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ABSTRACT

The aim of the present study was to use REML/BLUP-based procedures in order to estimate variance components
and genetic parameters and to determine correlations between grain yield and yield-related traits of winter barley
varieties. Studied genotypes were grown in two seasons characterized by different levels of water deficit (precipitation
sum was less by 15% in the first growing year and 36% in the second growing year than the long-term precipitation
sum). A reduction was observed in all studied yield-related traits, with grain yield in the second year being more than
70% lower than that measured in the first growing year. Lower values of broad-sense heritability in the second growing
year for the traits number of spikelets and grains per spike, grain weight per spike, and grain yield were found suggesting
that the direct selection of these traits under drought stress conditions will be less effective. Varieties ranking based
on the FAI-BLUP index strongly varied across growing seasons, but in both years variety Bojin was selected as a high-
performing variety for multiple traits. Considerable differences were observed in the magnitude and directions of
correlations between grain yield and yield-related traits between two growing seasons. These findings, in the context of
the increasing frequency and duration of drought stress in the region, suggest a longer period of multi-year testing and
complicate the process of selection in breeding programs of winter barley.
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PE3IOME

LlenTta Ha HacCTOALLOTO U3CNEABAHE € [la CE OLEHAT KOMMNOHEHTUTE Ha BapuaHca U MreHETUYHUTE NapaMeTpu KaTo
ce M3nos3BaT npoueaypu, 6asmpann Ha REML/BLUP n ga ce onpenenst KopenaummTe Mexxay A00MBa Ha 3bpPHO U
CBbp3aHMTE ¢ A06MBA NPU3HALM NPU COPTOBE 3MMEH edeMUK. V3cneaBaHnTe reHOTUMNOBE Ce OTI/IeAaHU B ABa CE30Ha,
XapaKTepusMpaLly ce C pas/IMiHU HUBA Ha BoAeH AedbuuuT (CymaTa Ha BasexuTe e no-masnka ¢ 15% npes nbpeaTa
rogvHa u ¢ 36% npes BTopaTa rofivHa B CPaBHEHME C AbJIFOCPOYHATA CyMa Ha BanexkuTe). OTYETEHO e MOHMMKEHME Ha
CTOMHOCTUTE Ha BCUYKM MPOYYBaHWU NMpPU3HALM CBbP3aHKN C A,06MBa, KaTO AOOMBBT Ha 3bPHO e ¢ Hag 70% No-HUCHK OT
TO3W, OTYETEH MNpPE3 MbpBaTa roAMHa. YCTAaHOBEHM Ca MO-HUCKU CTOMHOCTU Ha Hac/eAseMOCT B LUMPOK CMUCH/T Npes
BTOpaTa PeKoJITHa roAmMHa 3a NpU3HauuTe 6pPoi KnacyeTa M 3bpHa B K/1ac, TEM10 Ha 3bPHOTO OT KJlac U A06MB Ha 3bPHO,
KOEeTO npeanonara, 4e AMPEKTHUSA 0TOOP Ha Te3M NPU3HALM NPU YCIOBUS HA BOAEH CTPeC Lie Obe No-Masiko epeKkTUBHA.
KnacmpaHeTo Ha copToBeTe Bb3 ocHoBa Ha FAI-BLUP nHaekca Bapupa CMAHO MexKay roAMHUTE Ha OTI/1eXaaHe, HO U
npes ABeTe roAnHM copTbT BoXKMH e M36paH KaTo CopT, OT/IMYaBaLl, Ce C MHOro A06po cbyeTaHMe Ha MpoyyBaHUTE
npusHauy. OTYyeTeHM ca 3HAYMTEIHU Pa3/IMKU B Be/IMYMHATA M MOCOKaTa Ha KopenaummMte Mexxay Ao6MBa Ha 3bpHO
M CBbp3aHUTe C A00MBa NMpu3HaUM B ABETE PEKO/ITHU roAMHU. Te3n AaHHW, B KOHTEKCTa Ha HapacTBalllaTa 4yecToTa
M NPOAB/MKUTENHOCT Ha NeEpUoAMTE CbC 3acCylllaBaHe B perMoHa, npeanosiarat no-Abablr Nepuos Ha MHOroroAULLIHO
TeCcTBaHe U YC/IOXKHSBAT 0TOOpa B CENIEKUNOHHUTE NPOrpaMu Ha 3UMHUS e4eMUK.

