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Abstract

Dyulgerova, B. & Valcheva, D. (2025). Genetic parameters and multiple-trait selection in winter barley genotypes.
Bulg. J. Agric. Sci., 31(6), 1137-1148

This study aimed to assess the genetic potential of advanced barley genotypes using REML/BLUP and identify top-per-
forming breeding lines by employing the multi-trait genotype—idiotype distance index (MGIDI). Twenty-one two-rowed winter
barley genotypes, including six varieties and 15 advanced breeding lines, were evaluated over two growing years (2020/2021
and 2021/2022) at the Institute of Agriculture-Karnobat, Southeastern Bulgaria. Key traits such as number of spikes per m?,
plant height, dry weight of plant, spike length, number of spikelets per spike, number of grains per spike, grain weight per
spike, grain weight per plant, harvest index, 1000-grain weight, and grain yield were studied. The combined analysis of vari-
ance revealed highly significant variations in genotype, year, and their interaction for all traits except harvest index, which
showed no significant variation between growing seasons. Grain yield demonstrated diverse associations with different traits
in each season, underscoring the impact of specific environmental conditions. Throughout both growing years, grain yield
exhibited a significant correlation with 2the number of spikes per m’, emphasizing the crucial role of this trait in selecting
high-yielding genotypes of winter barley. In 2021, the multi-trait genotype-ideotype distance index (MGIDI) identified 12
genotypes that outperformed the standard variety; however, only two maintained their excellence in 2022, highlighting the
importance of genotype adaptability. Among the selected genotypes, the breeding line 671D-3/10 consistently demonstrated
superior performance in both growing seasons, showcasing its adaptability and breeding value. The study contributes valuable
insights for selecting high-yielding winter barley genotypes, providing a foundation for future breeding efforts.

Keywords: Hordeum vulgare L.; REML/BLUP; grain yield; yield-related traits; multi-trait genotype-idiotype dis-
tance index

Introduction

Barley (Hordeum vulgare L.) holds the position as the
fourth most widely grown crop globally in terms of produc-
tion volume. It stands out as a critical primary ingredient for
the malting and brewing industries. Additionally, barley is a
valuable source of nutrition for both humans and livestock.
As the world faces increasing pressure to produce more food
while adapting to a changing climate, the demand for highly
productive, disease-resistant, and adaptable barley varieties
has never been greater. To meet these demands, it is essen-

tial to refine the selection process for advanced barley geno-
types, unlocking the full potential of this cereal crop.

The genetic improvement of barley genotypes is a gradu-
al process that involves identifying and selecting new alleles
and traits in germplasm and combining these superior alleles
and traits in the desired genetic background. Mixed models
are commonly used to determine the predicted genetic values
for the most critical breeding objectives, thereby improving
the efficiency of selection (Ramalho and Araujo, 2011). The
restricted maximum likelihood (REML) and best linear un-
biased prediction (BLUP) methods have been employed as
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practical selection approaches to estimate variance compo-
nents and predict genetic values (Piepho et al., 2008).

Genetic gain, a critical measure of success in plant breed-
ing, quantifies the improvement in selected traits between
original and subsequent generations (Elsen, 2016). Breed-
ers often aim to combine multiple desirable traits within a
new genotype to achieve superior performance (Jahufer and
Casler, 2015). This had led to the development of several se-
lection indices aimed at identifying superior genotypes (San-
hueza et al., 2002; Vieira et al., 2016; Rocha et al., 2018).
However, accurately expressing the economic value of traits
and converting them into realistic economic weightings can
pose challenges to selecting the best genotypes (Bizari et al.,
2017).

To address these challenges, the multi-trait genotype—
ideotype distance index (MGIDI) has been introduced as
a method for genotype selection based on breeding values,
considering information from multiple traits (Olivoto and
Nardino, 2021). Unlike conventional ranking methods using
post-hoc tests such as Fisher’s least significant differences
(LSD) or Tukey’s honest significant difference (HSD) in
ANOVA, which allow ranking for only one test, the MGIDI
index can rank genotypes based on their performances across
multiple traits. Furthermore, MGIDI avoids issues of collin-
earity by conducting indexing through factor analysis (Ol-
ivoto and Nardino, 2021). This index has been successfully
utilized in various crops, including wheat (Pour-Abougha-
dareh and Poczai, 2021), rice (Debsharma et al., 2022; Jalal-
ifar et al., 2023), maize (Singamsetti et al., 2023), and oat
(Klein et al., 2023), among others.

