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Combinative breeding for large seeds in soybean
Abstract: Technological qualities of the seeds, includ-

ing their mass, play an important role in the purposeful use 
of soybean for food production. The purpose of this study is 
to determine the potential of specific crosses and recombinant 
lines in the combinative breeding of high yielding large-seeded 
soybean varieties. During the period of 2018-2019 the F3 and F4 
hybride generations of crosses with participation of the ultra-
early mature and large-seeded cultivar Romantica were stud-
ied. Data were used to evaluate: presence and extent of positive 
transgressive forms by absolute seed mass in F3 family crosses; 
genotypic diversity and additive variance at specific crosses; the 
effectiveness of selection of the trait large seed in F3. According 
to the results, transgressive selection can be successfully used 
to reach the goal large seeds in soybean. The efficiency of selec-
tion of transgressive forms in F3 generation is high. The genetic 
potential to combine a high specific mass of seeds with a high 
yield of seeds per plant has been established for the Romantica 
cross with the Bulgarian standard variety Srebrina. Recombi-
nant lines suitable for intensive selection for the trait lage seed 
were obtained from the ‘Romantica’ x ‘Oria’ combination. The 
‘Saikai 20’ x ‘Romantica’ cross possess a very high degree of 
transgressive segregations. 

Key words: soybean; combinative breeding; absolute seed 
mass

Kombinacijsko žlahtnjenje soje za večja semena
Izvleček: Tehnološke lastnosti semen, vključno z njihovo 

maso imajo pomembno vlogo pri namenski rabi soje v pridela-
vi hrane. Namen raziskave je bil določiti potencial specifičnih 
križanj in rekombinantnih linij v kombinirani vzgoji visokodo-
nosnih sort soje z velikimi semeni. V obdobju 2018-2019 so bile 
preučevane F3 in F4 hibridne generacije iz križanj zelo zgodaj 
dozorevajočih sort soje in sorte Romantica z velikimi semeni. 
Pridobljeni podatki so bili ovrednoteni glede na naslednje pa-
rametre: prisotnost in obseg pozitivnih transgresivnih oblik z 
veliko absolutno maso semen v družini F3 križancev; genotip-
sko raznolikost in aditivno spremenljivost pri specifičnih kri-
žanjih; učinkovitost izbora lastnosti velikih semen v F3 genera-
ciji. Glede na rezultate je transgresivna selekcija lahko uspešno 
uporabljena za vzgojo sort soje v velikimi semeni. Učinkovitost 
izbora transgresivnih oblik v F3 generaciji je bila velika. Genet-
ski potencial za kombinacijo lastnosti velika specifična masa 
semen z velikim pridelkom semen na rastlino je bil dosežen pri 
križanju sorte Romantica s standarno bolgarsko sorto Srebrina. 
Rekombinantne linije, primerne za intenzivno selekcijo za la-
stnost velika semena so bile dobljene s kombinacijo ‘Romantica’ 
x ‘Oria’.Tudi križanje ‘Saikai 20’ x ‘Romantica’ je imelo veliko 
stopnjo transgresivnih segregacij.

Ključne besede: soja; kombinacijsko žlahtnenje; absolu-
tna masa semen
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1	 INTRODUCTION