Knrouosu gymm: edemnk, REML/BLUP meTogonorus, FAI-BLUP nHaekc, kopenaunoHeH aHasms, BOAEH CTpec
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INTRODUCTION

Barley is one of the major cereal crops cultivated in
Bulgaria. It is primarily used for animal feed and serves as
an essential ingredient in the brewing industry. Breeding
efforts have focused on improving yield potential, disease
resistance, drought tolerance, and quality traits such as
protein content, grain size, and malting characteristics
(Mihova et al., 2018).

Currently, in most barley breeding programs, parent
and advanced lines are selected based on phenotype. The
phenotype expression is determined by the combined
effects of genotype, environment, and their interaction.
The genotype by environmental interaction across
location, growing seasons and crop management has often
complicated testing and selection of superior genotypes,

reducing genetic progress in breeding programs.

The climatic variables that most affect barley yields
are temperature and rainfall. These two factors also
play a primary role in the occurrence of genotype by
environment interaction (Voltas et al., 2002). In Bulgaria,
because barley is cultivated exclusively in rain-fed
conditions, irregular water supply, and high temperatures
often occur during its vegetation. The combination of
drought and heat stress negatively affects barley grain
yield, and it is a major production constraint for barley
production in the country. Frequent and unpredictable
periods of water deficit complicate and reduce the
efficiency of selection conducted under these conditions.
Generally, direct selection for grain yield under stress was
considered to be inefficient because it was thought that
the heritability of grain yield under drought stress was low
relative to yield in non-stress environments (Blum, 1988).

The need for robust and accurate approaches for
the prediction of genotypic values and improvement of
selection efficiency is making mixed models more and
more popularin plant breeding programs (Balzarini, 2002).
One of the most used selection procedures includes
estimating variance components (i.e., restricted maximum
likelihood - REML) and predicting genotypic values (i.e.,
best linear unbiased prediction - BLUP) (Piepho et al,,
2008; Bernardo, 2020). REML/BLUP-based approaches

are the better choice in case of the non-additive nature of
traits and unbalanced data, both often occurring in plant
breeding experiments as compared to ANOVA-based
procedures (Hu, 2015).

In barley, these methods were effective in assessing
the genetic value of traits of 492 accession at Gatersleben
genebank (Hartung at al., 2006). The BLUP techniques
were used for the evaluation of the genotype-by-
environment interactions under multi-environment trials
and the selection of stable barley genotypes (Ahakpaz et
al., 2021; Verma et al., 2022). Statistical methods based
on BLUP also has applied for the analysis of the data for
genomic selection (Zhong et al., 2009).

The aim of this study was to use REML/BLUP-based
procedures in order to estimate variance components
and genetic parameters, and to determine correlations
between grainyield andyield-related traits of winter barley
varieties grown in two growing seasons characterized by

different levels of drought stress.

MATERIAL AND METHODS

Seventeen six-rowed varieties of winter barley were
used in this study. Varieties Bojin, I1Z Bori, Izgrev, Vaslets,
and Zemela are developed at the Institute of Agriculture
- Karnobat, Bulgaria. Varieties Casino (“KWS”), Giga
(“KWS”), and Paso (“Limagrain”) were grown commercially
in Bulgaria. The rest 9 varieties originate from different
European countries: Attiki and Banteng - France;
Colonia, Monika, and Dea - Germany; Noveta and Videt
- Netherlands; Hampus - Sweden; Brucker Vielzeilige -

Austria.

The study was conducted during the period of
two concessive years 2018/2019 and 2019/2020 in
the experimental field of the Institute of Agriculture -
Karnobat, Southeastern Bulgaria (42°39' N, 26°59' E).
The soil of the experimental field was slightly acidic (pH
is 6.2) Pellic Vertisol. The experiments were organized in
a Complete Block Design with 4 replications on plots of
10 m? with a sowing rate of 450 seeds/m?2 During the
growing seasons, standard plant protection practices

were used.
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The climate of the region is transitional continental
characterized by mild winter and dry and hot summer.
data the
experimental period (Tables 1 and 2). The average

Meteorological were recorded during
temperatures for most of the months during both
growing seasons were higher than those for the long-
term period. In both years, there were no extremely low
winter temperatures that could cause damage to barley

(Table 1).

