
fragments with high reproducibility were selected (Table 3). The primers were marked with fluorescent
dyes at 5′ end. PCR amplification was carried out in a total volume of 10 µL. Each time, the reaction
mixture contained 25ng of genomic DNA, 1x Incomplete NH4 Reaction Buffer, 1u DFS-Taq DNA
Polymerase (Bioron, Römerberg, Germany), 1.9 mM MgCl2, 0.2 mM dNTP’s mix and 1.5 µM primer.
Amplification conditions were as follows: 2 min initial denaturation step (94 ◦C) followed by 45 cycles
of 30s (94 ◦C), 45 s (54/58 ◦C), and 2 min (72 ◦C) The reactions were completed by a final extension step
of 10 min (72 ◦C).
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Table 2. Range and mean of twelve evaluation traits assessed in field experiments. The accession number is in parentheses.

Trait Unit % of Evaluated
Accessions Mean Min. Max. Variation

Phenological
days to heading days 98.4% 71.6 52.0 (PL 42 389) 82.0 (PL 41267) 9%

grain filling duration days 98.4% 36.1 26.3 (PL 42769) 44.0 (PL 40554) 11%
days to maturity days 98.4% 108.1 81.7 (PL 42769) 117.0 (PL 41532) 6%

Metrical

plant height cm 98.4% 85.4 69.0 (PL 42017) 109.0 (PL 42389) 10%
ear length cm 60.9% 9.2 7.0 (PL 42389) 11.0 (PL 41365) 11%

number of grains per ear no. 46.9% 11.6 7.7 (PL 40553) 19.3 (PL 41279) 21%
thousand grain weight g 98.4% 46.2 36.0 (PL 41270) 55.2 (PL 41730) 10%

Bonitations

lodging resistance scale 1 98.4% 4.3 1.0 (17 access.) 9.0 (6 access.) 65%
powdery mildew resistance scale 1 98.4% 6.1 2.0 (2 access.) 9.0 (16 access.) 35%

net blotch resistance scale 1 90.6% 8.7 6.0 (2 access.) 9.0 (47 access.) 8%
stem rust resistance scale 1 79.7% 8.5 3.0 (1 access.) 9.0 (46 access.) 18%

skald resistance scale 1 50.0% 8.9 7.0 (1 access.) 9.0 (31 access.) 4%
1 scale (1—very low, . . . , 9—very good).
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Table 3. Summary of ISSR primers efficiency.

Primer Sequence Dye No. Fragments % Polymorphic
Fragments PIC

UBC 807 (AG)8T
6-FAM

81 43% 0.145
UBC 825 (AC)8T 86 62% 0.231
UBC 834 (AG)8YT

VIC
81 36% 0.106

UBC 841 (GA)8YC 107 60% 0.191
UBC 856 (AC)8YA

NED
61 62% 0.219

UBC 857 (AC)8YG 102 76% 0.247
UBC 884 HBH(AG)7 PET

85 55% 0.192
UBC 885 BHB(GA)7 90 51% 0.189

Fragments were analyzed by capillary sequencer ABI 3130xl Genetic Analyzer supplied with
36 cm capillaries array filled with POP-7 polymer (Thermo Fisher Scientific, Waltham, MA, USA).
Length of fragments were assessed against GeneScan1200 LIZ Size Standard (Thermo Fisher Scientific,
Waltham, MA, USA). Each PCR reaction and fragment analysis were performed in three independent
replicates. Only repeatable fragments were scored.

2.6. Scoring and Data Analysis

Only reproducible ISSR fragments were analyzed. The raw results were converted to a 0/1 matrix,
so that 0 meant the absence and 1 meant the presence of a fragment of a certain length. The percentage
of polymorphic fragments and the Polymorphic Information Content (PIC) coefficient were calculated.
The formula of PIC was as follows:

PIC = 1−
n∑

i=1

p2
i (1)

where i is the ith allele of the jth marker, n is the number of alleles of the jth marker and p is an allele
frequency. Nei unbiased genetic diversity (uHe) coefficient was calculated as follows:

uHe =
n

n− 1

1− n∑
i=1

p2
i

 (2)

where pi is the frequency of the ith allele and n is the sample size. The significance of differences in
groups was assessed using ANOVA and the post-hoc Tukey’s HSD test. Genetic distance was measured
by using Dice coefficient according to the formula:

D(i1, i2) =
2a

(2a + b + c)
(3)

where a is the number of variables present in both individuals being compared, b is the number of
variables present in the first individual and absent from the second individual and c is the number
of variables present in the second individual and absent from the first one. Based on symmetrical
distance matrix, hierarchical grouping by Ward’s method and the analysis of principal coordinates
(PCoA) and hierarchical analysis of molecular variance (AMOVA) were performed.