Legumes are widespread around the world, pro-
viding more than 69 % of the protein, and 30 % of the 
fats/oils needed for human diet. In the grain legumes 
- pea, soybean and common bean the protein content 
ranged from 20 % to 40 % depending on genotype and 
environment. Important is the fact that legumes require 
minimal amounts of soil fertilizers because they possess 
the ability to absorb nitrogen from the air through sym-
biotic interactions with nitrogen fixing bacteria. This 
ability affirm them as the world’s plant protein sources, 
providing sustainable agriculture. Climate specificity of 
Bulgaria could be described as a heavy continental. The 
Bulgarian soybean varieties are created for the specific 
soil and climatic conditions of the country along with 
the developed agro-technologies. In Bulgaria the Ex-
perimantal Soybean Station in Pavlikeny is the research 
organization where the Bulgarian soybean varieties 
are created and its main scientific activity is to develop 
varieties adapted to the country-specific agro-climatic 
environment and with high nutritional and techno-
logical quality of the grain. Technological qualities of 
the grain, including its specific absolute mass, play an 
important role in the purposeful use of soybean for 
food production. The mass of 100 seeds is an important 
component in seed yield, which is monitored in breed-
ing productivity programs. The mass of 100 seeds pos-
sess complex genetic control. According to the study 
of Assefa et al. (2019), 14 quantitative trait loci (QTL) 
related to this trait were identified. Independent selec-
tion by absolute seed mass is considered easy and effec-
tive because of medium to high inheritance estimates 
(Cober et al., 1997; Krisnawati and Adie, 2015), but it 
is also important to associate this trait with productiv-
ity and adaptive potential. In their study (Mian et al., 
1996) comment significant positive genotypic correla-
tions between seed mass and seed yield per plant. On 
the other hand, the trait large seed is negatively corre-
lated with the number of pods formed by the plant and 
the number of seeds per pod (Miladinović et al., 2011). 
Because these are the main criteria for selection in the 
direction of productivity, often high-yielding varieties 
are not large-seeded. It is important to note that seed 
mass is also strongly influenced by environmental fac-
tors. According to our research, genotypically defined 
trait large seed have a phenotypic realization when the 
reproductive phases of grain filling R7-R8 take place 
outside the period 1-15 August, when the drought peri-
od in Bulgaria is most frequent and most severe. In this 
regard, high and stable trait expression was observed in 
varieties of very early (MG 000-00) and medium to late 

(MG I) maturity groups (Naydenova and Georgieva, 
2019).

The nature of inheritance of the absolute mass of 
the seeds, established by the dialle crosses of the vari-
eties grown in Bulgaria, is defined as additive (Kien, 
1989). This is a reason transgressive selection to be 
considered as a potentially effective method to improve 
the trait. Transgressive variability in hybrid F2 and F3 
families due to the recombination of additive alleles has 
been observed and further used in our selection pro-
gram for all quantitative traits structuring seed yield in 
soybean (Aleksieva, 2001). According to Jambormias et 
al. (2015) the finding of multiple transgressive segre-
gates at the F3 generation will enables an early selection 
to be carried out simultaneously for several multiple 
traits on self pollinated crops. 

The purpose of this study is to identify positive 
transgressive forms by absolute mass of seeds, as well 
as to determine the potential of specific crosses and 
recombinant lines in the combinative breeding of high 
yielding large-seeded soybean varieties.

2	 MATERIAL AND METHODS

2.1	 CHARACTERISTICS OF PARENTAL GENO-
TYPES

Romantica variety is an ultra-early mature Ukrain-
ian variety (MG00), with a vegetation period of about 
90 days for the condition of Northern Bulgaria. In three 
years comparative variety trial, the value of the trait 
mass of 100 seeds for this genotype is 15.22 g (Nayde-
nova and Georgieva, 2019). Unfavorable characteristics 
of the variety are low growth habitus and low position-
ing of the first pods.

Oria variety is an early mature Canadian variety 
(MG0) with a corresponding average mass of 100 seeds 
14.14 g. Filling of the seeds in this genotype varies 
greatly in the years.

Felix variety is an early mature Romanian variety 
(MG0) with a mass of 100 seeds 13.27 g. It is character-
ized by a stable phenotypic expression of the trait, as 
well as high grain productivity.

Srebrina is a Bulgarian medium-early variety 
(MGI) with high adaptive and productive potential. 
The mass of 100 seeds for this genotype identified in the 
above mentioned comparative variety trail is 12.10 g, 
with trait values varying slightly over the years.

‘Saikai 20’ is a Japanese variety, midle-late maturi-
ty group (MGII), characterised with high-protein con-
tent. The genotype is small-seeded (mass of 100 seeds 
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– 11.15 g), with cracked pods under Bulgarian environ-
mental conditions.

