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Creation of source for marking and mapping
of frost resistance QTL in winter barley
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Purpose. Creation the sets of recombinant-inbred lines for marking and mapping of frost resistance QTL in winter barley.
Methods. Hybridization, artificial vernalization, growing plants under long-day conditions in phytotron light chambers and
on a plot of land under natural daylight duration condition, DNA isolation with using a CTAB-buffer, spectrophotometric
determination of DNA concentration, polymerase chain reaction with direct primers, agarose and polyacrylamide gels elec-
trophoresis, method of mathematical statistics chi-square test (?). Results. Using the SSD (single seed descent) method
with maximum avoidance of selection, a set of 265 recombinant inbred lines F, from the cross combination of the varieties
‘Khutorok’ / ‘Grabe” was created, differing in the level of frost resistance, the type of development and other traits. The
creation of RIL from the crossing of the varieties Akademichnyi’ / ‘Luran’ (170 lines F,) and ‘Timofey’ / “Snihova Koroleva’
(145 lines F,) is still in progress. The polymorphism of parental genotypes for the 14 microsatellite loci of chromosome 5H,
including those localized in the region of the Fr-H1 and fr-H2 key genes of the main frost resistance QTL. The allelic dif-
ferences between parental varieties in several cross combinations were detected for a number of the studied microsatellite
loci. The inheritance pattern of polymorphic microsatellite loci alleles in F, hybrids from three cross combinations and indi-
vidual plants from F, populations ‘Akademichnyi’ / ‘Luran’ was investigated. Conclusions. The created RILs are suitable for
use in barley genetic studies for identification, labeling, mapping of the main genes and QTL of qualitative and quantitative
traits, primarily frost resistance. Polymorphic microsatellite loci were identified, which can be used for further analysis of
recombinant-inbred lines, manipulation of genetic diversity, tracing inheritance and studying the effects of their alleles by
the level of frost resistance and other traits of barley.
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Introduction

Barley is a versatile crop, both in its terms of
both its distribution and its uses. The varieties
cultivated for production are classified as
spring, winter and facultative (alternative or
intermediate) according to their developmental
type. Winter barley varieties are resistant to
negative temperatures and require vernaliza-
tion. Spring varieties are more sensitive to neg-
ative temperatures and do not respond to ver-
nalization [1]. Both winter and spring barley
varieties may have different levels of photoper-
iodic sensitivity. Facultative barley varieties
are resistant to negative temperatures like
winter varieties, but do not require vernaliza-
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tion like spring varieties [2] and this group of
varieties is characterised by a strong response
to a reduction in day length [3].

Until the middle of the last century, only
springvarieties of barley were grownin Ukraine.
The first winter barley variety, ‘Odeskyi 17,
was developed by P. F. Harkavyiin 1955. Howe-
ver, ‘Odeskyi 17 was not a typical winter varie-
ty; it was facultative, meaning it could be sown
In autumn or spring. Since then, targeted bree-
ding of winter and facultative varieties has
been carried out. In the 1990s, winter barley
varieties were cultivated only in four southern
regions and the Republic of Crimea, covering
300,000 hectares. In recent decades, climate
change has contributed to a significant increase
in the area under this crop, which now exceeds
1 million hectares [4]. The increase in winter
barley acreage has been observed not only in
the Steppe zone, but also in the Forest-Steppe
and Polissia regions [5].

Frost hardiness of winter spiked crops is a
quantitative trait determined by a complex of
physiological and biochemical features and ana-
tomical and morphological characteristics.
There is a connection between barley frost re-
sistance and the response to vernalization and
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photoperiod [6], light intensity and spectral
composition [7], sugar accumulation [8], con-
tent of certain amino acids [9], plant height
[10], xylem and stomatal cell size [11], and other
traits. The contribution of individual indicators
to the overall level of frost resistance depends
on the biological characteristics of the genotype,
the intensity of the manifestation and duration
of the stress factor. Thus, the frost resistance of
facultative varieties is primarily related to the
reaction to the length of the day, and for typical
winter varieties, the main determining factor is
the duration of the vernalization stage [12]. Un-
der conditions of shortened photoperiod, facul-
tative varieties form a significantly higher level
of frost resistance compared to typical winter
varieties [13].

The breeding strategy for improving the re-
sistance of typical winter barley and alternative
types of development to unfavourable tempera-
ture conditions requires the development of the-
oretical foundations for the breeding of this crop
[56]. The adaptability of plants to specific condi-
tions can be significantly improved through the
targeted manipulation of specific genes, follo-
wing a detailed study of their effects on specially
created, genetically identified material [14].
Such material can be recombinant inbred lines
(RILs). Each RIL is a fixed combination of genes
for different traits of the parental components of
the cross. RILs are a powerful tool for genetic
mapping and identifying qualitative trait genes
with clear effects, as well as quantitative trait
loci (QTL) with minor effects that vary depen-
ding on the conditions [15]. Recombinant inbred
barley lines are widely used to study the effects
of the Vrn-H1, Vrn-H2 and VRN-H3 genes on
flowering time, plant height, biomass and yield
[16], as well as the duration of vernalization [17].
They have also been used for mapping loci for
quantitative traits such as earing date [18],
plant height [19], grain weight and number [20],
ear length [21], fusarium ear blight resistance
[22], drought tolerance [23], root system traits
[24], and for developing genetic maps [25].