This study aimed to determine the genetic potential of
advanced barley genotypes using REML/BLUP and selected
the best breeding lines based on the multi-trait genotype-id-
iotype distance index (MGIDI).

Material and Methods

Plant material: Twenty-one two-rowed winter barley
(Hordeum vulgare L.) genotypes were included in the study.
Among these genotypes were four Turkish varieties — Bo-
layir (G13), Burgaz (G14), Harman (G16), and Hasat (G17),
one Serbian variety Sladoran (G19), the Bulgarian nation-
al standard variety Emon (G15), and 15 advanced breeding
lines, including lines 003D-3/13 (G1), 167D-1/05 (G2),
167D-2/05 (G3), 194D-1/15 (G4), 218D-1/15 (G5), 419D-
2/08 (G6), 419D-5/08 (G7), 530D-2/09 (G8), 639D-3/10
(G9), 671D-3/10 (G10), 718D-4/10 (G11),939D-4/13 (G12),
KT337 (G18), WS270D-1/15(G20), and A9/14 (G21).

Site characteristics, experimental design, and agro-
nomic practices: The study was conducted over two grow-

ing years, 2020/2021 and 2021/2022, at 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 6.2), Pellic Vertisol. The ex-
periments were designed using a complete block with four
replications on 10 m? plots, with a sowing rate of 450 ger-
minated seeds per m?. Standard technology for growing win-
ter barley breeding materials at the Institute was employed,
with a preceding crop of a pea—sunflower mix. In February,
a one-time nitrogen (N) fertilization was applied at a rate of
30 kg/ha of active substance nitrogen. Weed control in the
field trials was managed using a herbicide combination of
Biathlon and Scorpio. No pesticides were used for disease
or pest control, as no pathogens and pests were observed at
densities surpassing economic threshold values during both
growing seasons.

Meteorological conditions: Table 1 provides informa-
tion on average temperatures and precipitation sums during
the experimental periods. Despite total precipitation during
the first vegetation period (October 2020 to June 2021) ex-
ceeding the long-term average for the location by 197.4 mm,
the distribution was uneven. Notably, January had the high-
est precipitation at 142.8 mm, a 291% increase compared
to long-term values. April received 86 mm, nearly double
the long-term sum, followed by a drier May. Except for
March, April, and June, monthly temperatures were higher
than the long-term averages. In the second cropping year
(2021/2022), precipitation was close to the long-term av-
erage, with lower sums in November, January, March, and
May, and more than twice the average in December. The
monthly average air temperatures were higher than the long-
term averages, except for October and March.

Measurements of traits: The plant height (PH, cm) dry
weight of plant (DWP, g), spike length (SL, cm), number
of spikelets per spike (NSS), number of grains per spike
(NGS), grain weight per spike (GSW, g), grain weight per
plant (GWP, g) were measured on 20 randomly selected
plants in each replication of each genotype. The number of
spikes per square meter (SPM) was determined by counting
spikes before harvest in a 0.25 m? area from the middle of
the plots and then converted to 1 m? Grain yield (GY, t ha)
and 1000-grain weight (TGW, g) were determined on a plot
basis. Barley grain was harvested mechanically with a plot
harvester in each year at full grain maturity (BBCH 89). Af-
ter harvesting, the grain yield per unit area was determined
and given as t ha™!.