2.2	 FIELD EXPERIMENTS

The crosses performed with these varieties were 
conducted in 2015 in the region of Pavlikeni (43°24’N, 
25°32’E, 144 m), which is in the temperate continental 
climate zone with a well-established continental rainfall 
regime - with a maximum in May-June and a minimum 
in August-September. In 2017 the selection in F2 was 
made according to the growth habitus, by early maturity, 
height of positioning of the first pods, and not crack-
ble pods. Generations F3 and F4 were tracked down in 
a breeding nursery compared to the parental genotypes 
over two consecutive years (2018-2019). The offspring of 
each elite genotype harvested in F2 generation was sown 
in one separate row 4 m in length, with a row spacing of 
70 cm and 10 cm in row distance, 10 plants per linear 
meter. 

2.3	 PHENOTYPIC MEASUREMENTS AND DATA 
ANALYSIS

On the basis of visual assessment, 4 plants of each 
row were selected (10 % intensity of selection was ap-
plied), and the values of the trait mass of 100 seeds (g) 
and the yield of seeds per plant (g) were monitored for 
20 plants of each family/studied cross. The mass of 100 
seeds was evaluated in duplicate for each genotype. From 
the biometric measurements carried out, the mean val-
ues, limit values and variance by absolute mass of the 
seeds in F3 generation were determined. The positive 
transgressive forms of the studied trait were established 
in crosses, respectively families. Transgression is repre-
sented by the relative difference of the trait value of the 
individual hybrid combinations against that of the large 
seeded parent. On the base of the phenotypic data of the 
trait large seed (mass of seeds) in combination with the 
production of seed per plant, 46 lines were selected, and 
traced down in the fourth generation for stabilization of 
the trait large seed. The lines were sown in rows of 2 m in 
length, at 70 cm between rows and 5 cm in row distance, 
20 plants per linear meter, in two randomized repeats. In 
the F4 generation, from each line, eight genotypes were 
selected, which were also subjected to biometric analysis.

Data from both generations (F3 and F4) were used to 
evaluate genotypic diversity and additive variance by ab-
solute seed mass by family, respectively at specific cross-
es. Genotype diversity is represented by the inheritance 
coefficient Hbs

2 calculated as the ratio of genotype to phe-

notype variance in F3 generation. The additive variance 
is represented by the inheritance coefficient hns

2, which is 
calculated by the parent-offspring covariance (F4) using 
the formula hns

2 = b/2rxy, where b is the regression coef-
ficient between the trait values in the parental genotypes 
(x) and those in the offspring (y); r - is the correlation 
coefficient (Yankulov et al., 1993).

In order to evaluate the effectiveness of selection of 
the trait absolute seed mass in F3, a rank analysis was per-
formed. Spearman’s rank correlation coefficient (rS) was 
used to estimate the relationship between seed mass of 
the elites selected in the F3 generation and that of their 
offspring in the F4 generation. The coefficient value is 
calculated using the formula given, where: d is the dif-
ference in genotype rank numbers by generation; n is the 
volume of the samples extract.

Statistical and graphical data processing was done 
using Microsoft Excel 2010.

3	 RESULTS AND DISCUSSION

According to the results (Table 1), the highest trans-
gression rate by mass of 100 seeds is the hybrid combina-
tion in which both parental components are large-seeded 
- Romantica X Oria. For the family of this cross, a very 
high mean value of the trait was observed, as well as the 
highest degree of segregation with respect to its thresh-
old values. Krisnawati and Adie (2015) had successfully 
obtained soybean large seed size lines established after 
crosses of large seeded parental genotypes (> 14 g/100 
seeds). For the cross of the same maternal genotype with 
the Bulgarian variety Srebrina, high positive transgres-
sions were also achieved, as well as a high range of phe-
notypic variability.

