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Abstract: Soybean is generally grown as a rainfed crop worldwide and very often is exposed to
drought and high temperatures. The objectives of this study were to determine the performance
and stability of 32 elite soybean genotypes for seed protein and oil contents across six dry and eight
normal environments and to determine the influence of environment on the relationship between the
two traits. In the combined ANOVA, genotypes (G), environments (E) and G × E were significant for
both traits with protein content being more sensitive to environmental changes than oil content. Mean
seed protein content decreased by 4.5% under drought conditions compared to normal ones and
ranged from 2.3% to 7.1% for individual genotypes. At the same time drought caused a slight increase
in seed oil content of +1.2%, with a range of −1.3% to +4.5% for individual genotypes. Genotype
stability in terms of regression coefficient (b) and coefficient of variation (CV) was in moderate to
weak negative correlation with mean genotype performance for protein content, while no correlation
was observed between genotype stability and mean genotype performance for oil content. Protein
and oil content were significantly negatively correlated in normal environments (r = −0.33), while no
correlation between the traits was observed in dry environments (r = −0.02).

Keywords: soybean; genotype; stability; drought; seed quality

1. Introduction

The main task of agriculture is to provide sufficient proteins, carbohydrates, oils,
fibers, and other compounds crucial to humans and animals. In this context, soybean
(Glycine max (L.) Merr.) is one of the most important protein and oil crops and is one of
the five most important field crops in the world with a constantly increasing area and
production. According to the FAOSTAT database, soybean harvested area increased by 92%
or 58 million ha in the period 1994–2019, while production increased by 145% or 197 million
tons [1]. Soybean accounts for more than half of the world’s oilseed production and more
than a quarter of the protein used globally for human food and animal feed [2]. Compared
to other legumes such as chickpea, mung bean, lentil, cowpea, pigeon pea, kidney bean,
and moth bean, soybean is superior in protein, total lipids, minerals (P, K, Ca, Fe, Zn,) and
vitamins (thiamine, riboflavin, vitamins C and E) [3]. The benefits of soybean products for
human health have been described by Prasad et al. [4] and Igiehon et al. [5].
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Soybean is generally grown as a rainfed crop worldwide and very often is exposed to
various abiotic stresses. Problems such as salinity, acidity, desertification, etc. are mainly of
regional importance, while climate change reduces crop yield and quality worldwide and
threatens food security [6–8]. According to UN data [9], the global average temperature
increased by 0.85 ◦C between 1880 and 2012. For comparison, for every degree of temper-
ature increase, grain yields decrease by about 5%. Moreover, water scarcity, insufficient
amount and frequency of precipitation, drought stress, and extremely high temperatures
adversely affect soybean during all vegetative stages. Further, as climate change projections
become increasingly negative, the cultivation of stable cultivars with high yields while
maintaining high quality will be of exceptional importance [10].

While the adverse effects of high temperature and drought on soybean yield and yield
components are well known and documented [11–17], previous studies have reported
conflicting results on the effects of temperature and precipitation on the protein and oil
composition of soybean seeds. For example, Piper and Boote [18] and Carrera et al. [19]
showed that oil content increased with increasing temperature during seed filling, whereas
the response of protein content vs. temperature exhibited a quadratic function. Piper and
Boote [18] reported that protein content was low between 20 ◦C and 25 ◦C and increased
at temperatures below 20 ◦C, or above 25 ◦C, which is similar to the pattern observed by
Carrera et al. [19] who found that protein content decreased with increasing temperature
between 14.1 ◦C and 19.3 ◦C and then increased with increasing temperature. Mourtzinis
et al. [20] found that higher temperatures reduced protein content and favoured oil content
in soybean seeds. In contrast, Dornbos and Mullen [21], Vollmann et al. [22] and Kumar
et al. [23] found a positive relationship between temperature and protein concentration,
but a negative relationship between temperature and oil concentration. In several other
studies, high temperature tended to decrease [24] or increase [25,26] oil content without
affecting protein content.

Regarding water availability, Maestri et al. [24] observed a significant negative correla-
tion for both protein and oil content with total precipitation during the growing season.
Dornbos and Mullen [21], Vollmann et al. [22], and Kumar et al. [23] observed an increase in
protein content and a decrease in oil content in soybean seeds with decreasing precipitation,
in contrast to Specht et al. [27] and Carrera et al. [19] who found a decrease in protein content
and an increase in oil content with rising water deficit during the reproductive stages.

The complexity of the relationship between weather conditions and soybean seed com-
position has been demonstrated by Yaklich and Vynyard [28] and Song et al. [29] Yaklich
and Vynyard [28] compared monthly temperature and precipitation variables during the
growing season (April to September) with protein and oil data for the years 1959 to 1996
from the U.S.A. Uniform Soybean Tests. In their study, protein concentrations were most
affected by temperature variables from the months of April and August, whereas the oil
concentrations were best classified by August and September temperature variables and
precipitation in May and September. Song et al. [29] collected a large number of soybean
samples at many locations in China from 2010 to 2013 and found that, crude protein was
positively correlated with mean daily temperature and precipitation on an annual average
basis, while crude oil was negatively correlated with mean daily temperature. However,
when the data were analyzed by year, some of the previously observed correlations were
absent. Agricultural practice (seeding rate, row spacing, herbicide and fungicide treat-
ments, seed treatments, and nitrogen application) is an additional factor that can alter
environmental effects on soybean seed composition [30,31].