Statistical analyses: Data analysis and graph construc-
tion were performed using R (version 4.3.0) within the RStu-
dio integrated development environment. Two-way analysis
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Table 1. Average air temperature, monthly sums of precipitation and long-term average data in Karnobat, Southeast-
ern Bulgaria during barley vegetation (2020/2021- 2021/2022)

Months 2020/2021 2021/2022 LT

T, °C P, mm T, °C P, mm T, °C P, mm
X 15.8 70.7 11.1 79.1 12.5 443
XI 7.4 25.5 8.7 31.7 7.1 53.7
XII 6.6 94.5 4.5 105.7 2.6 51.2
1 3.7 142.8 2.4 8.0 0.6 36.5
1T 4.9 22.1 4.4 39.7 2.2 35.8
11T 4.9 47.4 3.5 12.3 5.3 34.1
v 9.5 86.0 11.2 48.2 10.5 453
\Y 16.6 15.6 15.9 36.3 15.6 58.5
VI 19.3 117.4 21.0 86.8 19.6 65.2
T, °C 9.9 9.2 8.4
P, mm 622.0 447.8 424.6

T — average air temperature; P — sum of precipitation; LT — long-term average air temperature and sum of precipitation (1931-2022)

Source: Authors’ own elaboration

of variance (ANOVA) was used to identify significant dif-
ferences among the genotypes and growing seasons using
the package. Calculations of Pearson correlation coefficients
with p-values, genetic parameters, the best linear unbiased
prediction (BLUP) for genotypes, and the multi-trait geno-
type-ideotype distance index (MGIDI) were performed as
proposed in R using the ‘metan’ package (https://github.
com/TiagoOlivoto/metan, 24 January 2024) (Olivoto and
Lucio, 2020). Heritability is classified as high when it has
a value greater than 80%, moderate when it ranges between
40% and 80%, and low when it is less than 40% (Singh,
1990). Accuracy is 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).
The BLUPs were used for hierarchical heatmap clustering
based on Ward’s method, implemented using the R package
“pheatmap” (Kolde and Kolde, 2015).

Results

Analysis of variance, heritability, and phenotypic vari-
ation

The result of the combined analysis of variance (Table
2) revealed highly significant variation (p < 0.001) between
genotype, year, and (GxY) interaction for all studied traits
(SNM, PH, DWP, SL, SNS, GNS, GWS, GWP, TGW, and
GY), except for HI, where no significant variation was ob-
served between growing seasons.

The estimates of phenotypic variance (Vph) were lowest
for HI and highest for SNM (Table 3). Broad-sense herita-
bility (H2) estimates were moderate for DWP (0.52), GWP
(0.47), and TGW (0.46). However, the remaining traits ex-

hibited low heritability, ranging from 0.01 (SNS) to 0.27
(HI). Traits associated with spike productivity, as spike
length (SL), spikelet number per spike (SNS), grain num-
ber per spike (GNS), and grain weight per spike (GWS),
displayed exceptionally low heritability. Notably, SL, SNS,
and GNS demonstrated remarkably high values for the co-
efficient of determination of the interaction effects (GEIr2).
Heritability on the mean basis (hzmg) was low for SNM, PH,
SL, SNS, GNS, GWS, and GY, while DWP, GWP, TGW,
and HI showed moderate values for hzmg. The accuracy of
selection (Ac) was low for SL, SNS, GNS, and GWS, mod-
erate for SNM, PH, and GY, and high for DWP, GWP, HGW,
and HI. Genotype-environment correlation (rge) exhibited
high values for all studied traits, with extremely high val-
ues noted for SNM, SL, SNS, GNS, TGW, and GY. SNM,
GWP, and DWP were characterized by the highest coeffi-
cient of variation for genotype (CVg). The CVg/CVr ratio,
which determines the coefficient of variation, offers insight
into potential improvement possibilities within the evaluated
population for the studied trait. The highest relative variation
was observed for TGW (8.19), followed by SPM (4.91).
Variation in yield-related traits and grain yield between
the growing seasons (2021 and 2022) is also illustrated in
Figure 1, as well as BLUPs. During the 2022 growing sea-
son, the conditions were conducive to higher mean values
for spike number per square meter (SNM), plant height
(PH), dry weight of plant (DWP), and grain weight per plant
(GWP) in the studied breeding lines and varieties. Converse-
ly, spike length (SL), spikelet number per spike (SNS), grain
number per spike (GNS), grain weight per spike (GWS), and
1000-grain weight (TGW) were higher in the 2021 grow-
ing season. There was minimal variation observed between
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Table 2. Combined analysis of variance for yield-related traits of 21 barley genotypes assessed for two growing seasons