The aim of the research is to create sets of
recombinant-inbred lines for marking and map-
ping QTLs of frost resistance in winter barley.

Materials and methods of research

The varieties of winter barley (‘Akademich-
ny?, ‘Luran’, ‘Khutorok’) and alternative types
of development (‘Grabe’, “Timofey’, ‘Snihova Ko-
roleva’), as well as their F , F, and F,  interspe-
cific hybrids, were used as the starting materi-
al. The ‘Akademichnyi’ and ‘Snihova Koroleva’
varieties were developed at the Plant Breeding
and Genetics Institute — National Centre for
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Seed and Cultivar Research (Ukraine), while
the others are of foreign origin, including the
‘Luran’ and ‘Grabe’ varieties from the Czech Re-
public. To prevent intra-varietal polymorphism,
individual plants were selected from each crop
and used for hybridization to obtain F, seeds.

The F, F, and F,  seeds were germinated for
five days at a temperature of 18 °C with 12
hours of daylight. The green sprouts were then
subjected to artificial vernalization at a tem-
perature of 2—4 °C and a day length of 16 hours
for 30 days. After vernalization, the sprouts
were planted in 5-litre growing vessels contai-
ning soil (10 plants per vessel) and cultivated in
phytotron chambers at 21-24 °C during the day
and 16-18 °C at night, under an extended photo-
period of 16 hours of daylight and 8 hours of
darkness, or outdoors under natural conditions.
During the growing season, the plants were
regularly watered as needed and fertilized with
a nitrophoska solution. Disease and pest con-
trol was also carried out. Seeds were collected
separately from each plant at all stages of RIL
creation, from F. to F.

Recombinant-inbred lines were created by
the sequential reseeding of hybrid combina-
tions using the SSD (single-seed descent) me-
thod. To achieve this, 150-270 seeds were se-
lected from the F, generation of each hybrid
population and sown to produce the F, genera-
tion. One seed was also sown from each F, plant
to obtain F, seeds, and so on. By the F, , gene-
ration, the plants are homozygous for most
genes. These plants form the basis of constant
lines that can be used for genetic analysis.

Total genomic DNA, suitable for PCR analy-
sis, was extracted from 100 mg of leaves from the
original parental genotypes and their progeny,
using the Cetavlon method according to protocol
[25]. The concentration and quality of the ex-
tracted DNA were determined using a Nanodrop
ND-1000 spectrophotometer (Thermo Fisher
Scientific, USA), according to the instructions.
Samples of the extracted DNA were stored in a
refrigerator at +4 °C throughout the study [25].

PCR analysis of DNA samples from barley
genotypes was performed at the following mi-
crosatellite  loci: Bmag812, Bmag0222,
Bmag0223, Bmag0323, Bmac0337, Bmag0760,
LOXC, GBM1166, GBM1227, GMSO061,
UMB702, Bmag0357 and Bmag0387 [26, 27].
These microsatellite loci were selected based on
information from previous barley studies [26,
27], particularly those localized on the 5H chro-
mosome containing the frost resistance QTL,
primarily in the region of the main Fr-HI and
Fr-H2 genes. Alleles of the 5H chromosome micro-
satellites can potentially contribute to frost
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resistance in barley genotypes. Where availab-
le, information on the quality of PCR products,
the level of polymorphism (PIC, or Polymorphic
Information Content) and genetic diversity was
also taken into account.

PCR amplification was performed using a
C1000 Touch thermocycler (Bio-Rad, USA).
Commercial PCR reagents/kits (Thermo Fisher
Scientific, USA) were used to prepare the PCR
mixture: Taq DNA polymerase PCR buffer (10x)
[200 mM Tris-HCI (pH 8.4), 500 mM KCl1], MgCl,
(50 mM), Dream Taq DNA polymerase (5 U/ul),
dNTP mix (10 mM each), Tween-20 (Serva, Ger-
many) and oligonucleotides (Metabion, Germa-
ny). The PCR reaction mixture (1X) in a volume
of 25 pL contained: 50 mM KCI, 20 mM Tris-HC1
(pH 8.4), 2 mM MgCl,, 0.01% Tween 20, 0.2 mM
each of dNTPs (deoxynucleoside triphosphates),
0.25 uM each of a pair of oligonucleotide primers,
50 ng of DNA and 0.5 units of Taq polymerase.

Each microsatellite region was amplified us-
ing specific primer pairs of oligonucleotide
primers. The sequences of these primers and
the PCR amplification conditions were de-
scribed previously [26, 27].