As a consequence of the complex relationship between weather variables and soybean
seed composition, although the correlation between protein and oil content is generally
negative [23,32–36], the strength of the correlation between protein and oil content can
vary depending on the environment [18,22,37–39]. In addition, different sets of genotypes
considered in the different studies may also have influenced the reported strength of
correlations between protein and oil content. For example, Watanabe et al. [32] reported
that the negative correlation between protein and oil content was stronger in smaller seeded
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than in larger seeded cultivars or lines, and Yaklich et al. [40] found stronger negative
correlations between the two traits for late-maturing groups grown in the southern region
of the U.S. than for early-maturing groups from the northern region. The conflicting results
regarding environmental effects on protein and oil content of soybean seeds, along with
the overall negative correlation between the two traits found in previous studies, make
it extremely difficult to improve the two traits simultaneously in breeding programmes.
Therefore, multi-environmental trials including a range of genotypes are needed to evaluate
the effects of environment and genotype on seed oil and protein content, but also to
assess the stability of genotypes for seed composition and possibly reveal their adaptation
to specific environments. There are few published studies investigating the stability of
protein and oil content in soybean, especially those involving a large number of genotypes
and environments [41–44]. In the light of climate change and the expected increase in
the frequency of adverse weather conditions, there is a need to test a large number of
soybean genotypes in a range of different environments, including those characterized by
different levels of random or managed abiotic stress conditions. This would provide useful
information to breeders aiming at creating broadly adapted cultivars with high yields and
quality, but also help farmers to select those genotypes that can perform at their maximum
in favorable environments with minimal losses due to adverse conditions.

Thus, the objectives of this study were (i) to determine the protein and oil content of
32 elite soybean genotypes in 14 dry and normal environments (ii) to estimate the stability
of soybean genotypes for seed protein and oil across environments, and (iii) to determine
the environmental influence on the relationships between the two traits.

2. Materials and Methods
2.1. Plant Material

Thirty-two soybean genotypes including 24 cultivars and eight breeding lines of
maturity groups ranging from 00 to I were used as the experimental material (Table 1).
Representation of these cultivars on the arable land of the Republic of Croatia was more
than 90% at the time when experiments took place.

Table 1. List of soybean genotypes used in field experiments and lab analyses.

Code Genotype Maturity
Group

Genotype
Status Code Genotype Maturity

Group
Genotype

Status

1 Zlata 0–I cultivar 17 Buga 0 cultivar
2 Ružica 0–I cultivar 18 Gabriela 00–0 cultivar
3 Zagrebčanka I cultivar 19 Sanda 0 cultivar
4 Pedro 0–I cultivar 20 Sonja 0 cultivar
5 Bahia 0–I cultivar 21 Toma 0 cultivar
6 Ascasubi I cultivar 22 Ema 00–0 cultivar
7 Ika 0–I cultivar 23 Korana 00–0 cultivar
8 OS Zora 0–I cultivar 24 Lucija 0 cultivar
9 Tena 0–I cultivar 25 OS-1 0 breeding line
10 Sara 0–I cultivar 26 OS-2 00–0 breeding line
11 Seka I cultivar 27 OS-4 00–0 breeding line
12 Tisa I cultivar 28 OS-5 0 breeding line
13 OS-3 0–I breeding line 29 OS-6 0 breeding line
14 OS-8 0–I breeding line 30 OS-7 00–0 breeding line
15 DH 5170 I cultivar 31 Merkur 0 cultivar
16 Galina 0 cultivar 32 Xonia 0 cultivar

2.2. Description of Field Trials

Field trials with 32 soybean genotypes were conducted during two consecutive grow-
ing seasons (2017 and 2018) under natural weather conditions at seven locations across
the main soybean growing area in Croatia (Table 2). The trials were set up according to
a randomized complete block design with four replicates. The size of the experimental
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plot in each trial was 10 m2. Sowing was performed in optimal agrotechnical terms in
both years (Table 2) with a pneumatic seed drill at plant density recommended by seed
companies. The inter-row spacing was 0.45 m, while the within-row spacing was adjusted
to the expected stand of 50 plants per m2 for later cultivars and 60 plants per m2 for earlier
cultivars. The seeding rate for each genotype was adjusted according to the corresponding
germination rate determined each year by standard germination tests. All agrotechnical
operations were carried out according to the requirements of intensive soybean production
and mineral fertilization was applied at each location on the basis of chemical analysis of
the soil. Seeds were not treated with any microorganisms.

Table 2. List of locations for field experiments and sowing and harvest time for both years.

Location
Code

Location
Name

Geo-DMS
North

Geo-DMS
East

2017 2018
Sowing Harvest Sowing Harvest

L2 Šašinovec 45◦51′09.7′′ N 16◦10′49.4′′ E 2 May 2 October 30 April 4 October
L5 Osijek 45◦32′11.7′′ N 18◦44′28.1′′ E 27 April 30 September 20 April 20 September
L6 Feričanci 45◦31′50.7′′ N 17◦59′22.0′′ E 11 May 3 October 27 April 4 October
L7 Ðurići 44◦52′29.5′′ N 18◦54′51.3′′ E 3 May 15 September 21 April 19 September
L8 Popovac 45◦48′09.4′′ N 18◦39′08.9′′ E 27 April 11 September 23 April 19 September
L9 Tovarnik 45◦10′17.0′′ N 19◦08′25.6′′ E 11 April 15 September 17 April 20 September
L10 Kutjevo 45◦24′28.0′′ N 17◦53′18.1′′ E 26 April 13 September 19 April 21 September

2.3. Data Collection

After the harvest, seed samples (200 g) were collected from each plot and seed protein
and oil contents of unground seeds were determined by the near-infrared reflectance
spectroscopy using the SpectraStarTM XT infrared analyzer (Unity Scientific, Milford, MA
01757, USA). In each year, 30 reference samples were used to expand and validate the
spectroscopic calibration equations for the accurate calculation of protein and oil content.
Based on the reference values for moisture, oil and protein the original calibration from
the factory”unground soybeans-070914” was modified. Seed protein and oil contents were
expressed in percentages (%) on a dry matter basis.