Traits GEN ENV GEN x ENV Residuals
SNM 93491.563*** 810509.292%** 58132.498%** 3.599
PH 76.633%**%* 288.095%** 55.658%** 0.051
DWP 4.870%** 111.443%** 1.434%%* 0.037
SL 2.032%** 52.674%** 1.352%%* 0.052
SNS 19.462%** 498.560*** 17.037%** 0.031
GNS 19.735%** 483.652%** 16.477%** 0.008
GWS 0.055%** 1.522%%* 0.036%** 0.037
GWP 1.35]*%** 19.701%** 0.702%%%* 0.036
TGW 29.993%*%* 207.326%** 9.858%*** 0.000
HI 0.003%** 0.001ns 0.004*%*%* 0.044
GY 2.961%** 26.299%%* 1.955%** 3.599

*** gignificant level at p <0.001; ns — not significant; SNM — spike number per m?; PH — plant height, cm; DWP — dry weight of per plant, g; SL — spike

length, cm; SNS — spikelet number of per spike; GNS — grain number of per spike, GWS — grain weight per spike, g; GWP — grain weight per plant, g; HI —

harvest index; 1000- grain weight — TGW, g; GY — grain yield, t ha!

Source: Authors’ own elaboration

Table 3. Estimation of variance components and genetic parameters for yield-related traits in 21 winter barley geno-

types
Traits Vi, H? GEIr2 b Ac I, CVg Cvr CV ratio
SNM 19091.00 0.23 0.76 0.38 0.62 0.99 8.84 1.80 491
PH 19.20 0.14 0.68 0.27 0.52 0.79 1.65 1.93 0.86
DWP 0.83 0.52 0.42 0.71 0.84 0.87 5.92 2.08 2.84
SL 0.53 0.02 0.91 0.04 0.21 0.93 1.26 2.32 0.55
SNS 4.88 0.01 0.99 0.01 0.10 0.99 0.58 0.85 0.68
GNS 4.78 0.04 0.96 0.07 0.27 0.99 1.67 0.70 2.37
GWS 0.02 0.09 0.48 0.23 0.48 0.52 3.00 6.81 0.44
GWP 0.25 0.47 0.39 0.69 0.83 0.72 6.84 3.84 1.78
TGW 5.15 0.46 0.53 0.63 0.80 0.99 3.11 0.38 8.19
HI 0.01 0.27 0.32 0.56 0.75 0.44 3.55 4.40 0.81
GY 0.65 0.19 0.74 0.34 0.58 0.92 4.97 2.92 1.70

Vi~ phenotypic variance; H>— heritability in broad sense; GEIr2 - coefficient of determination of the interaction effects; h2gm — heritability on the mean ba-
sis; Ac — accuracy of selection; I, - genotype-environment correlation, CVg- genotypic coefficient of variation; CVr — residual coefficient of variation; CV
ratio - ratio between genotypic and residual coefficient of variation; SNM — spike number per m?; PH — plant height, cm; DWP — dry weight of per plant,

g; SL — spike length, cm; SNS — spikelet number of per spike; GNS — grain number of per spike, GWS — grain weight per spike, g; GWP — grain weight per
plant, g; HI — harvest index; TGW — 1000- grain weight, g; GY — grain yield, t ha™!

Source: Authors’ own elaboration

the two growing years for mean harvest index (HI), with no
significant differences in the genotype BLUP values for this
trait. Grain yield (GY) was significantly higher in the 2022
growing season compared to 2021. The mean GY for 2022
was 7.52 t ha'!, with a range of 6.39 to 8.62 t ha™'. In contrast,
the mean GY for 2021 was 6.73 t ha'!, exhibiting a wider
range from 5.15 to 8.55 t ha'l.