To test genetic structure, Bayesian model-based clustering implemented in STRUCTURE v2.3.4 [19]
was used. An admixture model with correlated allele frequencies among accessions was used. Batch runs
were carried out on a LINUX cluster hosted by the Interdisciplinary Centre for Mathematical and
Computational Modelling at the Warsaw University. A search for the most likely value of K by
performing 10 replicate runs at each value of K ranging from 1 to 10 was conducted. Burn-in time and
replication number were up to 104 and 105, respectively, in each run. Determination of the number of
true clusters was performed based on the posterior probability of the data for a given K, and the ∆K [20].
The best alignment to the replicated results of the cluster analysis was performed with a full search
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algorithm. The maximum likelihood ratio was used to assign landraces to clusters, and the cut-off

probability for assignment to a cluster was 0.8.
The data of seven morphological parameters for individual grains were averaged within

the accession. Then, for each parameter within the examined collection, minimum, maximum,
average, and standard deviation were defined. Averages in groups were compared using ANOVA
and the post-hoc Tukey’s HSD test. The averaged data has been standardized using unbiased standard
deviation. A matrix of dissimilarities was calculated based on the Gower coefficient. A hierarchical
grouping was performed using the Ward’s method. The principal component analysis (PCA) was
then performed.

Based on passport data (collection site information), geographical distance matrices (in km) and
absolute difference in altitude between collection sites were developed. Annual precipitation and
average annual temperature at the accessions collection sites were also determined based on passport
data and matrices of absolute difference were also computed. Data were extracted from the WorldClim
Version 1.4 database [21].

A Mantel test (103 permutations) was used to test for a correlation between genetic distance and
all the other dissimilarity matrices. A consensus configuration of genetic and grain morphologic data
for barley collection was obtained by the generalized Procrustes analysis (GPA) [22].

All above-mentioned analyses were performed using Microsoft Excel 2016, XLSTAT Ecology
(Addinsoft, Inc., Brooklyn, NY, USA), GenAlEx 6.501 [23], STRUCTURE v2.3.4 [19], CLUMPAK [24],
QGIS 3.16.0 [25], and R library rworldxtra [26]. The chart and photo adjustments were made in the GIMP
v 2.10.22 software [27]. The data analysis was performed within the framework of the Computational
Grant (G72-19) of the Interdisciplinary Centre for Mathematical and Computational Modelling,
University of Warsaw (ICM UW).

Due to the different number of agro-morphological features that were evaluated in particular
experiments, the results were not subjected to statistical analysis. For phenological and quantitative
traits only the mean value was calculated from a multi-year study and for qualitative traits the minimum
value noted during the three-year evaluation was indicated. The variation coefficient was calculated
and expressed as a percentage. It was computed as a ratio of standard deviation of each trait to
the corresponding entire data mean.

3. Results

3.1. Summary of Passport Data

Out of the 64 landraces collected during field expeditions of the Polish gene bank, 72% were
collected in the 1970s and 28% in the 1980s. The collection of Polish barley landraces includes accessions
representing six botanical varieties. The most numerous (41 accessions) was var. nutans (Rodf.) Alef.
According to the morphological description published by Mansfeld [17], var. nutans has dropping,
two rowed, yellow, long, lax spike, rough lemma awn barbs, and hulled grain. Ten accessions were
classified as var. brunneinudum (Vav. et Orl.) Mansf., which has two-rowed, faint gray blackish, long,
lax spike, long awns, and hulless, yellow-to-dark-brown grain. Additionally, ten accessions were
classified as var. nigripallidum R.Reg., which has six-rowed, black or black and grey, long, lax spike,
long and yellow awns, and yellow, hulled grain. One accession each belonged to var. coeleste L., rikotense
Regel and viride Vav. et Orl. The var. coeleste has six-rowed, yellow, long, lax spike, long awns rough
barbs and hulless, yellow to dark yellow grain. The var. rikotense has also six-rowed, long, lax, yellow
spike, smooth yellow awns, and hulled grain. The var. viride has two-rowed, long, lax, yellow spike,
long awns, and hulless green grains. Based on the above descriptions, it can be stated that the collection
was dominated by two-row barley with hulled, yellow grain. Figure 1 provides photos of grains
representing each of six identified botanical varieties.
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Figure 1. Photographs of grain representing barley botanical varieties: (a) brunneinudum (PL 41266);
(b) coeleste (PL 41867); (c) nigripallidum (PL 40070); (d) nutans (PL 41282); (e) rikotense (PL 42389); (f) viride
(PL 41869).