The weather data was collected at the meteorological
station of the National Institute of Meteorology and
Hydrology located at the Institute of Agriculture -
Karnobat. The sum of precipitation for the 2018/2019
growing season was 73.0 mm lower than the long-term
sum (Table 2). During barley vegetation in 2019/2020,
the precipitations were exceptionally low (64% from the
long-term sum) and plant development took place under
drought stress most of the time.

The traits plant height (PH, cm), spike length (SL, cm),
number of spikelets per spike (NSS), number of grains
per spike (NGS), and grain weight per spike (SW, g)
were measured on 20 randomly selected plants in each

replication of each variety. The number of spikes per
m? (SPM) was determined by courting of spikes before
harvest in 0.25 m? area from the middle of plots and
converted to 1 m2 Grain yield (GY, t/ha) and 1000-grain
weight (TGW, g) were determined on a plot basis.

All statistical analyses were carried out using the R
package “metan” (Olivoto and Lucio, 2020). The function
for analyzing single experiments (one-way experiments)
using a mixed-effect model based on the following
equation was used:

V=Mt QT e,

where Y is the value observed for the it" genotype in the
jth replicate (i=1, 2, ..g;j=1, 2, .. r); being g and r the
number of genotypes and replicates, respectively; a.is the
random effect of the ith genotype; T, is the fixed effect of
the j* replicate; and g is the random error associated to
Y

A likelihood ratio test for the genotype effect was
performed. Variance components and genetic parameters
of studied traits were calculated. Pearson’s correlation
coefficients were used to study the relationships between
grain yield and yield-related traits in each growing season.

Table 1. Average monthly temperature, absolute maximum and minimum temperatures during winter barley cultivation period in

2018/2019 and 2019/2020 growing years

2018/2019 2019/2020
Months LTT, °C
T, °C T min, °C T max, °C T, °C T min, °C T max, °C
X 14.0 1.5 23.6 14.5 4.0 30.0 12.5
Xi 7.4 -6.5 21.0 12.4 2.0 245 7.1
Xl 24 -9.5 13.0 4.7 -5.0 18.6 2.6
| 2.5 -11.0 14.8 25 -8.2 14.5 0.6
Il 4.3 -7.0 19.5 57 -7.0 19.0 2.2
1 8.6 -5.0 235 8.2 -4.6 224 5.3
v 10.3 0.2 254 104 -1.0 27.0 10.5
\Y, 17.1 5.5 30.5 16.2 4.5 34.2 15.6
\ 22.6 11.5 34.0 20.7 8.0 34.5 19.6
W 229 15.5 36.6 24.0 120 375 22.0

T - average monthly air temperature; T min and T max - absolute minimum and maximum air temperature; LTT - long-term average monthly air

temperature (1931-2020)
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Table 2. Monthly sum of precipitation during the winter bar-
ley cultivation period in 2018/2019 and 2019/2020 growing
years

2018/2019 2019/2020 LTP

Months ’
Pmm £LTP,mm P,mm *LTP, mm mm

X 154 -28.9 21.6 -22.7 44.3
Xl 68.3 14.6 53.4 0.3 53.7
Xl 27.3 -23.9 8.0 -43.2 51.2
| 38.9 24 13.1 -23.4 36.5
Il 15.6 -20.2 33.0 -2.8 35.8
[ 8.9 -25.2 29.6 -4.5 34.1
\% 52.9 7.6 19.5 -25.8 45.3
\Y 44.9 -13.6 54.3 -4.2 58.5
\ 95.6 30.4 71.9 6.7 65.2
VI 33.7 -16.2 0.1 -49.8 49.9
Sum 401.5 -73.0 304.5 -170.0 474.5

P - the monthly sum of precipitation; LTP- the long-term monthly sum
of precipitation (1931-2020)

The factor analysis and ideotype-design (FAI-BLUP)
index were calculated for the ranking of the genotypes
based on multi-trait (Rocha et al., 2018). A selection
intensity of 15 % was considered. The FAI-BLUP index
was established based on GY and the following grain yield
components: SPM, SW, and TGW. The ideotype used in
the FAI-BLUP index for included traits was defined as the
highest value among the predicted genetic values in both
growing seasons.