The weather data (rainfalls, air temperature, and humidity) were collected by auto-
matic weather stations (Vantage Vue DAV-6250EU, Davis Instruments) situated at each
location. The amounts of precipitation and average air temperature were used to draw
Heinrich Walter’s climate diagrams to estimate the favorableness of the weather situation
for soybean growth and development at each location.

2.4. Statistical Analysis

Effects due to genotype, environment, and genotype × environment interaction for
protein content and oil content were determined by the additive main effects and multi-
plicative interaction (AMMI) analysis using GEA-R software version 4.1 [45].

The basic model was:

Yij = µ + gi + ej +
N

∑
n=1

τnγinδjn + εij

where Yij is the yield of the i-th genotype in the j-th environment; µ is the grand mean; gi
and ej are the genotype and environment deviations from the grand mean, respectively; τn
is the eigenvalue of the IPC analysis axis n; γin and δjn are the genotype and environment
principal components score for axis n; N is the number of interaction principal components
retained in the model and εij is the error term.

Tukey’s Studentized Range (HSD) Test was used for testing differences between
environmental means at p < 0.05. It was based on the following model:

Yijk = µ + gi + ej + rk + geij + εijk
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and was conducted using GLM procedure of SAS 9.4. [46]. In the model, Yijk is the yield
of the i-th genotype in the j-th environment and k-th replicate; µ is the grand mean; gi,
ej and rk are the genotype, environment, and replicate deviations from the grand mean,
respectively; geij is the genotype × environment interaction term and εijk is the error term.

Two stability parameters were calculated to assess the stability performance of geno-
types; b, the linear regression of the phenotypic values on environmental mean [47] and
the coefficient of variation (CV) suggested by Francis and Kannenberg [48] using the
STABILITYSOFT [49].

3. Results and Discussion
3.1. Weather Conditions

Precipitation amounts between 600 and 700 mm per year, with good distribution
during the vegetation period, are necessary for successful soybean production [50]. Ac-
cording to Kranz and Specht [51], about 65% of soybean water needs occur during the
reproductive stages: from R1 (beginning flower), through R3 and R4 (pod development) to
R5 and R6 phase (seed fill). In opposite, soybean usually accelerates maturation, shortens
the pod-filling period, and reduces leaf expansion and leaf area under moderate to severe
water shortage [52,53].

In Croatia, weather conditions vary greatly among years with an emphasis on the in-
creasing occurrence of unfavorable years which could be connected with the global climate
change process [54,55]. A significant difference in precipitation and mean air temperature
was noted among environments (year-location combinations) in our experiment according
to Heinrich Walter’s climate diagram (Figure 1). Generally, vegetation season 2017 was
less favorable for soybean production in comparison with 2018 because of observed pre-
cipitation deficiency at six out of seven locations. As stated by Vratarić and Sudarić [50]
for successful soybean production at least 150–170 mm of precipitation should fall during
June, July and August. In this context, all locations in 2018 and location Šašinovec in
2017 (L2-17), that received between 239.5 and 344.6 mm of precipitation, were designated
as favorable/normal, while the six remaining locations in 2017 experienced moderate
drought stress (less than 150 mm of precipitation) and these environments were treated
as dry (Table S1). Mean precipitation during the three summer months (June, July, and
August) was around 55% lower in dry environments compared with normal environments
(130 mm and 286 mm, respectively). During the same period, mean air temperature in
dry environments was 1.2 ◦C higher than in normal environments (Table S1). Among all
tested environments, the lowest precipitation and highest air temperatures were recorded
for Ðurići 2017 (L7-17) while Šašinovec in 2018 (L2-18) showed opposite characteristics
although precipitation amounts were extreme.

3.2. Analysis of Variance

The AMMI analysis of variance for protein content revealed highly significant (p < 0.01)
effects of genotype (G), environment (E), and G × E interaction (Table 3).The environment
had the largest effect, explaining 73.3% of the treatment sum of squares, whereas G and
the G × E interaction accounted for 13.1% and 13.6% of the treatment sum of squares,
respectively. For oil content, the effects of genotype (G), environment (E) and G × E
interaction were also highly significant (p < 0.01), with environment showing the largest
effect and explaining 44.4% of the treatment sum of squares, whereas G and the G × E
interaction were responsible for 24.3% and 31.2%, respectively.

Vollman et al. [22] and Hampango et al. [43] also reported the predominant effect
of the environment on protein and oil content of soybean seeds. In the present study,
protein content was more influenced by environmental conditions than oil content, which
is consistent with the results of a previous study on soybean seed composition conducted
in 15 environments in eastern Croatia [42]. On the contrary, in some previous studies, the
relative contribution of environment to the overall variation was more pronounced for oil
content than for protein content [19,39,56].
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Figure 1. Heinrich Walter climate diagram for monthly precipitation and mean air temperature 
across environments during the vegetation period (April–September). Figure 1. Heinrich Walter climate diagram for monthly precipitation and mean air temperature across

environments during the vegetation period (April–September).
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Table 3. AMMI analysis of variance for protein and oil content of 32 soybean genotypes over
14 environments including the first two interaction principal component axes (IPCAs).