The products of the PCR amplification reac-
tion were separated by electrophoresis using
4% agarose and 10% PAGE gels in 1x TCE. To
visualize the PCR-amplified DNA products in
the agarose gels, an aqueous solution of ethidi-
um bromide, an intercalating dye, was used at
a final concentration of 0.5 pg/ml. This forms a
stable compound with the DNA fragments that
appear as bands when the gel is irradiated with
UV light. To visualize the PCR products in the
PAGE gel, a silver staining procedure was per-
formed [25].

The Gel Doc XR+ visualisation system (Bio-
Rad, USA) was used to document the electro-
phoretic distribution of PCR products in gels.
The digitized gels were processed using Ima-
geLab software, which is designed for basic and
advanced image analysis. The size of the PCR
products was determined relative to the 50 bp
and/or 100 bp DNA Ladder molecular weight
markers (Fermentas/Thermo Fisher Scientific,
USA), which contain fragments of known sizes
in bp covering the range of microsatellite locus
allele sizes (100—400 bp).

The correspondence between the data ob-
tained on the allele cleavage of polymorphic mi-
crosatellite (MS) loci in the F, population and
the theoretically expected data was calculated
using the chi-squared (y?) statistical method.

Research results

The success of genetic analysis depends on the
genetic polymorphism of the trait under consid-
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eration [15]. Therefore, winter barley varieties
‘Akademichny?’, ‘Luran’, ‘Khutorok’ and fa-
cultative barley varieties ‘Grabe’, ‘Timofey’,
‘Snihova Koroleva’, which differed significantly in
terms of frost resistance, were used as parental
components for the initial crossing to create RILs
[28]. ‘Akademichnyi’ has a high level of frost re-
sistance, ‘Khutorok’ and ‘Timofey’ have an above-
average level, ‘Grabe’ and ‘Snihova Koroleva’
have a below-average level, and ‘Luran’ has a low
level. Since winter and facultative barley varie-
ties form frost resistance through different physi-
ological mechanisms [13], three crossing combi-
nations were used to create RILs: ‘Akademichnyi’
/ ‘Luran’ (winter / winter), ‘Timofey’ / ‘Snihova
Koroleva’ (facultative / facultative) and ‘Hutorok’
/ ‘Grabe’ (winter / facultative). In the first two
combinations of crossings, the effects of alleles of
genes/loci for resistance to low temperatures can
be determined against the background of winter
or alternative development, respectively. In the
third combination, the differences in the varieties’
developmental types are taken into account.

As aresult ofimplementing the above scheme
(see Materials and Methods), a set of 265 re-
combinant-inbred F, lines from the cross
‘Khutorok’ / ‘Grabe’ was created, and the crea-
tion of RILs from the crosses ‘Akademichnii’ /
‘Luran’ (170 F, lines) and ‘Timofey’ / ‘Snihova
Koroleva’ (145 F, lines) is ongoing. The main
condition for creating RILs is to minimize the
effect of selection for the trait under study as
much as possible [29]. To avoid the effects of
negative temperature on the reproduction of
RIL generations, F,_, plants of the ‘Khutorok’ /
‘Grabe’ cross combination were grown in light
chambers in the phytotron greenhouse (two
generations per year). Plants F_ of the ‘Aka-
demichnyi’ / ‘Luran’ cross combination and F,
of the ‘Timofey’ / ‘Snihova Koroleva’ cross com-
bination were grown on the vegetation site du-
ring spring planting with spring sprouts.

In parallel with creating the RIL sets, we
evaluated the polymorphism of the parental
genotypes at 14 microsatellite loci (Bmag812,
Bmag0222, Bmag0223, Bmag0323, Bmac0337,
Bmag0760, LOXC, GBM1166, GBM1227,
GMS061, UMB702, Bmag0357, Bmag0387 and
Bmag0113a). These loci are located on chromo-
some 5H [26, 27], including in the area of the
frost resistance QTL, particularly the main
Fr-H1 and Fr-H2 genes [30]. The presence of
polymorphism enables us to estimate the contri-
bution of allelic differences at the studied micro-
satellite loci to the population of recombinant-
inbred barley lines’ overall frost resistance.

Of the microsatellite loci studied, nine out of
14 were found to be non-polymorphic. A 280 bp
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allele was detected at the UMB702 locus in all
six genotypes studied, as well as a 165 bp allele
at the GBM1166 locus, a 123 bp allele at the
Bmag0387locus,al145bpalleleatthe Bmag0357
locus and 300/310 bp alleles at the GBM 1227
locus. 190 bp and 153 bp alleles were detected
at the Bmag812 and Bmag0113a loci, respec-
tively. A 130 bp allele was detected at the
Bmag0337 locus, and a 182 bp allele at the
LOXC locus.

At the same time, microsatellite analysis of
lociBmag0223, Bmag0760, Bmag0222, GMS061
and Bmag0323 revealed polymorphisms in one
or more crossing combinations between paren-
tal varieties. These polymorphic regions pro-
vide an opportunity to manipulate genetic di-
versity. For instance, allelic polymorphism be-
tween the parents was detected at the micro-
satellite locus Bmag0223 in the initial geno-
types of the ‘Akademichny?’ / ‘Luran’ combina-
tion. The parental genotype ‘Akademichnyi’ had
a 160 bp allele, while the second parental geno-
type of this combination, ‘Luran’, had a 150 bp
allele (Fig. 1B).