RESULTS AND DISCUSSION

Variance components and genetic parameters

The estimates of the variance components, genetic
parameters, and mean values for the 2018/2019 growing
year are shown in Table 3 and for the 2019/2020 growing
year in Table 4. A considerable decrease in mean values
of all studied traits as a result of drought stress in the
second year was observed. The highest reduction was
found for grain yield (70.33%), followed by plant height
(58.45%) and grain weight per spike (47.99%).

Nevertheless, barley is regarded as one of the most
tolerant cereal crops to drought, water deficit is the
primary limitation to barley growth, development,
and productivity in many parts of the world, including
Bulgaria. Usually, drought stress is combined with
high temperatures. Simultaneous heat and drought
stress initiate various processes like a decreased rate
of photosynthesis coupled with abnormal respiration,
closed stomata, and high leaf temperature all these
events result in reduced crop yield (Mittler, 2006). The
distribution of precipitation during the vegetation period
is another major factor that affects grain yields. Drought
stress during tillering or stem elongation reduces the
number of grains per spike (Ferrante et al., 2008) while
water deficit during the grain-filling period decreases
grain weight (Rajala et al., 2011). Heat and drought stress
at anthesis can reduce grain number per unit area due to
lower fertilization caused by pollen sterility and/or ovule
abortion (Barnabas et al., 2008).

The amount of precipitation for the period October -
February was considerably lower in the second growing
year (about 42% lower than the long-term sum) compared
to the first year (about 25% lower than the long-term
sum). Those conditions strongly affected the tillering and
the number of spikes per 1 m? in 2019/2020 was almost
twice as low as the number of spikes per m?in 2018/2019
(620 spikes per 1 m? in 2018/2019 and 387 spikes per
1 m? in 2019/2020). Bento et al. (2021) also concluded
that winter precipitation proves to be an important factor
for barley grain yield. In the present study, the number of
spikes per m? was presented at harvest and most probably
water scarcity affected not only the maximum number of
tillers produced but also the proportion that survive to
maturity. In drought-stress environments, tiller mortality
is a common response to water-limited conditions in
barley (Hoyle et al., 2020).

The two growing seasons differed also in the pattern
of distribution of spring precipitation. In 2018/2019, the
water deficit in April was partly compensated by rainfalls
in May, while in 2019/2020, there was a water deficit in
both months, and in April the amount of rainfalls was over
two times lower than typical for the region.
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Table 3. Variance components and genetic parameters of grain yield and yield-related traits of winter barley varieties for the

2018/2019 crop season

Parameters PH SPM SL NSS NGS SW TGW GY
Vg 54.50 14153.00 1.06 15.40 18.20 0.06 6.93 0.92
Gen (%) 76.10 62.90 95.00 94.60 92.9 76.10 96.40 78.7
Vr 17.10 8344.00 0.06 0.89 1.39 0.02 0.26 0.25
Res (%) 23.90 37.10 5.02 5.42 7.09 23.90 3.63 21.3
Vph 71.50 22497.00 1.11 16.30 19.60 0.07 7.19 1.17
H2 0.76 0.63 0.95 0.95 0.93 0.76 0.96 0.79
Accuracy 0.92 0.93 0.99 0.99 0.99 0.96 0.99 0.97
Cvg 7.40 19.5 13.60 6.05 7.28 8.57 5.98 18.4
Cvr 4.15 3.13 3.13 1.45 481 481 1.16 9.59
CV ratio 1.78 4.35 4.35 4.18 1.78 1.78 5.15 1.92
LRT 49.7* 30.6* 122.0* 118.0* 106.0* 49.6* 137.0* 54.9*
Average 99.60 620.35 7.55 64.98 58.61 2.73 44.00 5.19

Vg- genotypic variance; Vr- residual variance; Gen (%) and Res (%) - the respective % of variance components to the phenotypic variance; H? - broad-
sense heritability; Accuracy - accuracy of selection; CVg - genotypic coefficient of variation; CVr - residual coefficient of variation; CV ratio - ratio
between genotypic and residual coefficient of variation; LRT- Likelihood Ratio Test

