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1 Introduction
Soybean (Glycine max (L.) Merr.) is a  crop of great 
economic and ecological importance (Popović et  al., 
2013a; 2013b; Đorđević et al., 2025; Shepilova et al., 2025; 
Tóth et  al., 2025). Although it is considered important 
and traditionally grown in  Bulgaria, its areas in  2023 
amounted to 3799 ha, and in 2024 were reduced to 731 
ha, which represents only 2.2% of the areas with protein 
crops in  our country (Agrostatistics, 2024). Significant 
quantities of soybean meal from Brazil and Argentina 
are being imported into Bulgaria with an increasing 
trend, which meet the  needs of our well-developed 
feed industry. The  local soybean production has great 
potential importance and a  niche in  terms of food 
production, especially organic and functional ones. 

Sowing with seeds of accidentally imported varieties, along 
with non-irrigated cultivation during increasingly frequent 
and prolonged summer droughts, are identified as the main 
reasons for the  constantly decreasing areas and yields 
in  our country, which are some of the  lowest in  Europe
(https://ourworldindata.org/grapher/soybean-yields). 
According to Aleksieva (2015), the  use of adapted 
genotypes and shifting of critical phenological periods 
through the  use of variety are the  most effective 
approaches to stabilizing soybean yields in non-irrigated 
cultivation in Bulgaria. According to the study by Rotundo 
et  al. (2024), concerning the  factors for expanding 
European soybean production, the cultivation of the crop 
on the  Balkan Peninsula requires mainly selection for 
drought resistance.
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In response to these challenges, breeding for specific 
local adaptation has been a central objective of soybean 
improvement programs in Bulgaria over recent decades. 
This effort has resulted in  the  development of several 
medium-early-maturing (MGI) varieties, including 
Srebrina, Avigea, Biser, and Daniela 97, which have shown 
good agronomic performance under local conditions. 
However, as of 2025, only one Bulgarian soybean variety – 
Avigea – remains listed in  the  national variety register. 
This situation underlines the need for the development, 
evaluation, and registration of new, locally bred soybean 
genotypes with improved adaptation to current agro-
climatic conditions.

Against this background, the  present study aimed to 
evaluate the  agronomic performance and quality traits 
of elite recombinant soybean lines and to assess their 
potential for use in production and breeding programs 
under the agro-climatic conditions of Northern Bulgaria.

2	 Material and Methods
In a  three-year field trial conducted during the  period 
2023–2025 at RIMSA–Troyan, Dryanovo branch, at an 
altitude of 308 m, on gray forest, pseudopodzolic soils, 
medium-early-maturing (MGI) stabilized recombinant 
lines originating from the  following varietal crosses: 
♀Romantica × ♂Oria (line R2), ♀Romantica × ♂Srebrina 
(line R5), ♀Saikai 20 × ♂Romantika (line S2), ♀Saikai 20 × 
♂Galina (lines S3 and S32), ♂Atlanta × ♂Romantika (line 
A1), and ♂Atlanta × ♂Houta (line A3) were compared 
with the Bulgarian standard variety Avigea.

The genotypes were sown annually between April 20 
and May 1, in  rows 4 m long, with 70 cm row spacing 
and 5 cm within-row spacing, in  three randomized 
replications. In 2023 and 2024, the  following seed yield 
components were studied: biomass yield per plant at 
harvest (R8), plant height (cm), number of branches, 
number of pods per plant, number of seeds per plant, 
seed weight per plant (g), thousand-seed weight (g), 
and harvest index (%). Biometric measurements were 

taken on 10 plants per genotype. The  main seed/grain 
quality traits were also analyzed: crude protein content 
determined by the  Kjeldahl method and crude fat 
content extracted using a Soxhlet-type extractor. In 2025, 
the  lines and the  standard variety were not harvested 
due to a prolonged summer drought (Figure 1). In order 
to assess genotypic differences in drought tolerance, as 
observed in both 2025 and 2024, the lines were evaluated 
relative to the standard using the following growth and 
physiological traits: specific leaf area (was calculated 
as leaf area per unit dry mass, cm2/g), dry matter 
coefficient (as the ratio of dry to fresh leaf biomass, %), 
and transpiration intensity (as water loss per unit leaf 
area over time, mgH2O/g/h). Observations were carried 
out in July of both experimental years, after a prolonged 
period without precipitation (> 20 days), under very high 
daytime temperatures. Measurements were taken once 
per day at 1:00 p.m., using leaf samples from 10 plants of 
each genotype.