To further explore the phenotypic variation of the studied
set of winter barley, the BLUPs of the genotypes are present-
ed in Figure 2. The standard variety Emon (G15) exhibited a
BLUP value for SNM approximately around the mean value.
Seven breeding lines exceeded the mean SNM, demonstrat-

ing their superior performance in this regard. The lowest PH
was recorded for G4 and GF16. Emon (G15) also demon-
strated the highest BLUP value for DWP. The standard va-
riety possessed a shorter SL but combined with the highest
SNS, GNS, and GWS. Above-average SNS and GNS were
observed in breeding lines G5, G10, G6, G21, G2, and G20,
as well as in the variety Burgaz (G14). Low SL, SNS, and
GNS characterized line G1. Only line G7 exhibited a high-
er BLUP for GWP compared to the standard variety. Very
high BLUP values for TGW (exceeding 50 g) were identified
in G21, G13, G7, G12, G6, G18, G16, and G5. The BLUP
values for GY ranged from 6.75 t ha! for G16 (Harman) to
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7.57 t ha! for G5 (218D-1/15). All studied varieties and line
419D-2/08 (G6) had GY below that of the standard Emon
(G15), while the rest of the breeding lines showed GY values
above the standard.

Phenotypic correlation coefficients of yield-related
traits

The phenotypic correlations between various studied
traits across two growing seasons, 2021 and 2022, are illus-
trated in Figure 3. In the 2021 cropping year, GY demon-

a#*% .-

strated a significant and positive correlation with several
traits, including SNM (0.51), HI (0.49), GWP (0.39), SL
(0.34), TGW (0.29), and PH (0.28). However, in the sub-
sequent growing season of 2022, GY had a significant and
positive correlation solely with SNM (0.53).

In 2021, GWP showed significant and positive correla-
tions with DWP, HI, SNS, and GNS. In 2022, GWP dis-
played significant and positive correlations with HI, DWP,
and TGW.

TGW also displayed varying patterns of correlation
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Fig. 1. Variation in yield-re-
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with other traits in the two growing seasons. In 2021, TGW
showed significant and positive correlations with SL and
GWS. In 2022, TGW exhibited significant and positive cor-
relations with GWP, GWS, and PH.

Cluster analysis

The studied genotypes can be classified into four distinct
groups based on their yield-related characteristics (Figure
4). The first group comprises six genotypes: breeding lines
G5, G10, G21, G6, the variety Burgaz (G14), and the stan-
dard variety Emon (G15). This group stands out for its high
spike productivity, revealed by high values for SNS, GNS,
and GWS.

The second group consists of four genotypes: three
breeding lines (G11, G12, and G7) and the variety Hasat
(G17). This group distinguished itself with shorter PH and
high HI, indicating a focus on efficient resource allocation.

The third group comprises four genotypes: three breed-
ing lines (G1, G3, G4) and the variety Sladoran (G19). Note-
worthy characteristics of this group are lower values for SL,
GNS, and GWS.

The fourth group comprises breeding lines G2, G8, G9,
G18, G20, and varieties Bolayir (G13) and Harman (G16).
These genotypes are characterized by a balanced combina-
tion of GY and SNM. However, it is interesting to note that
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within this group, varieties Bolayir (G13) and Harman (G16)
form a separate subgroup with lower productivity. While
these two varieties were clustered together, the remaining
two varieties with the same origin, Burgaz (G14) and Hasat
(G17), were positioned in other clusters, emphasizing dis-
tinctions in their yield components.

Selection of genotypes based on multi-trait genotype—
idiotype distance index (MGIDI)

The traits in the first growing year were grouped into
five factors, whereas in the second growing year, traits were
grouped into four factors (Table 4). Closely related traits
were grouped within the same factor. In both years, GY were
grouped along with SNM, indicating the importance of this
trait for GY of winter barley despite the different conditions.

In 2021, a total of 12 genotypes — 10 breeding lines (G5,
G4, G7, G2, G9, G12, G11, G10, G21, G8) and two vari-
eties (Hasat, Burgaz) — were ranked higher than the stan-
dard variety Emon (G15) (Figure 5A). This suggests that
these genotypes exhibited superior performance in terms of
yield-related traits compared to the standard variety. Upon
applying a 15% selection intensity, the lines G18, G21, and
G10 emerged as the top performers in the first cropping
season.