Table 4. Variance components and genetic parameters of yield-related traits of winter barley varieties for the 2019/2020 crop
season

Parameters PH SPM SL NSS NGS SW TGW GY
Vg 40.30 4077.00 0.89 18.50 22.80 0.03 2.79 0.11
Gen (%) 87.30 85.20 94.40 76.00 83.00 61.20 92.20 40.50
Vr 5.87 708.00 0.05 5.83 4.65 0.02 0.24 0.61
Res (%) 12.70 14.80 5.58 24.00 38.8 38.80 7.78 59.50
Vph 46.20 4786.00 0.94 24.3 274 0.05 3.02 0.27
H? 0.87 0.85 0.94 0.76 0.83 0.61 0.92 0.41
Accuracy 0.98 0.98 0.99 0.93 0.98 0.93 0.99 0.86
Cvg 15.30 16.50 16.4 8.63 12.80 12.90 5.19 21.30
Cvr 5.86 6.87 4.48 4.84 5.78 10.30 1.51 25.80
CV ratio 2.62 2.40 4.11 1.78 2.21 1.26 3.44 0.83
LRT x2 78.4* 71.4* 117.0* 49.6* 65.2* 28.8* 101.0* 12.2*
Mean 41.38 387.28 5.76 49.83 37.10 142 32.19 1.54

Vg- genotypic variance; Vr- residual variance; Gen (%) and Res (%) - the respective % of variance components to the phenotypic variance; H? - broad-
sense heritability; Accuracy - accuracy of selection; CVg - genotypic coefficient of variation; CVr - residual coefficient of variation; CV ratio - ratio
between genotypic and residual coefficient of variation; LRT x?- x? Likelihood Ratio Test
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This had a particularly strong influence on the number
of grains per spike and in the second year, a significant
reduction in the mean value of the trait was found.

The obtained results confirmed a huge impact of pre-
anthesis water deficit on barley productivity reported
previously (Al-Ajlouni et al., 2016).

The likelihood-ratio test revealed that all variables
had a significant (P < 0.05) genotype effect, indicating the
existence of genetic variability among the barley varieties
for studied traits. The genotypic coefficient of variation
(CVg) as a percentage of the general average, represents
the amount of genetic variation that exists (Sahu, 2013).
The CVg allows the comparison of the genetic variability
of the different traits analyzed. The highest genotypic
coefficients of variation were observed for GY, SPM and
SL in both growing years. These values can be considered
of moderate magnitude and indicated that the traits
showed greater variability, allowing the achievement of
gain by selection. Among all the traits studied, TGW had
the lowest coefficient of genotypic variation - 5.98% in
2018/2019 and 5.19% in 2019/2020.

The CVg of most of the studied traits, including GY,
was higher in 2019/2020. This may be due to genotype
by environment interaction, in which some varieties can
be more greatly affected by drought stress than others,
resulting in a high variance in these traits. El-Hashash et
al. (2018) also noted higher genetic variability of yield-
related traits under drought than under irrigation. The
CVg/CVr ratio determined the coefficient of relative
variation. This parameter allows for assessing the
possibilities for improvement in the evaluated population
for the studied trait. Ribeiro et al. (2009) stated that the
higher the relative variation, the greater the chance of
selecting genotypes with superior performance. High
relative variation was observed for the traits TGW (5.15),
SPM (4.35), SL (4.35), and NSS (4.18) in 2018/2019 and
for SL (4.11) in 2019/2020. Considerably lower values
of relative variation for SPM, NSS, TGW, and GY in the
second growing year in comparison with the first year
were found, suggesting that unfavorable conditions
reduce the possibilities of successful selection for the
particular traits.

Accuracy is associated with the precision of selection
and is the major element of genetic progress that can be
altered to maximize genetic gain. Values for accuracy can
vary from O to 1 and can be classified as very high - greater
than or equal to 0.90, high - from 0.70 to 0.89, moderate
- from 0.50 to 0.69, and low - below 0.50 (Resende and
Duarte, 2007). Results obtained for accuracy varied from
0.92 to 0.99 in 2018/2019 and from 0.86 to 0.99 in
2019/2020. This indicated that the number of replications
was sufficient to obtain high selective accuracy in studied
traits.