— —
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Fig. 1. Electrophoregram of DNA amplification products
of the original barley parental genotypes
at the microsatellite loci of chromosome 5H:

A - Bmag0760; B - Bmag0223; 1-6 — varieties:
‘Akademichnyi’ (1), ‘Luran’ (2), ‘Snihova Koroleva’ (3),
‘Timofey’ (4), ‘Khutorok’ (5), ‘Grabe’ (6); M — 50 bp DNA
Ladder molecular weight marker, M1 — 100 bp DNA Ladder
molecular weight marker

At the Bmag0760 locus, the varieties ‘Aka-
demichnyi’ and ‘Luran’ had 110 bp and null al-
leles, respectively (Fig. 1A). At locus Bmag0222,
‘Akademichnyi’ exhibited genotypes with two
different allelic variants, measuring 155 bp and
160 bp respectively. Only the 155 bp allele was
detected in ‘Luran’. Both varieties were also
present at the GMS061 locus, with 145 bp and

140 bp alleles, respectively. At the Bmag0323
locus, the allelic difference between the paren-
tal genotypes of the ‘Akademichnyi’ / ‘Luran’
combination was not detected either. Both varie-
ties were heterogeneous, carrying two 148 bp
and two 165 bp alleles.

PCR analysis of two initial genotypes, ‘Timofey’
and ‘Snihova Koroleva’, revealed allelic polymor-
phism with the microsatellite marker Bmag0223
(160 and 170 bp alleles, respectively). Both pa-
rents exhibited heterogeneity at the Bmag0323
locus, with alleles of 148 bp and 160 bp.
Alleles of 150 bp at the Bmag0222 locus, 110 bp
at the Bmag0760 locus, and 145 bp at the
GMSO061 locus were also identified in both pa-
rental genotypes.

For the initial genotypes of the ‘Khutorok’ /
‘Grabe’ combination with the Bmag0223 micro-
satellite marker, a 127 bp allele was detected in
‘Khutorok’, and two allelic variants of 127 and
160 bp were detected in ‘Grabe’. No allelic dif-
ferences were found between the parental geno-
types ‘Khutorok’ and ‘Grabe’ at other microsa-
tellite loci. Both genotypes have the same allelic
variants: 160 bp at the Bmag0222 locus; 110 bp
at the Bmag0760 locus; 145 bp at the GMS061
locus; and 155/148 bp at the Bmag0323 locus.

The DNA of F, hybrids and individual plants
from the F, populations of certain crossing com-
binations was analyzed at the above polymor-
phic MS loci. Thus, at the Bmag0223 locus, the
presence of a combination of alleles of parental
genotypes of 160/170 bp was observed in the F,
hybrid plants ‘Timofey’ / ‘Snihova Koroleva’
(Table 1), as would be expected with codomi-
nant inheritance of a microsatellite marker. A
similar pattern was observed for F, hybrids re-
sulting from the cross between ‘Akademichnyi’ /
‘Luran’ with this microsatellite marker. Two
alleles of 150/160 bp from both initial genotypes
were detected in each of the studied F, plants.

One hundred and seventeen plants of the F,
population ‘Akademichnyi’ / ‘Luran’ were iden-
tified according to the alleles of the microsatel-
lite locus Bmag0223. The results of the analysis
revealed that a 160 bp microsatellite allele of
the Bmag0223 locus was present in 32 indivi-
dual plants, a trait inherited from the ‘Aka-
demichnyi’ parent (Fig. 2). A microsatellite

Table 1

Differences of parental varieties (P , P,) and genotypes of F_hybrids
at microsatellite loci Bmag0223, Bmag0760 and GMS061

Locus Crossbreed},ng %ombination P, P, F,
1 2
Bmag 0223 |‘Timofey” / 'Snihova Koroleva” | 160 170 [160/170
Bmag 0223 | ‘Akademichnyi’ / ‘Luran’ 160 150 |150/160
Bmag0760 |‘Akademichnyi’/‘Luran’ 110 n.a. 110
GMS061 ‘Akademichnyi’ / ‘Luran’ 140/145 | 140/145| 140
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allele of 150 bp was detected in the other 25
samples studied, which corresponds to the origi-
nal parental variety ‘Luran’. The heterozygous
state of the locus and the presence of two frag-
ments, one of 150 bp and one of 160 bp, which
are found in both original parental genotypes,
were detected in 60 out of 117 analysed plants.
When the two parental varieties differ in two
alleles of the same locus and codominant inhe-
ritance is observed in the F, generation, a 1:2:1
split should be observed. Thus, in F, ‘Aka-
demichnyi’/ ‘Luran’, in the DNA analysis of 117
individual plants, 29.25 homozygous plants