Pearson's .
Correlation
= m Rt
« [ -

-10-05 00 05 10
02 oz o 0z gy

021 008 048 000 000 1oy

ns n ns
g2 om 03 @ 0B 0B ow

011 | 014 000 | -003  -008 | 001  OD4 gy
ns

ns ns ns ns ns ns
00 | 018 002 | 008 043 07 030 gy
- ns ns ns ns ns
—0_30 —005 0.01 -002  -023 -027 -032 —0.134 HI
002 023 027 -4
o8 015 043 002 | DO 018 | 005 002 gup
ns ns ns ns ns
ES >
R - R L G A Y

nsp>=005;"p<0.05 " p<001: and "™ p <0.001

Fig. 3. Phenotypic correlation coefficients among yield-related traits for 2021 (A) and 2022 (B)
Source: Authors’ own elaboration
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Table 4. Groups the traits in different factors by multi-trait genotype—idiotype distance index
FA1 FA2 FA3 FA4 FAS
2021 2022 2021 2022 2021 2022 2021 2022 2021 2022
SNS SL GWS DWP DWP SNM SNM PH PH
GNS SNS TGW GWP GWP GY GY SL
GNS TGW HI
GWS HI

SNM - spike number per m?* PH — plant height, cm; DWP — dry weight of per plant, g; SL — spike length, cm; SNS — spikelet number of per spike; GNS —
grain number of per spike, GWS — grain weight per spike, g; GWP — grain weight per plant, g; HI — harvest index; TGW — 1000- grain weight, g; GY —

grain yield, t ha'!
Source: Authors’ own elaboration

In 2022, only two lines, G10 and G5, were positioned
above the standard variety (Figure 5B). Remarkably, the
lines G18 and G21, which had secured first and second
places the previous year, significantly dropped in ranking,
with G18 placing 10th and G21 plummeting to 18th place.
Despite this variability, line G10 consistently demonstrated
superior performance across both seasons, ranking among
the top-selected genotypes under a 15% selection intensity.
This indicates that line G10 possesses robust adaptability
and consistently exhibits high performance across multiple
traits, regardless of environmental conditions in different
growing seasons.

In 2021, factor FA1 made the smallest contribution for
genotype G21, indicating that this line exhibited spike pro-
ductivity (highest GNS and GWS) among the selected ones
(Figure 6A). The genotypes G21 and G10 exhibited strengths

related to FA2 and FA3, suggesting that these lines should
have simultaneously high values for GWS, TGW, DWP, and
GWP. The three selected had strengths related to FAS (SNM
and GY). The smallest contribution of FAS for G18 suggests
that these genotypes have shorter stems, longer spikes, and
higher HI compared to G10 and G21, in which FAS5 had a
high contribution.

In 2022, factor FA1 made the smallest contribution for
genotypes G5 and G15, indicating high values of spike-re-
lated traits (SL, SNS, GNS, and GWS) (Figure 6B). G15 has
strengths related to FA2, indicating that this breeding line
should simultaneously have high values for DWP, GWP,
TGW, and HI. The smallest contributions of FA3 for G5 in-
dicated that this genotype had the highest GY for the crop-
ping year. The genotype G10 has strengths related to FA4,
indicating that this genotype has a short stem.