The broad-sense heritability (H?) expresses the
amount of genetic variation in relation to the total
phenotypic variation (Sahu, 2013). This is one of the
most important genetic parameters that breeders use to
evaluate quantitative traits and assess potential genetic
gains. Heritability is classified as high when it has a value
higher than 80%, moderate when it ranges between 40-
80%, and low when it is less than 40% (Singh, 2001). High
heritability suggests that direct selection can be successful
under particular experimental conditions. Results show
that TGW had the highest heritability in both growing
years (0.96 in 2018/2019 and 0.92 in 2019/2020).

Other researchers also reported high values of broad-
sense heritability for TKW in barley (Chand et al., 2008;
Amabile et al., 2016). According to Tinker et al. (1996),
the heritability for TKW was different depending on
the environment, suggesting that the variation among
heritability values might be explained by the considerable
heteroscedasticity among the environments. The high
level of heritability observed in the present study indicates
that the expression of this trait is less affected by the
environment and the selection based on phenotypic
performance could be effective.

SL, NSS, and NGS were other traits that demonstrated
very high (over 0.90) heritability in 2018/2019. While the
heritability of SL was at the same level in 2019/2020,
values for NSS and NGS were significantly lower than
in 2018/2019. Lower heritability in 2019/2020 than in
2018/2019 also was found for SW.
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Heritability estimates of SPM and PH were moderate
(0.63 and 0.76, respectively) in 2018/2019 and high
(0.85 and 0.87) in 2019/2020. Heritability of GY had
a value of 0.79 in 2018/2019 and 0.41 in 2019/2020.
Estimates of broad-sense heritability for barley grain
yield, varied considerably in the literature, probably due
to differences in the type of genetic material and the
environments where the studies were performed. Some
authors reported high or moderate values (Addisu et al.,
2015; Akgln, 2016; Sunil and Khan, 2017) while others
found low estimates (Ahmadi et al., 2016) for this trait.
Studies of the same genotypes in different environments
also found a significant effect of environment on the
broad-sense heritability of barley GY (Bouzerzour and
Dekhili, 1995; Tinker et al.,1996; Chand et al., 2008).

These results imply that selection for NSS, NGS,
SW, and GY under drought stress will be less effective.
According to Ceccarelli et al. (1992), the heritability
of barley grain yield under low-yielding conditions is
expected to be low. The superior lines can only be
identified by repeated testing in the target environment,
as they will be tolerant to variable types, intensity,

duration, and timing of stresses.

Recently, years of extreme weather events (usually a
combination of drought and high temperatures) as well
the periods of several consecutive years of stressful
conditions have become more common. This seriously
complicated the process of barley breeding by reducing
the selection efficiency and genetic gain and prolonging
the breeding process by necessitating more growing
seasons for testing. The increasing threats of drought
and heat stresses require the complementation of
conventional breeding approaches with genomic tools
that can accelerate the development of high-yielding and
stress-resilient barley varieties.

FAI-BLUP index

Plant breeders commonly make selection decisions
based on a number of traits. To facilitate the process of
multi-trait selection, the routinely used approach is index
selection. One of the recently proposed selection indices
is the factor analysis based on ideotype design associated

with the best linear unbiased prediction (FAI-BLUP)
index based on univariate mixed models (Rocha et al.,
2018). The application of this multi-trait index allows the
prediction of genetic effects with mixed models, and the
calculation of genetic values using REML/BLUP (Resende
etal., 2014).

The advantages of the FAI-BLUP index are the
possibility of exploiting the covariance between traits,
can be used with unbalanced data, and does not require
weight assignment to the different traits. The FAI-
BLUP index has the potential to improve multiple traits
simultaneously since it considers predicted genetic
effects (Rocha et al., 2018). The FAI-BLUP index was used
for multiple-trait selection in some cereals crops such as
sorghum (de Silva et al.,2018; Oliveiraetal.,2019; Botelho
et al., 2022), wheat (Meier et al., 2021; Casagrande et al.,
2022) and maize (Peixoto et al., 2021). To our knowledge,
there is no information about the application of this index
in barley breeding.