3.2. Summary of Eco-Geographic Conditions

Barley landraces were collected mainly in the south-eastern (SE) and southern (S) parts of Poland
(42% and 39%, respectively). Three accessions originated from the eastern (E) part and only one from
the north-eastern (NE) part of the country (Table 1, Figure 2). For 11% of accessions, passport data were
incomplete, i.e., there was no information about the collection sites. The geographic coordinate ranges
of the collection sites were 49◦19′–53◦16′ N latitude and 20◦06′–23◦47′ E longitude. The altitude of
the collection sites was in the range from 155 to 900 m above sea level (MASL) with the mean 455 MASL.
Only five landraces were collected at an altitude below 200 MASL. In Poland, this altitude is considered
to be the lower boundary of the highlands. According to meteorological data, the average annual
temperature in Poland is estimated at approximately 7–8 ◦C; however, in mountains, it is significantly
below the average. Average annual precipitation in Poland is about 630 mm but in mountains it
reaches up to 1200 mm. In the collection sites, the annual average temperature was between 4.5 and
8.1 ◦C with the mean 7.2 ◦C, and annual precipitation ranged from 512 to 1122 mm with the average
approximately equal to 810 mm.

3.3. Agro-Morphological Diversity

All presented data from the field evaluation of landraces are historical and were obtained from
the NCPGR database and were collected in the years 1978–1990. Only for the 27 accessions, i.e., 42% of
the collection, were all 12 traits described (Table S1). Individual traits were reported for 46.9–98.4%
of the accessions. So far, no evaluation has been carried out for one landrace. Variability of traits in
the surveyed accessions ranged from 4 to 65%. A summary for all traits was provided in Table 2.
Phenological features, i.e., days to heading, grain filling duration, and days to maturity, showed
9, 11, and 6% variation within the collection, respectively. These traits were described in 98.4% of
the accession. Days to heading were in the range of 52 (PL 42389)–82 (PL 41267) days with an average
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of 71.6 days. The minimal duration of grain filling was observed for PL 42,769 (26.3 days) while
the maximal lasted for 44 days (PL 40554). The average in the collection was 36.1 days. The mean value
of days to maturity was 108 days and its range was 81.7 (PL 42769)–117 (PL 41532) days. Resistance to
lodging was the feature showing the highest degree of variation in the collection, i.e., 65%. It covered
a full range of scale. A total of 17 accessions had very low (1) while six had very good (9) resistance
to lodging. The resilient landraces were indicated in Table 1. Out of 63 tested accessions, 16 showed
very good (9) resistance and two very low/very low (2) resistance to powdery mildew. The average
value of this feature in the collection was 6.11. A total of 81% of the surveyed landraces were found to
have very good resistance to net blotch. The mean value of this trait in the studied accessions was 8.7
and its variability was 8%. As much as 90% of the evaluated accessions showed very high resistance
to stem rust. This trait showed 18% of variability and its average in the collection was 8.5. Out of 32
accessions in which resistance to skald was evaluated, as many as 31 were completely resistant and
one had good resistance (PL 40552). The length of plants in the study collection ranged from 69 cm
(PL 42017) to 109.3 cm (PL 42389), with an average of 85.4 cm. The ear length was evaluated in 61% of
landraces. It showed 11% of variation and ranged from 7 cm (PL 42389) to 11 cm (PL 41365). Only in 30
accessions was the number of grains per ear assessed. It ranged from 7.7 (PL 40553) to 19.3 (PL 41279).
The last of the assessed features was thousand seed weight. Its maximum value (55.2 g) was noted for
PL 41,730 and its minimum value (36.0 g) was observed for PL 41270. A total of six landraces were very
resistant (9) to lodging and three diseases. Half of the accession was resilient to three diseases. Details
of the agro-morphological data are given in Table 2 and the distribution of the traits in the collection is
shown in Figure 3.
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3.4. Grain Morphology

3.4.1. Variation within the Collection

The analysis of grain morphology was performed on samples obtained from the active collection
of NCPGR (Figure S1). The variation of seven parameters for the five traits ranged from 6 to 14%.
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A summary for all traits was provided in Table 4 and the distribution of grain morphology parameters
in the collection was shown in Figure 4a,b.Agronomy 2020, 10, x FOR PEER REVIEW 10 of 25 
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Figure 3. The distribution of twelve agro-morphological traits in the collection of 64 Polish barley
landraces; (a) phenological; (b) metrical; (c) bonitations.

Table 4. Range and mean of seven parameters describing grain morphology. The accession number is
in parentheses.

Parameter Unit Mean Min. Max. Variation

Surface area mm2 18.28 9.53 (PL 42122) 23.33 (PL 41533) 14%
Perimeter mm 23.22 16.42 (PL 42122) 30.28 (PL 41533) 9%

Length mm 7.45 4.75 (PL 42122) 9.48 (PL 41533) 10%
Width mm 3.03 2.17 (PL 42122) 3.42 (PL 41279) 7%

Color (Red) 8-bit/channel 167.71 131.05 (PL 42122) 181.75 (PL 41279) 6%
Color (Green) 8-bit/channel 141.04 101.14 (PL 42122) 156.9 (PL 41270) 8%
Color (Blue) 8-bit/channel 114.55 80.04 (PL 42122) 131.81 (PL 41270) 9%

The highest variation within the examined collection was observed in the parameter describing
the grain area. Its average value was 18.22 mm2. The minimum value of this parameter was observed
in accession PL 42122 and it was 9.53 mm2. The maximum value, i.e., 23.33 mm2, was reached in
the accession PL 41533. The perimeter of the grains was between 16.42 and 30.28 mm (PL 42122 and
PL 41533, respectively), and its average value in the collection was 23.22 mm. The average length of
grains in the tested set of Polish landraces was 7.45 mm and the average width was 3.03 mm. Generally,
the smallest grains were found in PL 42122 and the largest in PL 41533 (Figure 4c,d). The widest grains
were observed in accession PL 41279 (Figure 4e). The darkest grain was found within the accession
PL 42122 and this was expressed by the lowest values of the three parameter describing the color with
an additive RGB model.