were theoretically expected to have the ‘Aka-
demichnyi’ allele in their genotype, 29.25 plants
to have the ‘Luran’ allele, and 58.5 heterozygo-
us plants to carry the alleles of both parents. The
actual cleavage at the Bmag0223 locus corres-
ponded to the theoretically expected ratio. The
¥ criterion was 0.99 with y* = 5.99 for df = 2.
The codominant nature of zﬁiele inheritance in
F., hybrids and the correspondence of the actual
cleavage to the theoretically expected ratio of
genotypes of the F, population makes it possible
to use the Bmag0223 marker locus in the analy-
sis of RILs in further studies.
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Fig. 2. Electrophoregram of DNA amplification products of F2 ‘Akademichnyi’ / ‘Luran’
plants at the Bmag0223 microsatellite locus:
1-27 - individual F, plants; 28 — ‘Akademichnyi’; 29 - ‘Luran’; Arrows indicate genotype variants.
M — 50 bp DNA Ladder molecular weight marker

According to PCR analysis of F, hybrids of
this crossing combination at the Bmag0760 lo-
cus, only the 110 bp allele inherent in the ‘Aka-
demichnyi’ variety was detected in all plants,
since the null allele (absence of a PCR frag-
ment) was noted for the ‘Luran’ variety at this
locus. To avoid false results, further use of
Bmag0760 should include checks for the pres-
ence of the null allele.

According to the results of the PCR analysis,
the 145 bp allele was detected in the F, hybrids

resulting from the cross ‘Akademichnyi’/ ‘Lu-
ran’, as well as in all the plants in the F, popula-
tion, using the GMS061 microsatellite marker
(Fig. 3). This indicates that individual plants of
parental genotypes with the same allele were
involved in the primary cross, taking into ac-
count the genetic heterogeneity detected in the
original varieties at this locus. As the same al-
lele was detected in all F, plants, further use of
this marker to analyze RlLs for allele effects is
not possible or informative.

M 12345678 910

12345 6 7 8 910111213141516171819 M1

A
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Fig. 3. Electrophoregram of PCR amplification products of DNA from F_ and F, hybrids
of the crossing combination ‘Akademichnyi’ / ‘Luran’ at the GMS061 locus:
A 1-10 - F, plants, M - 50 bp DNA ladder molecular weight marker; B 1-17 - individual F, plants,
18 - ‘Luran’; 19 - ‘Akademichnyi’; M 1 — 100 bp DNA ladder molecular weight marker

Conclusions

A set of 265 recombinant inbred F, lines was
created by crossing the ‘Khutorok’ and ‘Grabe’
varieties. The creation of RILs from crosses be-
tween ‘Akademichnyi’ and ‘Luran’ (170 F, lines)
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and ‘Timofey’ and “Snihova Koroleva’ (145 F,
lines) is ongoing. Allelic differences were re-
vealed at five microsatellite loci (Bmag0223,
Bmag0760,Bmag0222,GMS061and Bmag0323)
between the parental varieties in one or more
crossing combinations. The codominant nature
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of allele inheritance in F, hybrids, and the fact
that the actual cleavage corresponds to the theo-
retically expected ratio of genotypes in the F,
population, means that the Bmag0223 marker
locus can be used to identify RIL genotypes ob-
tained from crossing the ‘Khutorok’ and ‘Grabe’
varieties, or the ‘Akademichnyi’ and ‘Luran’ va-
rieties, and to study the effects of alleles at this
locus on frost resistance. However, the presence
of intra-varietal variation at the Bmag0222 and
Bmag0223 loci, or a null allele at the Bmag0760
locus, in the parental genotypes complicates
the evaluation and interpretation of the results,
and precludes the use of such markers to iden-
tify RIL genotypes created using the ‘Aka-
demichny?’, ‘Grabe’ and ‘Luran’ varieties.

References

1. Karsai, I., Hayes, P. M., Kling, J., Matus, I. A., Mészéros, K., Lang, L.,
Bedd, Z., & Sato, K. (2004). Genetic variation in component
traits of heading date in Hordeum vulgare subsp. spontaneum
accessions characterized in controlled environments. Crop
Science, 44(5), 1622-1632. https://doi.org/10.2135/crop-
sci2004.1622

2. von Zitzewitz, J., Sziics, P., Dubcovsky, J., Yan, L., Francia, E.,
Pecchioni, N., Casas, A., Chen, T. H. H., Hayes, P. M., & Skinner, J. S.
(2005). Molecular and structural characterization of barley
vernalization genes. Plant Molecular Biology, 59(3), 449-467.
https://doi.org/10.1007/s11103-005-0351-2

3. Stelmakh, A. F.,, Balvinska, M. S., Fayt, V. 1., & Zacharova, 0. 0.
(2017). Evaluation of systems regulating initial development
rate in barley (Hordeum vulgare L.) of autumn sowing. Collected
Scientific Articles Plant Breeding and Genetics Institute — Na-
tional Center of Seed and Cultivars Investigation, 29, 50-59.
[In Ukrainian]