The experimental data on the  observed bioproductive 
and growth traits were processed using two-factor 
analysis of variance with the  factors year, genotype, 
and their interaction. The  experimental years were 
considered as environments, with the  differences 
between them being predominantly due to the  levels 
of natural water availability during the  growing season 
(Figure 1). Data on quality and physiological traits were 
analyzed, respectively, by two-factor analysis of variance 
without replications (year and genotype) and by one-
factor analysis of variance (genotype). The  magnitude 
of factor effects was determined using the  eta-squared 
(η²), representing the relative share of factorial variance 
in the total variance (Richardson, 2011), with the following 
interpretation of values: η² < 0.02 – very small effect; 
0.02 ≤ η² < 0.13 – small effect; 0.13 ≤ η² < 0.26 – medium 
effect; and η² ≥ 0.26 – large effect. The stability of each 
line for the studied traits was assessed using the values 
of G×E variance (S²G×E). The  significance of differences 
between means was determined using the  LSD test 
at a  significance level of 0.05. Pearson’s correlation 
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Figure 1	 Monthly precipitation sums as deviations from the climatic norm for the region.
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coefficients were used to assess phenotypic relationships 
among the studied traits.

3	 Results and Discussion
According to the  analysis of variance, the  factors year/
environment and genotype, both individually and 
in  interaction, significantly affected all observed seed 
yield components (Table 1). 

For the  trait biomass yield per plant at harvest (BMYP), 
the strongest positive phenotypic correlation was found 
with individual plant seed yield (SYP) – Figure 2. This 
relationship is well known in  soybean breeding work, 
with modern breeding programs extending the  later 
reproductive phases without changing the period from 
sowing to flowering, which increases both biomass and 
harvest index (Yang et  al., 2022). The  studied breeding 
lines differed significantly in  their mean values for this 
trait, with only line S3 significantly outperforming 
the  standard. Based on the  eta-squared (η²) values, 
environmental conditions/the year of cultivation had 
a  stronger influence on the  variation of this trait than 
the  genotypic factor (η²

E
 = 0.34*** > η²

G
 = 0.27***). 

A comparable effect of genotype × environment 
interactions was also observed (η²

G × E
 = 0.26***), 

indicating specific genotypic responses in  total plant 
biomass formation to the climatic conditions of the two 
experimental years. Total biomass accumulation across 
different phenophases, including R8, provides a reliable 
indicator of genotypic responses to growing conditions 
and is valuable for variety selection and breeding 
decisions (Pieralisi et  al., 2024). In this context, newly 
selected genotypes with stable trait expression are of 
particular interest. Among the lines studied, S32 and R2 
exhibited greater phenotypic stability compared with 
the standard variety. 

Plant height (PH) in the studied group of breeding lines 
was negatively associated with important bioproductive 
traits such as plant branching (BP) and harvest index (HI). 
Harvest index was used by us as a main selection criterion 
in  previous generations, which explains the  obtained 
results, according to which the majority of the breeding 
lines were significantly shorter than the standard variety. 
Lines A1 and A3 did not differ significantly in plant height 
from the standard Avigea. According to the estimates of 
factor effects, this trait was significantly but very weakly 
influenced by environmental conditions (η²

E
 = 0.01*). 

The  observed variance depended almost entirely on 
the  genotypic factor (73%). Genotype × environment 
interactions had a small effect on plant height (η²

G × E
 = 

0.12). Lines S3, A3, and S2 exhibited relatively high 
stability for this trait.

The number of branches formed per plant (BP) is 
one of the  most important components of seed yield 
in  soybean. According to the  correlation analysis, this 
trait is positively associated with harvest index (HI) and 
the number of pods per plant (PP) in the studied group 
of genotypes. The  number of branches determines 
the  increase in  assimilatory organs, leading to greater 
plant biomass, while branching plasticity is important 
for the  response to environmental changes (Chu et  al., 
2023). The  high productive and adaptive potential of 
the standard variety Avigea is primarily associated with 
the  large number of first-order branches (Aleksieva, 
2013; Petrova & Chipilski, 2024). According to the present 
trial, line S32 significantly outperformed Avigea. Higher 
values, though without statistically significant differences 
compared to the  standard, were also recorded for lines 
S3, S2, and R5. Based on estimates of factor influence, 
variation in the number of branches per plant depended 
most strongly on the  genotypic factor (η²

G
 = 0.40***), 

while differences in  summer water availability during 
the  experimental years also had a  strong effect on this 
trait (η²

E
 = 0.32***). Genotype × environment interactions 

had a medium-strength effect (η²
G × E

 = 0.19***). Among 
the tested lines, the most stable phenotypic expression 
for the  number of branches per plant was observed 
in line R2.