3.4.2. Variation within Groups

Within the collection, groups were distinguished based on the following information: acquisition
year, region of origin, altitude, annual precipitation, average annual temperature, botanical variety,
ear type, and grain covering. The significance of differences in average parameter values within
the groups was determined using ANOVA (Figure 5). It showed that significant differences for all
examined parameters occurred only in case of botanical variety and grain covering classification.
In addition, significantly narrower grains were found in the local forms originated from sites with
an annual rainfall of 600–800 mm compared to the accession sourced from areas with an annual rainfall
exceeding 1000 mm. Wider grains were observed among the accession group collected in areas with
the lowest average annual temperature compared to other locations.
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3.4.3. Clustering Analysis

Cluster analysis performed by Ward’s method based on the Gower coefficient indicated four main
groups comprising 2, 10, 22, and 30 accessions. In Figure 6, the groups were color-coded. In groups 1
and 2, hulless accessions representing botanical varieties coeleste, brunneinudum, and viride were placed.
To the other two groups, the accessions classified as nigripallidum, nutans, and rikotense botanical
varieties, i.e., hulled, were assigned.

PCA analysis showed that the cumulative percentage of the first three factors was 98.86%.
All described parameters of grain morphology were strongly correlated with the first factor.
Graphical presentation of the results of the first two factors showed a clear division into two groups,
which corresponded to the classification according to grain covering (Figure 7).

3.5. Genetic Analysis

3.5.1. Marker Efficiency

A total of eight ISSR primers allowed to analyze 693 highly repeatable loci, 53% of which were
polymorphic. The highest number of fragments was amplified with UBC 841 (107) primer and the lowest
with UBC 856 (61). The mean PIC value was 0.190, and for each primer ranged from 0.106 (UBC 834) to
0.247 (UBC 857). The details are given in Table 3.
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Figure 5. The internal variation of grain morphology of the collection of 64 Polish barley landraces for
groups defined according to the following information: acquisition year, region of origin, altitude, annual
precipitation, average annual temperature, botanical variety, ear type, grain covering. Significantly
different groups (p < 0.05) were highlighted in orange and blue; (a) surface area; (b) perimeter; (c) length;
(d) width; (e) color (Red); (f) color (Green); (g) color (Blue).
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Figure 7. The results of the Principal Component Analysis (PCA) for grain morphology of 64 Polish
spring barley landraces. (a) Plot of results for the first and second axis with indication accession order
numbers according to Table 1; (b) Plot of results for the 1st and 2nd axis with indication of botanical
variety. The hulless grain was marked with a triangle and the husked with a circle; (c) Plot of results for
the 1st and 2nd axis with the indication of groups identified based on agglomerative clustering results
(Figure 6).

3.5.2. Genetic Diversity

The value of the internal variation coefficient (uHe) for the entire collection was 0.185, which results
from the high percentage of fragments with high frequency. Within the collection, groups defined
according to the same criteria as in the analysis of grain morphology, i.e., acquisition year, region of
origin, altitude, annual precipitation, average annual temperature, botanical variety, ear type and grain
covering. For each group, the internal variation coefficient was calculated (Figure 8). ANOVA analysis
showed that only for botanical varieties and grain covering the differences in the coefficient of variation
were statistically significant (p < 0.05).
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Figure 8. The internal variation coefficient (uHe) of 64 Polish spring barley landraces based on
inter simple sequence repeat (ISSR) data, calculated for groups distinguished based on the following
information: acquisition year, region of origin, altitude, annual precipitation, average annual temperature,
botanical variety, ear type, grain covering. Significantly different groups (p < 0.05) were highlighted in
orange and blue.

3.5.3. Genetic Distance

Molecular data were used to calculate the genetic distance using the Dice coefficient. Its values
ranged from 0.113 (PL 42120–PL 42121) to 0.573 (PL 41529–PL 41871). The Mantel’s test did not show
the existence of a correlation between the genotype and the location of the collection site. Additionally,
the relationship between the genotype and the examined environmental parameters (i.e., average
annual temperature and annual precipitation) of the collection site was not found.