4. Linchevs'kyj, A., & Legkun, I. (2020). A new attitude to barley
culture and selection in the conditions of climate change. Bul-
letin of Agricultural Science, 98(9), 34-42. https://doi.org/
10.31073/agrovisnyk202009-05 [In Ukrainian]

5. Demydoy, 0. A., Hudzenko, V. M., & Vasylkivskyi, S. P. (2016).
Impact of weather conditions during the growing season on
winter barley yield in the Forest-Steppe zone of Ukraine. Plant
Varieties Studying and Protection, 4, 39-43. https://doi.org/
10.21498/2518-1017.4(33).2016.88670 [In Ukrainian]

6. Visioni, A., Tondelli, A., Francia, E., Pswarayi, A., Malosetti, M.,
Russell, J., Thomas, W., Waugh, R., Pecchioni, N., Romagosa, I.,
& Comadran, J. (2013). Genome-wide association mapping of
frost tolerance in barley (Hordeum vulgare L.). BMC Genomics,
14(1), Article 424. https://doi.org/10.1186/1471-2164-14-424

7. Ahres, M., Gierczik, K., Boldizséar, A., Vitamvas, P., & Galiba, G.
(2020). Temperature and light-quality-dependent regulation
of freezing tolerance in barley. Plants, 9(1), Article 83. https://
doi.org/10.3390/plants9010083

8. Zavalypich, N. 0. (2019). Features of wintering of winter barley
plants, depending on the timing of sowing in the Northern
Steppe of Ukraine. Grain Crops, 3(2), 312-317. https://doi.org/
10.31867/2523-4544/0091

9. Petcu, E., Perbea, M., Dupa, Z., & Ionescu, D. (2000). Study on
the relationship between frost resistance and free proline con-
tent in some winter wheat and barley genotypes. Romanian
Agricultural Research, 13-14, 37-41.

10.Gut, M., Bichonski, A., & Wegrzyn, S. (2004). Heritability, vari-

ation and relationship between frost resistance of winter
barley and some of its characters. Electronic Journal of Polish
Agricultural Universities, 7(1), Article 02. http://www.ejpau.
media.pl/volume7/issuel/agronomy/art-02.html

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Liang, X., Hu, G., McDougall, L., Werth, J., Yang, R., Yang, J.,
Evans, C., & Satterfield, K. (2024). Small stomates and xylem
vessels associated with freeze tolerance in winter barley.
Journal of Agronomy and Crop Science, 210(4), Article e12737.
https://doi.org/10.1111/jac.12737

Linchevskyi, A. A., Legkun, I. B., Babash, A. B., & Shcherby-
na, Z. V. (2017). Priorities of barley (Hordeum vulgare L.)
breeding for modern conditions of grain production in
Ukraine. Collected Scientific Articles Plant Breeding and Gene-
tics Institute — National Center of Seed and Cultivars Investiga-
tion, 30, 23-39. [In Ukrainian]

Yarmolska, O. Ye., Feoktistov, P. 0., & Gavriloy, S. V. (2022).
Formation of frost resistance of barley plants with different
types of rosettes during hardening on different photoperiods.
Agrarian Innovations, 13, 167-172 https://doi.org/10.32848/
agrar.innov.2022.13.25 [In Ukrainian]

Kato, K. (1992). Ecological and genetic studies on heading
time and its constituent traits in wheat. Memoirs of the Fa-
culty of the Agriculture, Kochi University, 39, 1-58.
Ternovskaya, T. K., & Vdovichenko, Zh. V. (2003). Dependence
of genetic analysis results in self-pollinating cereal species
on the nature of the mapping population. Cytology and Gene-
tics, 3, 67-79.

Rollins, J. A., Drosse, B., Mulki, M. A., Grando, S., Baum, M.,
Singh, M., Ceccarelli, S., & von Korff, M. (2013). Variation at
the vernalisation genes Vrn-H1 and Vrn-H2 determines growth
and yield stability in barley (Hordeum vulgare) grown under
dryland conditions in Syria. Theoretical and Applied Genetics,
126(11), 2803-2824. https://doi.org/10.1007/500122-013-
2173-y

Saisho, D., Ishii, M., Hori, K., & Sato, K. (2011). Natural vari-
ation of barley vernalization requirements: implication of
quantitative variation of winter growth habit as an adaptive
trait in East Asia. Plant and Cell Physiology, 52(5), 775-784.
https://doi.org/10.1093/pcp/pcr046

Shahinnia, F., Rezai, A., Sayed-Tabatabaei, B. E., Komatsuda, T.,
& Mohammadi, S. A. (2006). QTL mapping of heading date and
plant height in barley cross “Azumamugi” x “Kanto Nakate
Gold”. Iranian Journal of Biotechnology, 4(2), 88-94. https://
www.ijbiotech.com/article_6982.html