The number of pods per plant (PP) and the  number of 
seeds per plant (SP) are yield components that are difficult 
to improve through selection due to the strong influence 
of environmental factors, particularly water availability, 
as highlighted in numerous studies (Varnica et al., 2018; 
Srebrić et al., 2020) conducted under conditions similar to 
ours. The results of the present trial also indicate a greater 
influence of the  environment, specifically differences 
in  summer water availability during the  experimental 
years, than of the  genotype on the  variance of these 
traits. According to the  obtained data, these traits 
showed lower estimates for the strength of the genotypic 
effect (η²

G
 = 0.24 and 0.14, respectively), with only line S3 

exhibiting significantly higher mean values compared 
with the  standard variety. The  most stable expression 
among the  studied genotypes for the  number of pods 
and seeds per plant was observed in breeding line S32. 
Line R2 exhibited phenotypic stability for the number of 
pods, which may be associated with its stable expression 
for the number of branches per plant.

.The number of seeds per pod (SPod) was evaluated as an 
indicator of genotypic differences in drought tolerance, 
since some seeds may fail to develop under water stress. 
Correlation analysis showed that SPod was significantly 
associated with growth traits specific leaf area (SLA) and 
dry mass coefficient (DMC), which were also measured to 
assess genotype-specific responses to drought. Across 
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the study period, line A3 produced the highest number 
of seeds per pod. The  standard variety and most other 
genotypes had lower values, although the  differences 
were not statistically significant. The  large-seeded 
breeding line R5 exhibited the  lowest number of seeds 
per pod and, correspondingly, the  highest proportion 
of undeveloped or aborted seeds. This trait showed 
the strongest effect of climatic conditions (η²

E
 = 0.53***), 

while the genotypic factor and genotype × environment 
interactions had weak effects (η²

G
 = 0.12***; η²

G × E
 = 

0.12***). The most stable phenotypic expression for this 
trait was recorded for the  standard variety Avigea and 
line S3.

Absolute seed mass is a  trait with strong genetic 
determination, and some of the  studied lines were 
also selected for large seed size. As a  result, very high 
genotypic variability was observed for the 100-seed mass 
(m100). Lines R5 and A3 showed a  significant increase 
compared to the standard variety, while lines S2 and S3 
were significantly smaller-seeded. Among the  studied 
lines, only line R2 exhibited stable phenotypic expression 
for this trait, comparable to that of the standard.

Related to the  results presented so far is individual 
plant productivity, assessed by seed weight per plant 
(SYP). Lines S3 and R5 (fig 3) showed significantly higher 
individual productivity compared to the  standard 
variety Avigea. According to the phenotypic correlation 
coefficients, plant seed productivity is strongly positively 
associated with biomass yield per plant at harvest (BMYP), 
as well as with the number of pods (PP) and seeds (SP) 
produced per plant. Thus, the superiority of line S3 over 
the standard variety in these yield components provides 
a  significant advantage in  individual plant productivity. 
Line R5 recorded the  highest values for absolute seed 
mass and harvest index, highlighting the  importance 
of these components in  achieving high yield. This trait 
showed the lowest genotypic effect among all observed 
traits (η²

G
 = 0.10***). Only line S32 exhibited higher 

stability in  individual plant productivity compared to 
the standard.

Through the  harvest index (HI), productivity can 
be considered as the  genotypically determined 
efficiency of resource use. According to Mazur et  al. 
(2023), the  harvest index should be used as a  primary 
selection criterion in  breeding for productivity under 
stress conditions, and thus for adaptability, as it is most 
strongly associated with cenotic yield. In the  present 
study, the  influence of the  genotypic factor (η²

G
 = 

0.41***) exceeded that of the environmental factor (η²
E
 = 

0.35***), while genotype  × environment interactions 
had a very low effect (η²

G × E
 = 0.07***) on the variation 

in  harvest index. Consequently, significant genotypic 
diversity was observed in the studied group of breeding 

lines. A positive, statistically significant difference of 
5.9  percentage points compared with the  standard 
variety Avigea was observed only for line S3. Lines R5 
and S32 also outperformed the  standard, but without 
significant differences. It is important to note that 
the  highest stability for harvest index was observed 
in the standard variety, while among the breeding lines, 
relatively high phenotypic stability was observed in S3, 
A3, and S32.

All breeding lines exceeded the  standard in  crude 
protein content (CP), with non-significant differences 
of up to 2.9  percentage points observed for line A3. 
Corresponding to the negative correlation between crude 
protein and crude fat (CF) content, all lines had lower fat 
content than the standard by up to 2.6 percentage points. 
The environmental factor had a twice stronger effect than 
the  genotypic factor on grain protein content. Under 
conditions of lower water availability during pod and 
seed formation in 2024 (Fig. 1), the mean crude protein 
concentration (37.3%) exceeded that of the previous year 
(34.7%) with a  significant difference of 2.6 percentage 
points. This is a  well-known effect of drought during 
the  reproductive stages R5–R6 on grain quality under 
Bulgarian conditions (Matev et al., 2022; Ilin et al., 2025). 
Interactions among the factors had no significant effect 
on grain protein content. A prolonged period of grain 
development in  2010 resulted in  larger-sized grains, an 
increased protein content, and a  decreased oil content 
(Popović et al., 2013a; 2013b).