Source of Variation SS % Cum% DF MS F PROBF

Protein content (%)
ENV (E) 4197.72 73.31 73.31 13 322.90 310.55 0.00
GEN (G) 751.03 13.12 86.43 31 24.23 23.30 0.00

G × E 777.16 13.57 100.00 403 1.93 1.85 0.00
IPCA1 219.52 28.25 28.25 43 5.11 4.91 0.00
IPCA2 131.68 16.94 45.19 41 3.21 3.09 0.00

Oil content (%)
ENV (E) 360.50 44.44 44.44 13 27.73 76.91 0.00
GEN (G) 197.45 24.34 68.78 31 6.37 17.66 0.00

G × E 253.30 31.22 100.00 403 0.63 1.74 0.00
IPCA1 60.30 23.81 23.81 43 1.40 3.92 0.00
IPCA2 50.15 19.80 43.61 41 1.22 3.42 0.00

SS—sum of squares; %—percentage contribution of ENV, GEN, and G × E to the treatment sum of squares and
percentage contribution of IPCA1 and IPCA2 refer to the G × E sum of squares; Cum%—cumulative percentage
contribution of ENV, GEN and G × E to the treatment sum of squares and cumulative percentage contribution
of IPCA1 and IPCA2 to the G × E sum of squares; MS—mean square; DF—degrees of freedom; F—F value;
PROBF—significance of F.

Information on environmental effects on soybean seed composition can be useful
for growers, especially when based on data from trials conducted in a wide range of
target environments, including dry environments, as was the case in the present study.
However, from the breeder’s perspective, the relative contribution of genotype (G) and
genotype-environment interaction (G × E) to the overall variation of seed composition
is more important because these components affect estimates of heritability, which is the
key factor influencing the response to selection. Because the G × E interaction affects
the correlations between the performances of genotypes in different environments, the
observed performance of a set of genotypes in one environment may not be very informative
for the performance of the same set of genotypes in another environment when G × E is
large [57]. In the present study, the relative contributions of both components were the
same for protein content, whereas, for oil content, the relative contribution of the G × E
interaction component was higher than that of the genotype, which is in contrast to the
results of Gurmu et al. [56]. In the study of Hampango et al. [43], the relative contribution
of genotype and G × E interaction was the same for both protein and oil content. On the
other hand, Vollman et al. [22] and Sudarić et al. [42] reported that the contribution of
genotype was several times greater than the contribution of G × E interaction, in contrast
to Carrera et al. [19] who found the greater effect of G × E interaction for both traits.

In the present study, the treatment sum of squares due to the G × E interaction for
protein content was partitioned into six significant interaction principal component axes.
The first two IPCAs explained 45.19% of the total variation, with the contribution of IPCA1
being 28.25% and that of IPCA2 being 16.94% (Table 3). The multiplicative variance of the
treatment sum of squares due to the G × E interaction for oil content was partitioned into
five significant interaction principal component axes. The first two IPCAs explained 43.61%
of the total variation, with the contribution of IPCA1 being 23.81% and that of IPCA2 being
19.80%. Considering the relatively low percentage of the G × E interaction sum of squares
explained by IPCA1 alone for both protein and oil content, the AMMI2 biplots combining
IPCA1 and IPCA2 scores were created to visualize the G × E interaction, whereas the main
effects of environments and genotypes were presented in a tabular view.

3.3. Main Effects of Environments and Genotypes

Protein and oil contents (mean across 32 soybean genotypes) for seven locations in the
2017 and 2018 growing seasons (14 environments in total) are shown in Table 4. Based on
the Heinrich Walter climate diagram (Figure 1), six locations in the 2017 growing season,
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were designated as dry (D) whereas the location Šašinovec in 2017 and all seven locations
in 2018 were designated as normal (N).

Table 4. Mean protein and oil contents of 32 soybean genotypes at seven locations in 2017 and 2018
growing seasons.

Location Year Diff 1 Diff (%) 2

Protein content (%)
2017 2018

Šašinovec N 40.52 a 3 N 39.16 c 1.36 * 3.5
Osijek D 39.58 c N 40.22 ab −0.64 * −1.7

Feričanci D 38.38 d N 40.16 ab −1.78 * −4.7
Ðurići D 39.18 c N 40.11 ab −0.93 * −2.5

Popovac D 35.09 g N 37.05 f −1.96 * −5.6
Tovarnik D 37.74 e N 40.07 b −2.33 * −6.1
Kutjevo D 37.05 f N 39.53 c −2.48 * −6.6
Mean 38.22 39.47 −1.25 * −3.3

Oil content (%)
2017 2018

Šašinovec N 20.37 cd N 20.36 cd 0.01 ns 0.1
Osijek D 20.53 bc N 19.84 fg 0.69 * 3.5

Feričanci D 20.81 a N 20.01 ef 0.80 * 4.0
Ðurići D 20.32 cd N 20.74 ab −0.41 * −2.0

Popovac D 20.63 ab N 20.84 a −0.21 ns −1.0
Tovarnik D 19.82 fg N 19.70 g 0.13 ns 0.6
Kutjevo D 20.22 de N 19.28 h 0.95 * 4.9
Mean 20.39 20.11 0.28 * 1.4

N—normal environment, D—dry environment; 1 Diff—difference between years within locations in actual units,
2 Diff (%)—difference between years within locations in percentage of 2018, 3 differences among environments
(location × year combinations) followed by the same letter are not significantly different at p < 0.05 according to
Tukey HSD test; * and ns—the difference between years significant at p < 0.05 and non-significant, respectively.

Protein content across 14 environments varied from 35.09% (Popovac 2017; D envi-
ronment) to 40.52% (Šašinovec 2017; N environment). Mean protein content was lower
at seven locations in 2017 (38.22%) than in 2018 (39.47%), but significant differences in
protein content were also observed among locations within the two years. At each of the
six dry locations in 2017 protein content was significantly lower than the corresponding
protein content in normal 2018, with relative differences ranging from −1.7% at Osijek
to −6.6% at Kutjevo. Our results are consistent with those of Maestri et al. [24], Specht
et al. [27], Carrera et al. [19], and Song et al. [29], who reported a decrease in protein content
with increasing water deficit during soybean reproductive stages. In contrast, Vollmann
et al. [22] and Kumar et al. [23] observed an increase in protein content in soybean seed
with decreasing rainfall.