In the 2018/2019 growing season, the selected
genotypes according to the FAI-BLUP index were Veslets,
Noverta, and Bojin, while in the 2019/2020 growing
season - Dea, Colonia, and Bojin (Figure 1). Bojin was
selected as a high-performing variety for multiple traits
in both growing years, which differ in meteorological
conditions. As in the present study, the most important
components of barley grain yield - SPM, SW, and TGW,
were used for idiotype design, the selected cultivars
that are close to the idiotype may be a valuable genetic
resource for improving barley yield under drought stress.

There was a considerable difference in the ranking
of cultivars over two growing seasons. For example,
variety Veslets was ranked first in 2018/2019 and 14%in
2019/2020 and Collonia ranked last in 2018/2019 and
second in 2019/2020. Bojin was selected in both growing
years, indicating a favorable combination of studied traits
and stable performance in conditions of drought stress.

The lack of consistency of cultivar rankings between
growing years confirms the need for multi-year testing,
especially for highly variable rain-fed environments.
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Figure 1. Genotype ranking and selected genotypes for the FAI-BLUP index considering a selection intensity of 15% (red circle) in
2018/2019 growing season (left) and 2019/2020 growing season (right)

Correlations

Knowledge of the direction and magnitude of
correlations between traits is extremely important for the
breeder to formulate simultaneous selection strategies in
multiple traits. This is especially important when a trait of
high economic value has low heritability or is difficult to

evaluate compared to another associated trait.

in the
magnitude and directions of correlations between traits

Considerable differences were observed

in two growing seasons (Figure 2). There were significant
positive correlations between SW and NGS, NSS, SL and
PH in both growing years. The association between SW
and TGW was positive in 2018/2019 and negative in
2019/2020. In the 2019/2020 growing year, negative
correlations between TGW and NSS, NGS, and SW were
observed, while in 2018/2019 we found no correlations
between TGW and these traits.

GY was positively correlated with SPM (r = 0.48) and
negatively correlated with SW (r = -0.5), TGW (r = -0.48),
PH (r = -0.41), and NSS (r = -0.39) in 2018/2019. While
in the 2019/2020 growing year, significant positive

correlations were found between GY and PH (r = 0.32)
and SW (r = 0.25). Mekonnon (2014) reported that PH,
SL, and NGS were the most important traits that affect
the grain yield performance of barley in low rainfall

environments.

Sefatgol and Ganjali (2017) studied the effect of late-
season drought stress and found that GY had a positive
correlation with harvest index, SPM, NGS, and SL and a
negative correlation with TGW. In our previous study on
spring hulless barley, positive correlations of GY with the
NSS, PH, NGS, and SW under drought conditions were
observed (Dyulgerov and Dyulgerova, 2020).

Differencesinthestrength anddirection ofassociations
between vyield-related traits in non-stress and drought
environments were also reported previously (Dyulgerov
and Dyulgerova, 2020; Thabet et al., 2020; Mahdy et al.,
2022). A possible explanation is that the alleles controlling
high grain yield in low-yielding conditions are probably at
least partially different from those controlling high grain
yield in high-yielding conditions (Ceccarelli et al. 1992).
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Figure 2. Correlation coefficients among grain yield and yield-related traits in the 2018/2019 growing season (left) and 2019/2020

growing season (right)

CONCLUSION

Grain vyield and vyield-related traits of winter
barley varieties were compared in two growing years
characterized by conditions of mild and severe drought
stress (precipitation sum was less by 15% in the first
growing year and 36% in the second growing year
than the long-term precipitation sum). A reduction was
observed in all studied yield-related traits, with grain yield
in the second year being more than 70% lower than that
measured in the first growing year.

Lower values of broad-sense heritability in the second
growing year for NSS, NGS, SW, and GY were found
suggesting that the direct selection of these traits under
drought stress will be less effective.

Varieties ranking based on the FAI-BLUP index
strongly varied across growing seasons, but in both
years variety Bojin was selected as a high-performing
variety for multiple traits. Therefore, this variety could be
recommended as a variety with high grain yield potential
and low susceptibility to water deficit stress.

in the

magnitude and directions of correlations between GY

Considerable differences were observed

and yield-related traits between two growing seasons.

These findings, in the context of the increasing
frequency and duration of drought stress in the region,
suggest a longer period of multi-year testing and a
complicated process of selection in breeding programs of
winter barley.
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