Specific leaf area (SLA) and dry mass coefficient (DMC) 
are functional growth traits that reflect the  adaptive 
strategies of plants and are important for assessing 
the  response of a  given genotype to environmental 
conditions, particularly soil and atmospheric 
moisture (Chowdhury et  al., 2016). They were used to 
comparatively evaluate the  response of the  studied 
lines to the  severe summer drought observed during 
the second and third experimental years, which affected 
the  crop during critical reproductive phenophases; 
flowering to pod formation, seed setting (July), and grain 
filling (August). These traits are negatively correlated 
phenotypically, as also evident from our data (Figure 
2). According to the results of the conducted analysis of 
variance, the  observed genotypic variance for specific 
leaf area and dry mass coefficient was significant, with 
the  effect of the  genotypic factor assessed as medium 
in strength (η²

G
 = 0.19 and 0.21, respectively). Based on 

the data, only line R2 significantly exceeded the standard 
in  specific leaf area, which indicates a  higher relative 
growth rate or mass-based maximum photosynthetic 
activity under drought conditions. Lines A3 and S2 also 
showed higher specific leaf area relative to the  mean 
value of the studied genotype group. The increase in dry 
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matter content under drought is a  response aimed at 
maintaining structural integrity and reducing water 
potential. The  standard variety exhibited the  highest 
values for the relative proportion of dry matter per unit of 
fresh mass, indicative of effective adaptation to drought 
in Bulgarian breeding. The majority of the lines fell within 
a  homogeneous group with the  standard for this trait, 
suggesting comparable drought tolerance.

The genotypic variance for transpiration rate (TR) 
in 2024 was not significant, and the tested lines formed 
a homogeneous group with the standard variety. In 2025, 
under conditions of significantly lower water availability 
throughout the  summer months, the  genotypic factor 
had a strong effect on transpiration intensity. Line R2 and 
the standard variety showed better capacity to regulate 
transpiration under extremely dry conditions.

 

Pearson Product-Moment Correlations
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Figure 2	 Phenotypic correlations among the observed traits

Table 2	 Values of G×E variance (S²G×E) for each genotype across the monitored seed yield components

Genotype
Seed yield components

Avigeya St R2 R5 S2 S3 S32 A1 A3

BMYP, g 564 392 849 650 1801 276 1524 1473

PH, cm 119 110 151 70 32 117 136 28

BP, Nb 2.6 2.2 11.4 5.7 4.7 3.1 6.0 5.8

PP, Nb 1,181.8 1,037.5 3,153.9 2,277.4 4,946.1 845.8 1,872.1 1,802.7

SP, Nb 4,621.8 7,906.1 13,568.5 12,371.6 22,744.7 4,257.1 10,072.9 11,138.4

SPod, Nb 0.04 0.17 0.26 0.17 0.04 0.07 0.20 0.17

m100, g 0.79 0.58 4.84 2.06 2.30 1.56 2.84 1.89

SYP, g 88.3 142.0 667.2 172.4 500.8 71.6 245.4 242.6

HI, % 4.7 89.5 123.8 91.9 27.4 35.1 46.5 33.0
BMYP, g – biomass yield per plant at harvest; PH, cm – plant height; BP – number of branches per plant; PP – number of pods per plant; SPod – 
number of seeds per pod and SP – per plant; m100, g – absolute mass of seeds/mass of seeds; SYP, g – seed yield per plant; HI, % – harvest index
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4	 Conclusions 
Selection progress in the most important soybean yield 
components was achieved in  lines S3 (♀Saikai 20 × 
♂Galina) and R5 (♀Romantica × ♂Srebrina). These lines 
should be included in competitive trials and subsequently 
registered as new varieties. The  superiority of line S3 
over the standard in the number of pods and seeds per 
plant, as well as in  harvest index, provides a  significant 
advantage in  individual plant productivity, despite its 
lower absolute seed mass. Line R5 recorded the highest 
values for absolute seed mass and harvest index. Both 
lines produce a  large number of first-order branches, 
which also contributes to their higher productive 
potential. They exceed the  standard in  crude protein 
content without significant differences, while lagging 
behind in  crude fat content. Line S3 is comparable to 
the standard variety in its ability to regulate transpiration 
under dry conditions.

Line S32 (♀Saikai 20 × ♂Galina) exhibited the  highest 
phenotypic stability for the seed yield components most 
strongly correlated with individual plant productivity, 
namely: total plant dry mass at harvest, number of pods 
and seeds per plant, and harvest index.

These lines should be included in competitive trials and 
subsequently registered as new varieties.
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