3.5.4. Clustering Analysis

Cluster analysis performed by Ward’s method based on Dice’s distance showed the presence of
three main groups comprising 15, 20, and 29 accessions. In Figure 9, the groups were color-coded.
The majority of variance (68.3%) was within the groups, and 31.7% was among them. The values of
the uHe coefficient for the groups were 0.191 (se = 0.008), 0.209 (se = 0.009), and 0.188 (se = 0.007),
respectively. ANOVA analysis showed that the differences in the coefficient of variation were statistically
insignificant (p < 0.05). The first group was the most distinct and included all the landraces that had
hulless grain. These accessions also showed high resistance to net blotch and skald. In the second
group, half of the accession was highly resistant to powdery mildew.Agronomy 2020, 10, x FOR PEER REVIEW 15 of 25 
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Figure 9. The results of cluster analysis of 64 Polish spring barley landraces performed by Ward’s
method based on Dice’s distance of inter simple sequence repeat (ISSR) data.

The results of the Principal Coordinates Analysis (PCoA) revealed that a considerable amount
of variation (51.4%) was explained by the first four axes: axes 1, 2, 3, and 4 explained 17.7, 15.6,
12.2, and 5.8% of the variation, respectively. The first 42 axes explain the overall variance. PCoA of
barley landraces reinforces the division seen in the hierarchical clustering (Figure 10). The first axis
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distinguishes the accessions that formed the first group on the dendrogram. The second axis revealed
the distinctiveness of the two accessions from the first group (PL 41871 and PL 42017), which was not
visible on the dendrogram. The third axis allowed for the dividing of the second and third group.

Agronomy 2020, 10, x FOR PEER REVIEW 15 of 25 

 

 
Figure 9. The results of cluster analysis of 64 Polish spring barley landraces performed by Ward’s 
method based on Dice’s distance of inter simple sequence repeat (ISSR) data. 

The results of the Principal Coordinates Analysis (PCoA) revealed that a considerable amount 
of variation (51.4%) was explained by the first four axes: axes 1, 2, 3, and 4 explained 17.7, 15.6, 12.2, 
and 5.8% of the variation, respectively. The first 42 axes explain the overall variance. PCoA of barley 
landraces reinforces the division seen in the hierarchical clustering (Figure 10). The first axis 
distinguishes the accessions that formed the first group on the dendrogram. The second axis revealed 
the distinctiveness of the two accessions from the first group (PL 41871 and PL 42017), which was not 
visible on the dendrogram. The third axis allowed for the dividing of the second and third group. 

 
Figure 10. The results of the Principal Coordinates Analysis (PCoA) of 64 Polish spring barley 
landraces based on inter simple sequence repeat (ISSR) data. (a) Plot of results for the first and second 
axis with indication accession order numbers according to Table 1; (b) Plot of results for the 1st and 
2nd axis with indication of botanical variety. The hulless grain was marked with a triangle and the 
husked with a circle; (c) Plot of results for the 1st and 2nd axis with the indication of groups identified 
based on agglomerative clustering results; (d) Plot of results for the 3rd and 4th axis with the indication 
of groups identified based on agglomerative clustering results (Figure 9). 

3.5.5. Population Structure 

AMOVA results for botanical variety of H. vulgare attributed 0.87 of genetic diversity to the 
within variety and 0.17 to the between variety variations (Table 5). Results for mean annual 

Figure 10. The results of the Principal Coordinates Analysis (PCoA) of 64 Polish spring barley landraces
based on inter simple sequence repeat (ISSR) data. (a) Plot of results for the first and second axis with
indication accession order numbers according to Table 1; (b) Plot of results for the 1st and 2nd axis
with indication of botanical variety. The hulless grain was marked with a triangle and the husked
with a circle; (c) Plot of results for the 1st and 2nd axis with the indication of groups identified based
on agglomerative clustering results; (d) Plot of results for the 3rd and 4th axis with the indication of
groups identified based on agglomerative clustering results (Figure 9).

3.5.5. Population Structure

AMOVA results for botanical variety of H. vulgare attributed 0.87 of genetic diversity to the within
variety and 0.17 to the between variety variations (Table 5). Results for mean annual temperature
showed that 0.97 of genetic diversity resulted from genetic differentiation within groups and only 0.03
from variation among homogeneous groups, which were defined according to the criteria presented in
Figure 8. The groups with different acquisition period differed from each other only 0.06 of the molecular
variances. In other categories, the results were statistically insignificant. The results indicated that
significant population structure may be associated only with a botanical variety and grain covering.

The STRUCTURE [19] analysis indicated that there is a visible population structure in the Polish
spring barley landraces. The true number of clusters (K), as reported by Evanno et al. [20], is when
∆K, reached its peak and in the current study was K = 3 (Figure 11). Therefore, the accessions could
be divided into three clusters with common ancestry (>0.7), i.e., C1 (n = 35), C2 (n = 7), C3 (n = 7)
and 15 accessions had admixed ancestry (<0.7). The plot of STRUCTURE results was presented by
Figure 12a. According to the results of AMOVA, this structure is related to the botanical diversity of
the studied accessions. In C3 there were only accessions representing the brunneinudum variety. In turn,
C1 and C2 were mainly accessions that were classified as var. nutans and, respectively, four and one of
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var. nigripallidum. These groups reflect only 53% of the division achieved in agglomerative clustering
analysis. Definitely better fit was obtained with PCoA results (Figure 12b).