Oil content in 14 environments (Table 4) varied from 19.28% (Kutjevo 2018; N environ-
ment) to 20.84% (Popovac 2018; N environment). In contrast to protein content, which was
3.3% lower in 2017 than in 2018, average oil content across locations was 1.4% higher in dry
2017 (20.39%) than in normal 2018 (20.11%). However, when looking at individual locations,
only three locations were observed to have higher oil content in dry 2017 compared to
normal 2018, ranging from 3.5 to 4.9%, while drought significantly reduced oil content
at the location Ðurići (−2.0%). No significant differences in seed oil content between the
two years were observed at the remaining three locations. Several previous studies also
reported conflicting results regarding the effects of water availability on oil content in
soybean seed. Dornbos and Mullen [21], Maestri et al. [24], Vollmann et al. [22], and Kumar
et al. [23] observed a decrease in oil content in soybean seed with decreased precipitation,
while Specht et al. [27] and Carrera et al. [19] reported an increase in oil content under water
stress during reproductive stages. Regarding the effect of temperature on oil content, Naeve
and Huerd [26], Ren et al. [25] and Mourtzinis et al. [20] found that higher temperatures
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favoured oil content in soybean seed, in contrast to Dornbos and Mullen [21], Maestri
et al. [24], Vollmann et al. [22], Kumar et al. [23] and Song at al. [29] who found a negative
relationship between temperature and oil content.

One explanation for the seemingly contradictory results regarding changes in protein
and oil content of seeds in the different studies could be the number and diversity of
cultivar panels included in the different studies, but also the complexity of environmental
variables that determine protein and oil content, where high temperatures can interact
with drought. Dry conditions usually coincide with high temperatures, as was the case
in the present study, where dry conditions in 2017 were associated with higher mean air
temperatures at six experimental locations, compared to the wetter year of 2018. Carrera
et al. [19] showed that the relationship between average daily mean temperature during
seed filling and oil and protein concentration changes as a function of water stress level.
Their results showed that oil concentration under water stress increased linearly with both

Increasing temperatures and increasing water deficit, while protein concentration
increased linearly with temperature but decreased linearly with water deficit, which is
consistent with our results.

Mean values of seed protein and oil contents for 32 genotypes across all 14 environ-
ments as well as across eight normal and six dry environments, with the corresponding
ranks within each group of environments, are shown in Tables 5 and 6. Protein content in
normal environments varied from 37.99% (OS-8) to 40.68% (Merkur) and in dry environ-
ments from 36.53% (OS-8) to 39.13% (Ema) with a mean across all genotypes of 39.6% and
37.83, respectively (Table 5). The decrease in protein content in dry environments compared
to normal environments was observed in all genotypes and ranged from−2.3% for Gabriela
to −7.1% for Lucija with a mean of −4.5% across all 32 genotypes. Spearman’s rank corre-
lation coefficient between normal and dry environments was relatively high (r = 0.72 **),
suggesting similar performance of genotypes in favorable and dry environments. Among
the top five performing genotypes in normal and dry environments, four genotypes were
the same for both groups of environments. The five best performing genotypes across all
environments (Merkur, Toma, Ema, OS-4, and OS-5) belong to the early maturity group
and among the genotypes of the first quartile (the eight best genotypes,) seven genotypes
are from the early maturity group.

Oil content varied from 19.50% (Korana) to 20.83% (Bahia) in normal environments
and from 19.33% (Korana) to 21.29% (Sara) in dry environments with a mean across all
genotypes of 20.14% and 20.39%, respectively (Table 6). Unlike protein content, changes
in oil content in dry environments compared to normal environments were inconsistent
among genotypes, ranging from −1.3% for Ika and Tena to +4.5% for Zagrebčanka with a
mean of 1.2% across all 32 genotypes. The Spearman’s rank correlation coefficient between
normal and dry environments was moderate (r = 0.54 **), suggesting that for oil content, the
observed performances of a set of genotypes in normal environments are less informative
for predicting the performances of the same genotypes in dry environments than was
the case for protein content. Nevertheless, among the top five genotypes for oil content
in normal and dry environments, three genotypes were common to the two groups of
environments. However, unlike for protein content, the best genotypes for oil content (Sara,
Bahia, OS-5, Gabriela, and Zagrebčanka) were not associated with any particular maturity
group. For example, of the five best genotypes across all environments, two genotypes
belonged to the early maturity group (OS-5 and Gabriela) and the remaining three (Sara,
Bahia and Zagrebčanka) to the late maturity group. Also, among the genotypes from the
first quartile (the eight best genotypes), half of the genotypes belonged to the early maturity
group and the other half to the late maturity group. Dardanelli et al. [41], Rod et al. [58] and
Schmitz and Kandel [59] also reported an association between maturity group and soybean
seed composition, whereas in the study of Sobko et al. [35] maturity group affected neither
protein nor oil content.
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Table 5. Mean protein content (%) of 32 soybean genotypes across all, normal and dry environments
with the corresponding ranks within each group of environments. Genotypes are presented in
descending order based on their mean values across all environments.