Using the Romantica variety as a pollen paternal 
component, lower mean values of the trait and signifi-
cantly lower levels of positive transgressions were ob-
tained. In these crosses, depending on the maternal 
component, contrasting results were also observed for 
variance of the trait. The highest hybrid variability was 
observed in the F3 population of the crossing breed 
where the Japanese variety Saikai 20 was the mother gen-
otype. The results could be explained both by the large 
difference in trait values in parental components and that 
transgressive segregations are more likely in genetically 
distant genotypes (Stelkens et al., 2014). The ‘Felix’ x ‘Ro-
mantica’ cross family has the lowest variance in terms of 
the tracking trait.
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Investigation of heterogeneous F2 and F3 families, 
followed by testing only the best of the lines, is consid-
ered to be an effective method in early generation of soy-
bean selection (St Martin and Geraldi, 2002). In this case, 
in addition to the mean and limit values for the families 
studied, estimates of genotypic effect and genotypic di-
versity within them are also important. According to the 
variance analysis, the genotypic control in the variation 
of seed mass between the lines was significant (p < 0.01-
0.001) for three of four families/crosses studied - Table 1. 
This implies the efficiency of the selection by trait still in 
F3 generation. On the other hand, according to the val-
ues of the inheritance coefficient, the genotypic diversity 
in F3 generation of the crosses ‘Romantica’ x ‘Srebrina’, 
‘Romantica’ x ‘Oria’, and ‘Felix’ x ‘Romantica’ is relatively 
low, where additional breeding criteria were used for the 
selection of elites (seed yield per plant, harvest index, 
growth habitus). The genetic differences in the studied 
generation of the ‘Saikai 20’ x ‘Romantica’ cross are sig-
nificant (H2 = 0.90), which could be accepted as an indi-
cator of both gene recombination leading to a significant 
increase in seed mass and the likely presence of sponta-
neous mutational variability of the trait. 

It is important to consider the effect of environmen-
tal factors in determining the genotypic significance of 
the breeding trait in the individuals (Rosenzweig et al., 
2016). The highest phenotypic variance established in 
families derived from parental components differing in 
maturity – ‘Romantica’ (MG00) x ‘Srebrina’ (MGI) and 
‘Saikai 20’ (MGII) x ‘Romantica’ (MG00) – is possibly 
due to environmental impact. In the segregating hy-
brid populations, the individuals have different timing 
of grain-filling phenophases, which is a source of envi-
ronmental variance by the traced trait (the differences in 
precipitation during the phenophases of grain filling R7-

R8 in very early and middle-early offspring amounts to 
almost 50 mm). This requires the seed mass to be evalu-
ated in relation to early maturity in these crosses. At the 
same time, high phenotypic variability by trait, coupled 
with a slightly segregation in maturity, is observed for 
the cross of early maturity ‘Romantica’ (MG00) x ‘Oria’ 
(MG0) varieties. In this case, some of the variability may 
be associated with a specific genotypic response to the 
larger feeding area in which the F3 offspring were grown 
– row spacing 70 cm and 10 cm in row distance, 10 plants 
per linear meter. In our previous studies based on stand-
ard Bulgarian soybean varieties we found a difference in 
genotypic response of the trait seed mass related to sow-
ing density (Georgiev et al., 2019). In this regard, an ad-
ditional evaluation of the expression of the trait in crops 
with higher density is required, which was done in F4 
generation of crosses.

According to the results of the determing of pheno-
type by seed mass in combination with the seeds produc-
tion per plant (Figures 1) higher frequency of offspring, 
significantly exceeding the parental forms is observed for 
the fourth hybrid generation of the cross ‘Romantica’ x 
‘Srebrina’ - Fig. 1A, Fig. 2A. In relation to the results for 
the previous generation of this cross, the large seeded is 
connected to the maturity period, and the highest seed 
mass was observed for the offspring of the late mature F3 
genotypes. For genotype R5/13/2 an extremely high mass 
value of 100 seeds was reported - 28.9 g. 