Table 5. The results of AMOVA analysis.

ΦPT p

Acquisition Year 0.06 0.001
Region 0.00 ns

Altitude 0.00 ns
Precipitation 0.01 ns
Temperature 0.03 0.015

Botanical variety 0.17 0.001
Ear type 0.02 ns

Grain covering 0.204 0.001

(ΦPT—analogous to standardized FST, for haploid data; ns—not significant).
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3.6. Joint Analysis

A pairwise Mantel test was performed for all the combinations of dissimilarity matrices.
A significant correlation was not proven between genotype and grain morphology, no relation
to the collection site location and climatic conditions was detected either.

A consensus configuration of genotype and grain morphology data was obtained by the generalized
Procrustes analysis (GPA) [22]. Scaling was the most efficient method of data transformation (Table 6).
Both types of data matched the consensus configuration at a similar level that was indicated by
an equal value of the residuals by configuration after the transformation; however, the genetic data
were nine-fold scaled up. The consensus test pointed out that the configuration was authentic and
correspond to 0.68 of the original variance. A scatter plot showed that the studied accessions formed
two groups consistent with grain covering (Figure 13).
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Figure 12. (a) The results of 100,000 iterations of STRUCTURE software [19] of 64 Polish spring barley
landraces based on inter simple sequence repeat (ISSR) data with K values k = 3, where K is the number
of ad hoc groups to be formed; each vertical bar represents one accession that is marked by order
number (Table 1). The length of the colored segment shows the estimated proportion of membership
of that sample to each group. (b) The plot of PCoA results (A1 vs. A2) with the indication of groups
identified on the basis of results of STRUCTURE analysis.
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accession order numbers according to Table 1; (b) Plot of results for the 1st and 2nd axis with indication
of botanical variety. The hulless grain was marked with a triangle and the husked with a circle.
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Table 6. PANOVA table for individual stages of GPA on the data.

Source DF Sum of
Squares Mean Squares F Pr > F

Residuals after scaling 419 125.989 0.301
Scaling 1 83.931 83.931 279.130 <0.0001

Residuals after rotation 420 209.920 0.500
Rotation 21 23.701 1.129 3.753 <0.0001

Residuals after translation 441 233.621 0.530
Translation 7 0.000 0.000 0.000 1.000

Corrected Total 448 233.621 0.521

4. Discussion

The history of agriculture, the size and structure of farms in Poland caused the cereal landraces
had been cultivated and thus survived and could be preserved into the gene bank until the 1990s.
The NCPGR’s landraces collection can be a valuable source of genetic variability, although its overall
variation (uHe) was relatively low (0.185). This results from a significant fraction of high frequency
fragments, indicating a significant proportion of the common genetic background. A higher value
of differentiation was observed in the spring barley collections from the International Center for
Agricultural Research in the Dry Area (ICARDA). However, a much larger and more diverse collection
regarding its biological status (i.e., cultivars, breeding lines and landraces) and geographical origin
was studied there [28]. The obtained value of the variation coefficient could be reduced by performing
an analysis on bulk samples prepared from 24 plants. Therefore, the results presented in here,
as well as other results published by teams all over the world [29–31], are affected by a similar error.
The background to this error is purely economic. Although full-genomic analyzes are becoming
cheaper every day, they are still too expensive to perform for all the gene banks accessions represented
by a sufficiently large group of individuals. Therefore, the number of markers used in the study as
well as bulk analysis may always be questionable. Researchers in gene banks will always be faced
with the choice of if it is better to have knowledge with a slight margin of error about the stored
accessions or to store uncharacterized materials whose usefulness is then negligible. However, there is
a high probability that the barley landraces have relatively high levels of internal heterogeneity.
Literature data indicate that landraces, compared to cultivars, are considered being much more
genetically diverse [32–36]. A good confirmation of this hypothesis may be found in previous results
of a differentiation analysis within a collection of common oats landraces originated from the same
regions. The low total variation of the collection was accompanied by considerable internal variation
of the studied accessions [37–39]. Moreover, the level of internal variation of the oat landraces was
significantly higher than that found within the modern and historical cultivars [39].

In the presented paper, 64 landraces of spring barley were evaluated. The supremacy of spring
forms in the collection results from the fact that in the past the cultivation of winter barley was marginal
in Poland. It was mainly caused by its low winter hardiness in the humid continental climate of Poland.
Even nowadays, despite breeding cultivars with a higher winter hardiness, winter barley is much less
popular among farmers [40]. This is also reflected in the breeding; out of 115 barley cultivars listed in
the National Register of Crop Cultivars, only 32 are winter barleys [41].