Genotype (Code) Maturity
Group

All
Env Rank Normal

Env Rank Dry Env Rank Diff 1 Diff (%) 2

Merkur (31) 0 39.91 1 40.68 2 38.89 3 −1.79 −4.4
Toma (21) 0 39.85 2 40.70 1 38.73 4 −1.97 −4.8
Ema (22) 00−0 39.77 3 40.24 5 39.13 1 −1.11 −2.8
OS-4 (27) 00−0 39.72 4 40.22 7 39.05 2 −1.16 −2.9
OS-5 (28) 0 39.65 5 40.59 3 38.40 8 −2.19 −5.4
OS-7 (30) 00−0 39.58 6 40.38 4 38.52 5 −1.86 −4.6
Zlata (1) 0−I 39.36 7 40.24 6 38.18 12 −2.06 −5.1

Sanda (19) 0 39.33 8 40.17 9 38.21 10 −1.96 −4.9
OS-1 (25) 0 39.31 9 40.19 8 38.14 13 −2.05 −5.1

Ascasubi (6) I 39.29 10 39.87 14 38.51 6 −1.36 −3.4
Sara (10) 0−I 39.24 11 40.01 11 38.20 11 −1.81 −4.5

Zagrepčanka (3) I 39.20 12 40.08 10 38.0 16 −2.07 −5.2
Buga (17) 0 39.03 13 39.59 17 38.28 9 −1.31 −3.3

Gabriela (18) 00−0 38.96 14 39.35 22 38.45 7 −0.89 −2.3
Tena (9) 0−I 38.85 15 40.01 12 37.30 24 −2.71 −6.8

Korana (23) 00−0 38.82 16 39.37 20 38.08 15 −1.29 −3.3
Pedro (4) 0−I 38.82 17 39.58 18 37.81 18 −1.77 −4.5

OS Zora (8) 0−I 38.75 18 39.80 15 37.34 23 −2.46 −6.2
Ika (7) 0−I 38.73 19 39.93 13 37.14 25 −2.79 −7.0

Galina (16) 0 38.73 20 39.35 21 37.90 17 −1.46 −3.7
Xonia (32) 0 38.64 21 39.04 26 38.10 14 −0.95 −2.4
Seka (11) I 38.57 22 39.66 16 37.13 26 −2.53 −6.4
Sonja (20) 0 38.57 23 39.17 25 37.76 20 −1.41 −3.6
OS-3 (13) 0−I 38.46 24 39.25 23 37.40 22 −1.85 −4.7
OS-6 (29) 0 38.43 25 38.92 28 37.77 19 −1.14 −2.9

Lucija (24) 0 38.24 26 39.43 19 36.64 31 −2.79 −7.1
Ružica (2) 0−I 38.22 27 38.81 29 37.45 21 −1.36 −3.5

DH 5170 (15) I 38.18 28 39.25 24 36.76 30 −2.49 −6.3
OS-2 (26) 00−0 38.17 29 38.98 27 37.08 27 −1.90 −4.9
Bahia (5) 0−I 37.66 30 38.15 31 37.00 28 −1.15 −3.0
Tisa (12) I 37.65 31 38.29 30 36.80 29 −1.49 −3.9
OS-8 (14) 0−I 37.37 32 37.99 32 36.53 32 −1.46 −3.8

Mean 38.84 39.60 37.83 −1.77 * −4.5

All env—all 14 environments; Normal env—8 normal environments, Dry env—6 dry environments; 1 Diff.—
difference between dry and normal environments in actual units, 2 Diff (%)—difference between dry and normal
environments in percentage of the normal environment; *—the difference between means of dry and normal
environments is significant at p < 0.05 according to Tukey HSD test.

In agreement with our results, Rod et al. [58] reported that the maturity group signifi-
cantly affected protein content but not oil content. On the other hand, Dardanelli et al. [41]
found that the maturity group had a greater effect on oil content than on protein content,
which was more influenced by the maturity group × environment interaction in their
study. Schmitz and Kandel [59] reported a significant effect of the maturity group on both
traits, with protein content being higher in early cultivars and oil content in late cultivars.
Rod et al. [58] suggested that the differences between maturity groups might be largely
due to cultivar differences, but slight differences in temperature and/or water availability
during the critical stages of seed fill between different maturity groups could account for
the differences in protein concentration between maturity groups.
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Table 6. Mean oil content (%) of 32 soybean genotypes across all, normal and dry environments with
the corresponding ranks within each group of environments. Genotypes are presented in descending
order based on their mean values across all environments.

Genotype (Code) Maturity
Group

All
Env Rank Normal

Env Rank Dry Env Rank Diff 1 Diff (%) 2

Sara (10) 0−I 21.01 1 20.81 2 21.29 1 0.49 2.3
Bahia (5) 0−I 20.92 2 20.83 1 21.05 4 0.22 1.0
OS-5 (28) 0 20.72 3 20.41 5 21.13 3 0.72 3.5

Gabriela (18) 00−0 20.66 4 20.75 3 20.54 10 −0.20 −1.0
Zagrepčanka (3) I 20.65 5 20.26 13 21.18 2 0.91 4.5

Buga (17) 0 20.62 6 20.33 9 21.00 5 0.67 3.3
Ružica (2) 0−I 20.52 7 20.33 8 20.77 6 0.43 2.1
OS-6 (29) 0 20.51 8 20.42 4 20.64 8 0.22 1.1
Xonia (32) 0 20.36 9 20.23 14 20.53 11 0.30 1.5

DH 5170 (15) I 20.32 10 20.07 19 20.65 7 0.58 2.9
Sonja (20) 0 20.31 11 20.31 10 20.33 17 0.02 0.1

OS Zora (8) 0−I 20.31 12 20.29 11 20.33 18 0.03 0.2
OS-8 (14) 0−I 20.30 13 20.36 6 20.22 20 −0.14 −0.7

Ika (7) 0−I 20.23 14 20.34 7 20.08 26 −0.27 −1.3
Toma (21) 0 20.22 15 20.05 20 20.44 14 0.39 1.9
OS-1 (25) 0 20.16 16 20.18 15 20.14 24 −0.04 −0.2