In F4, the offspring of the cross ‘Romantica’ x ‘Oria’, 
under conditions of genotypic and environmental com-
petition, were observed only two elites, superior in terms 
of both productivity and seed mass of the parent compo-
nents (Fig. 1B, Fig. 2B). It is important to note that there 
are also a large number of offsprings with very high mat-
ter of the breeding trait (>20 g), which exhibit higher in-

Hybrid combinations
‘Romantica’ x ‘Srebrina’ ‘Romantica’ x ‘Oria’ ‘Felix’ x‘Romantica’ ‘Saikai 20’ x‘Romantica’

Mass of 100 seeds 
(m100), g

19.3 21.9 18.5 17.6

Min 15.4 17.6 17.4 16.8
Max 23.2 26.4 19.5 20.4
σ2, g 5.3 10.9 0.8 13.0
Values of positive 
transgression

0.5 - 14.3% 1.4 - 36.1% 1.3 - 6.5% 0.2 - 10.8 %

Significance of genotypic  
variance in F3 generation 
of family 

p < 0.01 p < 0.01 p = 0.10 p < 0.001

H2 0.18 0.24 0.23 0.90

Table 1: Mean values, limit values, variance and degree of positive transgression for families by trait mass of 100 seeds (g) in F3 
generation
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Figure 1: Scattering of seed yield per plant (SYP, g) by mass of 100 seeds (m100, g) in F4 generation of crosses (A-D) 

Figure 2: Representative elite lines from F4 generation (A-C) 
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dividual productivity than that of the mother variety. This 
allows a high intensity of selection by the mass of seeds in 
the family.

Due to the low hybrid variability presented above, 
the number of ‘Felix’ x ‘Romantica’ progeny monitored in 
F4 is small. According to the results, the cross has no po-
tential for the desired combination of high seed mass with 
high plant seed yield - Fig. 1 C. 

In a large number of F4 offsprings from the ‘Saikai 20’ 
x ‘Romantica’ cross, a significant increase in the selected 
trait values was observed against the maternal genotype. 
In the offspring of one of the selected line in the previ-
ous generation, genotypes with very high seed mass values 
(> 20 g) and with high yield of seeds per plant (> 30 g) were 
observed (Fig.1 D, Fig.2 C). Genotypes have been found to 
exceed the Romantica variety for both traits, which is the 
parent component with higher meaning of these traits.

The efficiency of identifying offspring with high 
genotypic meaning by mass of 100 seeds in F3 estimated 
by the rank correlation coefficient (rs) is very high for the 
‘Romantica’ x ‘Oria’ and ‘Saikai 20’ x ‘Romantica’ crosses - 
Table 2. Also relevant are the results of the assessment of 
additive inheritance by the trait in the commented crosses 
- the inheritance coefficient hns

2 possess corresponding 
values of 0.56 and 0.54, the additive variance is about half 
of the observed phenotypic variance.

According to the values of the correlation coefficient 
(rm100/SYP), the mass of the seeds was not related to the yield 
of seeds per plant (Table 2). A significant compensating 
dependency between seed mass and number of seeds 
per plant (rm100/NSP = -0.62) was observed for recombinant 
lines from the ‘Saikai 20’ x ‘Romantica’ cross. According 
to Fujii et al. (2018) some genetic factors for large seeds 
reduce the number of pods and fertility by decreasing ei-
ther the number of pods per plant or the number of ovules 
per pod. Definitely further studies are needed to find out 
whether the regulation of these components is due to a 
common genetic factor or closely related ones. 

4	 CONCLUSION

According to the results presented in this study, 

transgressive selection can be successfully used to reach 
the goal large seeds in soybean. The efficiency of selec-
tion of transgressive forms in F3 generation is high. The 
valuable combinative variability in seed mass obtained in 
all the crosses studied, identifies the Romantica variety as 
an important genetic source in the selection for the trait 
large seed. The genetic potential to combine a high specific 
mass of seeds with a high yield of seeds per plant has been 
established for the ‘Romantica’ cross with the Bulgarian 
standard variety Srebrina.

Recombinant lines suitable for intensive selection 
for the trait lage seed were obtained from the ‘Romantica’ 
x ‘Oria’ combination. The ‘Saikai 20’ x ‘Romantica’ cross 
possess a very high degree of transgressive segregations. 
The hybrid material derived from it could be successfully 
used to study the genetic factors affecting both traits - the 
number of seeds per plant and their specific mass.
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