According to Vavilov’s botanical–geographical approach to centers of diversity, the investigated
area belongs to the Central European and West-Ukrainian agro-ecological groups. This indicated that
six-row barley with small grains should dominate. However, the landraces collection under study
corresponds more to the description of the Western European group, i.e., two-rowed hulled spring
barleys with large caryopses, and susceptibility to lodging [42]. It may have the basis of the historical
territorial division of Poland. From the end of the 18th century until 1918, the areas of southern and
southeastern Poland were part of the Austro-Hungarian monarchy. As a result, an influx of seed from
West European might have occurred, and the information about such origin was not preserved in
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the memory of the farmers from whom the material was obtained into the gene bank. Therefore, it is
recommended to make a comparison of this collection with landraces and historical cultivars from
neighboring countries in the future. A comparison with cultivars grown in Poland in the 20th century
will show whether the landraces collection whether it contains a unique gene pool or an admixture of
modern cultivars. Although analyzing the sowing structure in Poland after 1945, such an admixture
seems to be very unlikely. For many years only two cultivars of barley dominated in Poland, i.e.,
‘Browarny PZHR’ and ‘Skrzeszowicki’. Other cultivars had a marginal importance [40]. However,
taking into account the results obtained during the analysis of the landraces of common oats, it can
be expected that the investigated accessions may show affinity to historical cultivars bred before
1939 [39]. Distinction of the gene pool from modern spring barley cultivars is highly probable because,
during World War II, a majority of Polish breeding stations and their starting materials were destroyed.
The German cultivars that were provided as part of compensation for war losses served as a foundation
for the restoration of Polish breeding [39]. In the pedigrees of modern cultivars there is also no
trace of the use of landraces. The data on the use of gene resources collected in the EGISET database
maintained by the NCPGR show that the landraces are also lacking in interest from breeders today [6].
Breeders routinely concentrate on advanced cultivars or breeding lines with a limited genetic makeup
that are easier to use and do not need several backcrossing cycles to eliminate undesirable traits
introduced along with the desirable ones [34]. The landraces stored in gene banks still provide a unique
source of specific traits such as resistance to diseases and pests, nutritional quality, and tolerance to
marginal environmental conditions [43]. The chances of their use are increased by the direct deriving
of homozygous lines by single seed descent and providing detailed information on their genotype and
phenotype. The effectiveness of such an approach has been demonstrated for example for wheat or
maize [44–46].

In this work, the results of genetic analysis performed using ISSR markers were combined with
historical data of evaluation of important agronomic features and assessment of grain morphology.
The passport data of the accession were used for identifying relationships between the genotype
and the environment in which the landraces were formed. Von Bothmer et al. [42] indicated that,
in domesticated barley, the distribution of genetic diversity is associated with genes of adaptation to
different locations and environments. However, the results obtained here did not show the existence
of a significant linkage between the genotype and either the place of origin or the environmental
conditions. Therefore, it can be supposed that, in the case of Polish barley landraces, selection caused
by environmental factors did not play a significant role in their development. Notably, quite often,
accessions from the same place of origin showed significant morphological differentiation, i.e.,
they represented different botanical varieties. For example, the accessions PL 41267, PL 41282, PL 41432,
and PL 41867 from the site with the coordinates 49◦33′ N and 20◦33′ E were described as three
botanical varieties, i.e., brunneinudum, coeleste, and nutans. Thus, in the close neighborhood, two- and
six-rowed, as well as hulless and hulled barleys, were grown. Different altitude of the collection sites
indicates that the accessions could originate from farms located in a single village. These accessions
showed at the same time genetic distinctiveness and the average genetic distance between them was
0.4. Moreover, they were characterized by a similar level and spectrum of resistance to pathogens.
The above information may indicated the presence of different genes/alleles that determine resistance
to the examined pathogens within these accessions. However, the hypothesis should be verified
by performing laboratory resistance tests using isolates with different virulence. For comparison,
in the common oat landraces, it was clearly visible that the accessions originated from the close
neighborhood had a very similar phenotype, although the genotype, just like in barley, showed
distinctiveness. However, in oats, the influence of the environment and specifically altitude on
the formation of the landraces was clearly visible. This effect was noticeable at the level of genotype,
phenotype, and metabolome [47].