Mikotajczak, K., Ogrodowicz, P., Gudys$, K., Krystkowiak, K.,
Sawikowska, A., Frohmberg, W., Gérny, A., Kedziora, A., Jankowi-
ak, J., Jozefczyk, D., Karg, G., Andrusiak, J., Krajewski, P.,
Szarejko, I., Surma, M., Adamski, T., Guzy-Wrdbelska, J., &
Kuczynska, A. (2016). Quantitative trait loci for yield and yield-
related traits in spring barley populations derived from crosses
between European and Syrian cultivars. PLOS ONE, 11(5), Artic-
le e0155938. https://doi.org/10.1371/journal.pone.0155938
Ogrodowicz, P., Kuczynska, A., Mikotajczak, K., Adamski, T.,
Surma, M., Krajewski, P., Cwiek-Kupczynska, H., Kempa, M., Ro-
kicki, M., & Jasinska, D. (2020). Mapping of quantitative trait
loci for traits linked to fusarium head blight in barley. PLOS
ONE, 15(2), Article e0222375. https://doi.org/10.1371/jour-
nal.pone.0222375

Ajayi, 0. 0., Bregitzer, P., Klos, K., Hu, G., Walling, J. G., & Ma-
halingam, R. (2023). QTL mapping of shoot and seed traits im-
pacted by drought in barley using a recombinant inbred line
population. BMC Plant Biology, 23(1), Article 283. https://doi.
0rg/10.1186/s12870-023-04292-x

Mikotajczak, K., Ogrodowicz, P., Cwiek-Kupczynska, H., Wei-
gelt- Fischer, K., Mothukuri, S. R., Junker, A., Altmann, T.,
Krystkowiak, K., Adamski, T., Surma, M., Kuczynska, A., & Kra-
jewski, P. (2020). Image phenotyping of spring barley (Hor-
deum vulgare L.) RIL population under drought: selection of
traits and biological interpretation. Frontiers in Plant Science,
11, Article 743. https://doi.org/10.3389/fpls.2020.00743
Cabeza, A., Casas, A. M., Pérez-Torres, A., Giudad, F. J., & Igar-
tua, E. (2025). Root system architecture in a barley RIL
population: Agronomic effects of seedling and adult root

ISSN 2518-1017 PLANT VARIETIES STUDYING AND PROTECTION, 2025, Vou. 21, No 2 123



leHemuka

traits. Field Crops Research, 324, Article 109806. https://doi.
org/10.1016/j.fcr.2025.109806

24. Bregitzer, P., Ajayi, 0., Gao, D., Esvelt Klos, K., & Mahalingam, R.
(2023). Registration of Golden Promise/Otis barley recombi-
nant inbred line mapping population. Journal of Plant Regis-
trations, 18(1), 197-203. https://doi.org/10.1002/plr2.20337

25. Balvinska, M. S., Volkova, N. E., Kolesnyk, 0. 0., Solodenko, A. Ye.,
& Chebotar, S. V. (2015). Differentiation, Identification, De-
termination of Typicity and Hybrid Status of Agricultural Crops
by DNA Profiling: Methodical Recommendations. Astroprynt.
[In Ukrainian]

26. Varshney, R. K., Marcel, T. C., Ramsay, L., Russell, J., Réder, M. S.,
Stein, N., Waugh, R., Langridge, P., Niks, R. E., & Graner, A.
(2007). A high density barley microsatellite consensus map
with 775 SSR loci. Theoretical and Applied Genetics, 114(6),
1091-1103. https://doi.org/10.1007/500122-007-0503-7

27. Hearnden, P. R., Eckermann, P. J., McMichael, G. L., Hayden,
M. J., Eglinton, J. K., & Chalmers, K. J. (2007). A genetic map

YIIK 633.16 [“321:324"+"324"]:575.162

of 1,000 SSR and DArT markers in a wide barley cross. Theo-
retical and Applied Genetics, 115(3), 383-391. https://doi.org/
10.1007/s00122-007-0572-7

28. Balvinska, M. S., Naguliak, 0. I., & Fayt, V. I. (2020). Poly-
morphism and selection of barley frost-resistant genotypes
of autumn-sown barley by DNA markers of chromosome 5H.
The Bulletin of Kharkiv National Agrarian University. Series
Biology, 3, 87-97. https://doi.org/10.35550/vbi02020.03.087
[In Ukrainian]

29. Stelmakh, A. F., Fait, V. I., & Pohrebniuk, 0. 0. (2009). Develop-
ment of recombinant inbred line sets in winter bread wheat.
Collected Scientific Articles Plant Breeding and Genetics Insti-
tute — National Center of Seed and Cultivars Investigation, 14,
9-18. [In Ukrainian]

30. Rapacz, M., Tyrka, M., Gut, M., & Mikulski, W. (2010). Associa-
tions of PCR markers with freezing tolerance and photosyn-
thetic acclimation to cold in winter barley. Euphytica, 175(3),
293-301. https://doi.org/10.1007/s10681-010-0127-x