Genetic parameters and multiple-trait selection in winter barley genotypes 1145

o

o

Mult-trait genotype-ideotype distance index

G4

e
&

2

G7
G17

G

G13

0 MNonsélecied @ Selecied

B G10 G3
[ -1H]

3 615 Gt
]
] . 67 a1
5
Es [H G193
]
-}
é Ga G16
g
)
E G2 =]
-
3
= en 66

617 G4
Gi8 G
G2

0 Nonselected @  Selecied
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Figure 7 compares the percentage of selection gains (SG)
for studied traits in 2021 and 2022. As observed, the percent-
age of selection gains for DWP, SL, SNS, GNS, GWS, and
GWP was significantly higher in 2022 compared to 2021.
However, the MGIDI index was unable to achieve negative
gains for PH, the only trait that was intended to be reduced.
Additionally, in 2022, the MGIDI index resulted in a neg-
ative gain for harvest index HI, indicating the selection of
genotypes with lower HI. The MGIDI index demonstrated
satisfactory gains and good effectiveness in selecting gen-
otypes with high SNM (12.70% in 2021 and 11.68% in
2022, respectively), a trait with positive correlations with
GY across both growing seasons. The index yielded the
most substantial selection gains for GNS (20.06%), SNS
(18.51%), and GWS (16.21%) during 2022. The index’s ef-
ficacy in enhancing TGW was less pronounced, with gains
0f 2.25% in 2021 and 1.92% in 2022. The positive selection
gains for GY, ranging from 11.01% in the first growing sea-
son to 4.66% in the second growing season, highlight the po-
tential for selecting breeding lines with improved grain yield
from the studied set of genotypes.

Discussion

In plant breeding, multi-trait selection is a crucial strat-
egy for enhancing multiple desirable traits simultaneously,
thereby ensuring improved crop performance across di-
verse environments. However, the complexity of simulta-
neous trait selection is amplified by the influence of me-
teorological conditions, which can alter the relationships
between traits and their impact on yield. This dynamic in-
terplay between environmental factors and agronomic traits
poses challenges in optimizing selection strategies. In the
present study, significant variations were observed in traits
correlated with grain yield (GY) across both growing sea-
sons. These differences in correlations between yield and
related traits align with findings from previous studies on
barley (Tawfiq et al., 2016; Akgiin, 2018). Our prior inves-
tigations (Dyulgerov and Dyulgerova, 2020; Dyulgerova
and Dyulgerov, 2023) have also highlighted the existence
of differing correlations between yield and related traits in
different growing seasons.

In recent years, Southeastern Bulgaria has experienced a
rise in extreme variations in rainfall distribution. This trend
is evident in the growing seasons under investigation in this
study, where the uneven distribution of rainfall throughout
the barley vegetation period has been observed. The differ-
ences in precipitation and temperature in the current study
resulted in distinct effects on individual yield-related traits.
Specifically, in 2021, traits such as SL, SNS, GNS, GWS,

and TGW were higher, while in 2022, SNM, PH, DWP, and
GWP exhibited higher values. Possibly, the lower values
of SNS, GNS, GWS, and TGW in 2022 compared to 2021
could be attributed to insufficient rainfall in March and May.
These contrasting climatic conditions in the two years un-
derscore the dynamic influence of meteorological factors on
yield-related traits in barley.

The changes in trait relationships add complexity to
the identification of superior genotypes that excel across
diverse environments. This differential impact necessitates
a comprehensive understanding of the interaction between
environmental factors and traits to effectively guide se-
lection efforts. To address these challenges, breeders have
adopted various strategies within the multi-trait selection
framework. One approach is to employ multiple environ-
ments for selection, ensuring that genotypes are evaluated
under a range of conditions (Malosetti et al., 2013). This
approach helps identify genotypes that are relatively stable
across different environments, exhibiting consistent perfor-
mance regardless of meteorological fluctuations. By inte-
grating data from various environments, breeders can en-
hance the reliability of genotype evaluations and promote
the development of resilient and adaptable crop varieties.
Another strategy involves the development of selection in-
dices, which combine information from multiple traits into
a single numerical value. These indices enable breeders to
prioritize genotypes that excel in multiple traits, taking into
account the varying importance of each trait in contributing
to overall yield.

While heritability can guide trait improvement through
breeding, complex traits such as grain yield are influenced
by unpredictable interactions between genes and the envi-
ronment, making precise outcomes challenging (Cooper et
al., 2009). Low heritability for GY and most of the grain-re-
lated traits was found in the present study. Previous stud-
ies also found low heritability of barley GY, showing that
the seasonal effects may seriously obstruct the selection of
barley genotypes with improved grain yield (Addisu and
Shumet, 2015; Ahmadi et al., 2016; Hailu et al., 2016). The
discovery of low heritability for yield in our study under-
scores the notion that relying solely on yield as a criterion for
genotype selection may not be an effective strategy in this
specific environment.