None of the performed data analyzes, i.e., hierarchical grouping, PCoA, and population structure
analysis based on the results of genetic data showed a clear division into two- and six-row forms.
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The genetic distinctiveness of these two types of barley was indicated, among others, by tests performed
for 336 ICARDA accessions, 116 accessions representing five Chinese eco-geographic populations and
175 accessions from the Spanish barley core collection [28,48,49]. However, there are also reports where
such a clear division was not observed, e.g., analysis of spring barley accessions from Kyrgyzstan [50].
Moreover, there were some overlaps between two- and six-row barley in the ICARDA collection [28].
For Polish landraces, the lack of a clear segregation of forms with different ear types may have resulted
from too small representation of six-row forms, i.e., they made up 18% of the investigated accessions.
It may also have resulted from the fact that there were no significant association between the amplified
fragments with the genes determining the ear type. So far, five genes determining ear type were
identified in barley vrs1-vrs5 [51–56]. However, in natural populations, mutations are detected only
within two of them, vrs1 and vrs5 [51,57,58]. Mutations determining the six-row spike have appeared
independently multiple times and in the history of barley cultivation [42,51]. Barley breeders pretty
often use it to subdivide their germplasm in order to maintain a homogeneous ear type in the breeding
materials. This may also be the reason there is no clear distinctiveness of groups with different ear
types in the landraces.

The above results indicated a clear separation between the hulless and the hulled forms.
The distinctiveness of hulless accessions was clearly visible in the results obtained in the genetic
analysis as well as in the evaluation of grain morphometric traits. These two types of barley differ
in their husk cover, which is loose in the hulless barley and separates easily from the grain during
the threshing process [59]. The distinctive group of hulless accessions showed significantly lower
variation than the hulled one. Once again, it was evident at the level of both the genotype and the grain
morphotype. Archaeological data indicated that barley was domesticated in the Middle East around
8000 B.C. and the forms were hulled. The hulless barley appeared afterwards, around 6500 B.C. [60].
Studies indicated that the emergence of hulless barley is associated with a single mutation that occurred
in either wild or domesticated barley [61]. In hulless barleys, a 17-kb deletion occurs in the locus
NUD (for nudum) located on the long arm of the 7H chromosome. In the hulled forms, the locus
contains a gene encoding the Ethylene Response Factor (ERF) family belonging to the Wax Inducer
1/Shine 1 (WIN1/SHN1) group [62]. The hulless forms have been present in the entire range of barley
distribution and cultivation; however, the frequency of their occurrence varies significantly between
regions. Hulless barley has been mainly found in East Asia and, due to its higher winter hardiness,
it is grown mainly in mountainous areas. About 95% of hulless barley has been found in the highlands
of Nepal, Bhutan, Tibet, Korea, and Japan. Besides these regions, it can be found in Ethiopia [63].
In Europe, North America, and Australia it has been quite rarely cultivated [59]. It may have resulted
from their lower resistance to diseases and lower yield [42]. However, hulless barley also has a number
of advantages resulting from the quality parameters of grain. Research results indicate that it contains
a high amount of β-glucans, which have an anti-cholesterol effect, as well as high protein and lysine
content [64–68]. The collection of Polish landraces has not been evaluated in terms of grain composition.
Such studies are necessary to determine whether the hulless accessions indeed have higher nutritional
value. If the results obtained are consistent with the literature data, these accessions have the potential
to be used in the production of organic groats with pro-healthy properties, especially that they were
highly resistant to net blotch, stem rust and scalds.

The standard accession assessment in gene banks includes, among others, the evaluation
of grain parameters such as thousand grain weight, test weight, number of grains per ear or
grain yield. These parameters are easy to evaluate, and the process itself is also cheap and fast.
Their disadvantage, however, is the inability to assess the variation of grains within the accession.
Grain size is an important feature for farmers, breeders, and scientists as well. It is also one of
the components of the yield. However, manual evaluation of parameters describing the size of the grain
is too time-consuming to perform as a standard for hundreds or thousands of accessions stored in
the gene bank. On the other hand, the organoleptic evaluation of the grain color is always subjective
and affected by a significant error [69]. The development of computer techniques of image analysis
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has been reflected in the development of phenomics and its application in agriculture and biological
sciences. The GrainScan, free-of-charge software [18], used in the studies presented here allows for
quick and reproducible evaluation of seven morphometric parameters of grain. The collection of
Polish barley landraces was evaluated as the first one of the NCPGR germplasm resources. GrainScan
software was also used to evaluate 789 bread wheat landraces from the ICARDA collection [70]. In both
studies, the highest variation was observed for the parameter describing the grain area. However,
the variation of morphometric traits in the Polish collection was higher for all evaluated parameters.
This is most probably due to the presence of as many as six different botanical varieties of barley,
three of which were hulless.

5. Conclusions

The collection of spring barley landraces acquired during the field expeditions in Poland showed
significant morphological diversity. Its genetic variation was comparable to that described for landraces
of other cereals from this region. The hulless and the hulled barley accessions formed separate groups,
while the distinctness of two- and six-row forms was not visible. A significant part of the accessions
was characterized by high resistance to diseases. The combination of the results of various types
of analyzes describing this collection increases its chances to be used in research and breeding.
However, its description should be extended in further research by high-throughput genotyping
using next-generation sequencing techniques applied to single grain individuals, laboratory resistance
tests, and qualitative analyzes of grain chemistry. Despite the lack of these detailed data, we strongly
suggest that the Polish barley landraces provide an interesting germplasm and traditional indigenous
knowledge preserved in the form of grains.
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