Merkur (31) 0 20.16 17 20.08 18 20.26 19 0.18 0.9
Tena (9) 0−I 20.16 18 20.27 12 20.00 29 −0.27 −1.3
Seka (11) I 20.16 19 20.14 16 20.18 21 0.05 0.2
Ema (22) 00-0 20.14 20 19.88 26 20.50 12 0.62 3.1
Zlata (1) 0−I 20.13 21 19.96 23 20.36 16 0.40 2.0
OS-2 (26) 00−0 20.13 22 19.91 25 20.41 15 0.50 2.5
OS-7 (30) 00−0 20.12 23 19.73 30 20.63 9 0.89 4.5
OS-4 (27) 00−0 20.12 24 19.87 27 20.44 13 0.57 2.9

Galina (16) 0 20.11 25 20.08 17 20.15 23 0.06 0.3
Lucija (24) 0 20.07 26 20.04 21 20.11 25 0.08 0.4
Tisa (12) I 20.07 27 19.99 22 20.17 22 0.19 0.9

Sanda (19) 0 20.00 28 19.95 24 20.08 27 0.13 0.6
OS-3 (13) 0−I 19.86 29 19.74 29 20.03 28 0.29 1.5

Ascasubi (6) I 19.76 30 19.77 28 19.75 30 −0.02 −0.1
Pedro (4) 0−I 19.69 31 19.67 31 19.72 31 0.05 0.3

Korana (23) 00−0 19.43 32 19.50 32 19.33 32 −0.17 −0.9
Mean 20.25 20.14 20.39 0.25 * 1.2

All env—all 14 environments; Normal env—8 normal environments, Dry env—6 dry environments; 1 Diff.—
difference between dry and normal environments in actual units, 2 Diff (%)-difference between dry and normal
environments in the percentage of the normal environment; *—the difference between means of dry and normal
environments is significant at p < 0.05 according to Tukey HSD test.

3.4. G × E Interaction

AMMI2 biplot for protein showing IPCA1 and IPCA2 scores for genotypes and envi-
ronments is presented in Figure 2. A table showing the rank of the environments for protein
content was added to the biplot. Within the biplot, genotypes and environments that are
close to the origin are considered stable with a wide adaptation, whereas those farther from
the origin can be considered unstable. The long environmental vector for L8-17 suggests
that this environment is unstable and accounts for a large portion of the G × E interaction.
On the other hand, the contribution of environments such as L5-18, L8-18, L10-18, and L9-17
to the total G × E interaction was the smallest and these environments can be considered
stable. The majority of dry environments as well as the majority of normal environments
were close to each other and showed a positive correlation as the angle between them was
<90◦. On the other hand, the two groups were negatively correlated as shown by the vectors
with opposite signs (angle > 90◦). Analysis of genotype response in the AMMI2 biplot
(Figure 2) indicated that the top eight genotypes (with protein content in the first quartile)
could be considered moderately stable (1, 21, 28, and 30) or very unstable (19, 22, 27 and
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31). Three of them (21, 28, and 30) showed specific adaptation to environments with high
protein content (L2-17 and L9-18), while three other genotypes (22, 27, 31) were located
near L8-17, the environment with the lowest average protein content. Among the latter
three genotypes adapted to the environment with the lowest protein content, genotype 31
(Merkur) ranked first across all 14 test environments, while genotypes 22 (Ema) and 27
(OS-4) ranked third and fourth, respectively.
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Another interpretation of genotype stability for protein content can be considered
by plotting together the mean protein content and two stability measures, the slope from
linear regression analysis (b) and the coefficient of variation (CV) (Figure 3). The first biplot
(Figure 3a) shows that most genotypes with the highest protein content had a slope below
average (b < 1.0), indicating their good adaptation to low-protein (dry) environments.
Similarly, most cultivars with the highest overall protein content had a below-average CV
(Figure 3b), indicating low variation of the trait across environments and suggesting that
these cultivars can also be considered stable according to the static concept of stability [60].
The relationship between mean protein content and stability parameters tended to be
negative with Pearson correlation coefficients of −0.25 and −0.45 * for b and CV, respec-
tively. In agreement with our results, Sudarić et al. [42] reported a significant negative
correlation between the slope of the regression and the mean protein content of soybean
genotypes across environments, also suggesting that the desirable characteristic of high
protein genotypes is their good adaptation to low performing environments.
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Figure 3. Biplot of the mean protein content of 32 soybean genotypes and their respective slope, b
from the regression analysis (a) and biplot of the mean protein content of 32 soybean genotypes and
their respective coefficient of variation (CV) (b). Vertical and horizontal dashed lines represent means
across genotypes for protein content and corresponding stability coefficient (b or CV), respectively.
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In the AMMI2 biplot for oil content (Figure 4), the environments were more scattered
than it was in the case for protein content. Although some environments showed a positive
correlation (the angle between them was <90◦), they were less tightly grouped than for
protein content. Nevertheless, the directions of vectors of normal environments were
generally opposite to the directions of vectors of dry environments, indicating that they
were negatively correlated. Long environmental vectors for L5-17, L10-17, and L8-18
classified these environments as unstable in contrast to L2-17, L7-17, and L7-18, which
can be considered stable. Regarding genotype response, it is evident from the biplot that
among the top eight genotypes (with the oil content in the first quartile), only one genotype
(2) appears to be very stable showing wide adaptation, while the others are scattered in all
directions. Among them, genotypes 10, 28, and 29 can be considered moderately stable and
the remaining four (3, 5, 17, and 18) very unstable.