Moderate heritability values were observed for DWP,
GWP, TGW, and HI in the current study. Previous research
consistently identifies thousand-grain weight (TGW) as a
barley yield-related trait with higher heritability (Kumar et
al., 2013; Devi et al., 2020).

The traits SL, SNS, and GNS exhibited remarkably high
values for the coefficient of determination of the interaction
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effects (GEIr2) in our study. Coupled with low heritability,
these findings strongly suggest that these traits are suscepti-
ble to environmental variation.

The use of the multi-trait genotype-idiotype distance in-
dex (MGIDI) has gained prominence in recent years as an
effective tool for selecting genotypes exhibiting superior
performance. Extensive research has demonstrated its effi-
cacy in identifying genotypes with desirable characteristics
such as high yield, disease resistance, and environmental ad-
aptation (Olivoto et al., 2021; Uddin et al., 2021; Jalalifar et
al., 2023). A notable advantage of MGIDI lies in its consider-
ation of the relative importance of different traits, a departure
from traditional single-trait selection methods.

The MGIDI index provides a comprehensive assessment
of a genotype’s performance, allowing breeders to make in-
formed decisions regarding further breeding efforts. Ground-
ed in the concept of an ideotype, representing the optimal
combination of traits for a specific crop, MGIDI’s effective-
ness hinges on the accuracy of this ideotype. However, its
predictive power may be diminished in environments sig-
nificantly divergent from those in which the genotypes were
initially selected.

In our study, while several genotypes exhibited superi-
or performance compared to the standard variety Emon in
2021, only a subset maintained this advantage in 2022. This
observation underscores the dynamic nature of genotype-en-
vironment interactions and highlights the importance of
comprehensive assessments.

Usually, breeders initiate selection under a single envi-
ronment with a single specific stress or stress-free conditions.
However, a narrow focus during the early stages of breeding
may inadvertently lead to the loss of crucial alleles or ge-
netic variability necessary for addressing additional stresses.
Hence, the adoption of the MGIDI index becomes crucial,
allowing for the thorough evaluation of multiple traits under
diverse stress environments. By considering not only grain
yield but also various secondary traits, the MGIDI approach
captures complex genetic-environment interactions, enhanc-
ing the selection of genotypes that perform well across a
range of conditions.

Our study aligns with the broader perspective that em-
ploying the MGIDI index enables breeders to understand
better and navigate the complexities of genotype-environ-
ment interactions. This integrated approach enhances the
likelihood of developing resilient and high-performing plant
varieties that can withstand diverse stressors, ultimately con-
tributing to the success and sustainability of breeding pro-
grams. Despite its merits, it is essential to acknowledge the
limitations of the MGIDI index and to complement its use
with other robust selection methods.

Conclusions

The combined analysis of variance indicated highly signif-
icant variations among genotypes, years, and their interaction
for all the studied traits, including SNM, PH, DWP, SL, SNS,
GNS, GWS, GWP, TGW, and GY. However, no significant
variation was observed for HI between growing seasons.

Grain yield (GY) demonstrated diverse associations
with different traits in each season, underscoring the im-
pact of specific environmental conditions. Throughout both
growing years, GY exhibited a significant correlation with
SNM, highlighting the crucial role of this trait in selecting
high-yielding genotypes of winter barley.

In 2021, MGIDI identified a total of 12 genotypes (10
breeding lines: G5, G4, G7, G2, G9, G12, G11, G10, G21,
G8, and two varieties, Hasat and Burgaz) that outperformed
the standard variety. However, only two lines (G10 and
G5) maintained their excellence in 2022, highlighting the
importance of genotype adaptability. Among the selected
genotypes, the breeding line 671D-3/10 (G10) consistently
demonstrated superior performance in both growing sea-
sons, showcasing its adaptability and breeding value.
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