®ant B. I.*, banbBiHcbKa M. C., ®eokTicTos . 0., laBpunos C. B., Pepopora B. P. (TBopeHHs BUXigHOTO
maTtepiany Ana MapKyBaHHs Ta kapTyBaHHA QTL mopo3ocTiitkocTi o3umoro aumenio. Plant Varieties Studying and
Protection. 2025. T. 21, Ne 2. C. ---. https://doi.org/10.21498/2518-1017.21.2.2025.333451

CenekyiliHo-eeHemuyHul iHcmumym — HayioHansHull yeHmp HaciHHE3HaBCMBaa ma copmosusyerHs, 08idiononbcska dopoeaa, 3, M. 0deca,

65036, Ykpaina, *e-mail: faygen@ukr.net

Meta. CTBOpUTM Habopu peKoMOGiHAHTHO-IHOPeAHMX Ni-
HiM gns MapKyBaHHA Ta KapTyBaHHs QTL mopo3ocTiitkocTi
o3uMmoro symeHwo. Metoau. i6puan3saLis, WTyYHa ApoOBU-
3alis, BMPOLLYBAHHA POCAWH B YMOBAX MOLOBXEHOMO [HS
CBiTNMX Kamep ¢iTOTpoHa Ta Ha BereTaLilHOMy ManpjaHuu-
Ky 33 npupogaHoi TpuBanocti aHs, BugineHHs OHK 3a pono-
moroto LITAB-6ydepa, cnekTpodoTOMETpUYHE BU3HAYEHHS
KoHueHTpauii JHK, nonimepasHa naHutorosa peakuis 3 Ha-
npaBneHMMK npaitmepamu, enekTpoopes B arapo3HoMmy Ta
noniakpunamigHoMmy rensx, METOA MaTeMaTUYHOT CTAaTUCTUKN
xi-kBagpart (y?). Pesynbratu. Metogom HOH (SSD) - Hawag-
Ku ofjHiei HaciHuHK (single seed descent) — 3 MakcMManbHUM
VHUKHEHHsAM Aii Lo60opy CTBOpeHo Habip 3 265 pekoMbiHaHT-
HO-iHOpeaHux NiHii F, kombiHauii cxpeutysaHHsa copTis ‘Xy-
Topok' / ‘Grabe’, o pi3HATbCA 3a piBHEM MOPO30CTINKOCTI,
TUMOM PO3BUTKY Ta iHWMMMW O3HaKaMu. TPMBAE CTBOPEHHS
peKoMbiHaHTHO-1HOpeaHNUX NiHill Bif CXpelyyBaHHs COpTIB
‘Akapemiynmit’ / ‘Luran’ (170 niniit F,) i ‘Tumodpeir” / ‘CHirosa
koponesa’ (145 niwiit F.). OuineHo nonimopdhism 6aTbkis-
CbKMX FeHOTUMIB 3a 14 MiKpocaTeniTHUMM NOKYCaMu XpoMo-
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comu 5H, 30kpema flokanizoBaHux B 061aCTi K/OYOBUX reHiB
QTL mopos3ocriiikocTi Fr-H1 i Fr-H2. BusiBneHo anenbHi BigMiH-
HOCTi MiX 6aTbKiBCbKMMW COPTaMU B [IEKiNbKOX KOMGiHaLisX
CXpeluyBaHHsA 3a HU3KOK NpoaHasi3oBaHWUX MiKpoCaTeNiTHUX
NoKyciB. [locnigxeHo XapaKkTep ycnafikyBaHHs anenis nosi-
mopdHux MC-nokycis y ri6puais F Tpbox KomGiHauii cxpe-
WyBaHHA Ta pocinH nonynsauii F, ‘Axkagemiunni’ / ‘Luran’.
BucHoBKM. CTBOpeHi peKoMGiHaHTHO-IHOpeaHi niHii npupar-
Hi ONf BUKOPUCTAHHS Y TEHETUYHMUX LOCNIAKEHHAX 3 METOI
ineHTUdikauii, MapKyBaHHs, KapTyBaHHSA FONOBHUX TeHiB Ta
QTL siKicHUMX 1 KiIbKiCHMX 03HAK AYMEHI0, NepeflyciMm MOpo30C-
TilKocTi. Bu3HaueHo nonimopdHi MikpocaTeniTHi JIOKyCH, L0
MOXyYTb OYTM 3aCTOCOBAHI ANA NOJANbLIOrO aHaNi3y nonynsLii
PEKOMOIHAHTHO-THOPEAHMX NiHiil, MAHINYNOBAHHA reHeTUY-
HUM Pi3HOMAHITTAM, MPOCTEXEHHS YCNAAKYBaHHSA, BU3HAYEH-
Hs eteKTiB ixHix anenis abo reHis, TICHO 34enieHunx 3 HUMM 3a
piBHEM MOPO30CTINKOCTI, Ta THWMX 03HAK AYMEHIO.

Kntouosi cnosa: Hordeum vulgare L.; pekombiHaHmHo-
iHOpeOHi niHii; mikpocamenimHi nokycu; 1/IP-aHanis; mopo-
3o0cmilikicme.
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