From the joint representation of mean oil content and slope from linear regression
analysis (b), it can be seen that among the eight best performing genotypes, four genotypes
(2, 3, 17, and 18) are better adapted to oil-rich environments (b > 1.0), three genotypes
(5, 10 and 29) are better adapted to low-oil environments (b < 1.0), whereas genotype 28
(b = 1.0) can be considered highly responsive to changing environment and the most stable
(Figure 5a). Similarly, the joint representation of the mean oil content and the coefficient
of variation (CV), showed that of the eight best-performing genotypes, four genotypes
(2, 3, 17, and 18) had above average static stability (above average CV), genotypes 5 and
28 had average static stability (CVs close to the overall average) and the remaining two
genotypes (10 and 29) had above average static stability (below average CV) (Figure 5b). In
general, no relationship was observed between mean oil content and stability parameters,
with Pearson correlation coefficients close to zero (−0.06 and 0.12 for b and CV, respectively).
On the contrary, Sudarić et al. [42] reported a significant negative correlation between the
slope of the regression and the mean oil content of soybean genotypes across environments,
indicating that the genotypes with high oil content were adapted to environments with low
oil content.
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Figure 5. Biplot of mean oil content of 32 soybean genotypes and their respective slope, b from the
regression analysis (a) and mean protein content of 32 soybean genotypes and their respective coeffi-
cient of variation (CV) (b). Vertical and horizontal dashed lines represent means across genotypes for
oil content and corresponding stability coefficient (b or CV), respectively. The top eight genotypes
(with oil content in the first quartile) were shown as filled rectangles.
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Breeding line OS-5 (genotype 28) was the only genotype represented among the top
25% ranked genotypes for both protein and oil content (Tables 5 and 6, Figures 2 and 4),
indicating that simultaneous improvement of both traits will be difficult to achieve through
breeding. However, the correlation between protein and oil content across genotypes
and environments was not significant within six dry environments (Figure 6a) and was
weak negative within eight normal environments (Figure 6b). This suggests that the
selection of breeding lines with improved one trait and an acceptable level of another trait
is still feasible.
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Figure 6. Correlation between protein and oil content (a) over 32 genotypes and six dry environments;
(b) over 32 genotypes and eight normal environments. ** for significance.

Although the negative correlation between oil content and protein content in soybean
is well-documented [23,32–36], exceptions have also been reported. For example, in agree-
ment with the present study, Piper and Boot [18] and Balešević-Tubić et al. [37] reported
that the correlation between protein and oil concentration in soybean seed could vary
depending on the environment, with lower values of correlation coefficients in environ-
ments with warmer temperatures. Similarly, Rotundo et al. [38] examined the relationship
between seed protein and oil concentration over eight years in different U.S. states and
regions and observed differences in the magnitude of the correlation. In their study, the
correlation coefficients ranged from −0.39 to −0.58 across years and from −0.41 to −0.61
across regions. However, when looking at specific combinations of region and year, the
authors reported a much wider range of correlation coefficients, with some region-year
combinations showing no correlation between protein and oil content.

4. Conclusions

The present study, aimed at assessing the seed protein and oil content in soybean,
included 32 elite genotypes and was conducted in 14 environments, including both dry
and normal environments. Seed protein and oil contents varied over a wide range due to
significant effects of genotype (G), environment (E), and G × E interaction. The proportion
of total variation explained by the environment was 73.3% for protein content and 44.4%
for oil content, indicating that protein content was more sensitive to environmental changes
than oil content. The observed 4.5% decrease in protein content and 1.2% increase in oil
content under dry compared to normal conditions suggests that special attention should
be paid to seed protein content when breeding for a range of target environments with
an expected higher frequency of drought. In addition, a decrease in protein content was
observed in all genotypes under drought conditions, while the response of genotypes to
drought in terms of oil content was inconsistent. The correlation between normal and dry
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environments was much higher for protein content than for oil content, suggesting that
selection under normal conditions with the aim of creating new cultivars for normal and
dry target environments would be more efficient for protein content than for oil content.

The observed relationship between maturity and seed protein content cannot be gener-
alized, but rather considered to be associated with the specific set of genotypes and weather
conditions during the two-year experiment, which is also consistent with some previous
studies reporting conflicting results on this topic [41,58,59]. Based on the AMMI analy-
sis, demonstrating the dynamic concept of stability, the majority of the best performing
genotypes were found to be moderately stable or unstable for both protein and oil content.
However, the stability of the genotypes for protein content, expressed as regression coeffi-
cient (b) and coefficient of variation (CV), was moderately to weakly negatively correlated
with the mean performance of the genotypes, indicating their broad adaptability, including
adaptation to low-protein environments and thus revealing their good drought tolerance.
On the other hand, no correlation was observed between the two stability measures and the
mean performance of the genotype for oil content, suggesting that simultaneous selection
for mean performance and stability is also possible for oil content.

Although among the top five performing genotypes for protein and oil content in nor-
mal and dry environments, four genotypes were common for both groups of environments,
only one genotype (breeding line OS-5) appeared among the top 25% ranking genotypes for
both traits at the same time. Thus, simultaneous improvement of both traits to a top level
through breeding would be extremely difficult to achieve. However, selection of breeding
lines with improved one trait and an acceptable level of another trait would be feasible,
considering that the correlation between protein and oil content in the present study was
weak negative in normal environments and not significant in dry environments. Based on
these results and some previous reports, it seems that simultaneous selection for protein
and oil content should preferably be performed in favorable environments to avoid the
undesirable effects of stress (drought and high temperatures) that mask the expression of
the negative correlation between the two traits.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12040915/s1, Table S1: Precipitation and air-temperature
during three summer months across 14 tested environments (location-year combinations).
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