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Abstract: Brassica napus (L.), winter oilseed rape (WOSR) or canola, is one of the most important oilseed
crop species of the moderate climate zone. Improving the seed quality and yield makes the main
target in breeding programs worldwide. In this study, we examined the genotype-by-environment
(GXE) interaction with respect to six seed traits among 25 WOSR genotypes. The plant material
included the registered canola cultivars, our newly developed mutant breeding lines and the Ogura
F1 hybrids and their parental components, in addition to our domestic breeding lines including two
semi-resynthesized (semi-RS) lines. The 25 genotypes were examined in field trials at two locations,
in three growing seasons. Seed oil and protein content, total glucosinolates (GLS) content in seed meal
and C18 unsaturated fatty acid (oleic, linoleic and linolenic) composition in seed oil were examined.
The additive main effects and multiplicative interaction (AMMI) analyses revealed significant effects
of both, genotype (G) and environment (E) as well as the GXE interaction regarding the analyzed
seed traits. In our study, two Ogura F1 hybrids, a CMS line and a new high oleic mutant breeding
line revealed high stability and good average values for most of the analyzed seed traits, thus making
a valuable source of starting materials for further improvement.

Keywords: Brassica napus; seed traits; oil content; fatty acids composition; glucosinolates content;
protein content; AMMI; biplot; adaptability; stability

1. Introduction

Oilseed rape (Brassica napus L., also known as rapeseed or canola) is the second major oilseed
crop cultivated worldwide, after soybeans. In the last 15 years, the global production of rapeseed has
doubled, reaching over 60 million tons, with a grain production of almost 71 million tons recorded in
the marketing year of 2018/2019 [1]. In Poland and other European countries characterized by moderate
climate conditions, winter oilseed rape (WOSR) is considered as the most important oil-protein
crop [2-5]. Since the 1960s, there has been a strong selection pressure to develop double-low (canola)
oilseed rape producing seeds characterized by a very low content of erucic acid (C22:1, no more
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than 2%) and a significantly lowered glucosinolates (GLS) content (less than 25 umole g~! of seeds),
as compared to over 50% of erucic acid and until 160 pmole g~ of seeds of GLS, respectively, in the
‘traditional” oilseed rape cultivars. Furthermore, 0il derived from canola cultivars is optimal not only
for human diet but is also suitable as feedstock. Moreover, canola oil can be applied as a raw material
for the production of transport fuels (biodiesel, bio-jet) and other products, as soaps, surfactants,
biodegradable plastics, operating supplies including lubricating and hydraulic oils, as well as release
agents and basic substances for cosmetics [1,6-8].

The mature seeds of canola cultivars contain 45-47% of oil and 20-24% of valuable protein.
Canola oil contains about 62% of oleic acid (C18:1), 20% of linoleic acid (C18:2), 10% of linolenic acid
(C18:3) and 7% of saturated fatty acids, palmitic (C16:0) and stearic acid (C18:0), in addition to bioactive
compounds and antioxidants [9]. Such oil is recognized as one of the healthiest vegetable oils due to its
attractive composition of fatty acids [10]. However, selection of high-oleic (more than 75% of C18:1 in
seed oil) and low-linolenic (less than 3% of C13:3) (HOLL) canola has gaining much attention since over
the past two decades, as such oil is optimal for long storage and reveals high thermostability, due to
its high oxidation resistance and the reduced formation of harmful trans-isomers while processing.
Therefore, such oil is suitable, among others, as a raw material for biofuel production and in the food
industry for deep frying [11,12].

Post-extraction oilseed rape meal is globally considered as the second source of feed protein,
after the soybean meal. The EU countries, including Poland, reveal the feed protein deficit at the
level of 50-70% and therefore are dependent on the North and South America soybeans import.
Canola seed meal contains approximately 38—44% of valuable protein, comprising a high content of
sulphur amino acids (methionine and cystine), in addition to phosphorus and calcium. It is mainly
suitable as forage for livestock, as cattle, pigs, and, to a lesser extent for poultry since its fodder
value, regarding protein content and nutritional quality is lower in comparison with the soybean meal.
Moreover, canola seed meal contains a twofold higher content of dietary fiber than soybeans, as well
as antinutritional compounds, as GLS, phenolic acids, sinapine, tannins, as well as soluble fiber [8,13].
Therefore, reducing these antinutritional factors makes a goal of canola breeding programs aimed at
enhancing both, the seed yield and quality.

Expression of seed traits is influenced by genotype (G), environment (E) and genotype-by-environment
(GXE) interactions [8,12,14]. Hence, for the precise estimation of these traits phenotyping should be
carried out in replicated, multi-environmental field trials. Friedt and Snowdon [7] and also Bocianowski
et al. [15] have reported that seed oil and GLS content, as well as the composition of seed oil fatty acids,
are modified by environmental factors such as water availability, temperature and the length of growing
period. Therefore, many attempts are being undertaken worldwide to understand the importance
of GXE interactions by means of genetic study in the long-term crop plant breeding programs using
multiplicative field trials [16,17].

GXE interactions in field trials can be analyzed by application of the additive main effects and
multiplicative interaction (AMMI) model [18], which determines the genotypes characterized by a
high mean value of an observed trait and a considerable adaptability to the desired area using the
analysis of variance (ANOVA) and mega-environment delineation. This model combines ANOVA
with additive parameters and the principal component analysis (PCA) with multiplicative parameters
in a single analysis. As a result, the AMMI biplot graphic simultaneously displays both, the main
and interaction effects for genotypes and environments and thus enables a single analysis of the GXE
interaction. For this reason, AMMI is also known as interaction PCA (IPCA) [19].

In this study, we aimed to assess the GXE interaction for six seed traits, as oil content, as well as
C18:1, C18:2 and C18:3 fatty acids content, in addition to total GLSs content and protein content in
WOSR genotypes of different origin. Field trials were conducted in six environments (two locations
and three growing seasons) and the statistical analysis was done using the AMMI model.
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2. Materials and Methods

2.1. Plant Material

A total of 25 WOSR genotypes were tested in field trials: seven canola cultivars—Monolit, Brendy,
Starter, Mendel, Sherlock, Zornyj and Polka—the new Polish cultivar derived from a high oleic
mutant line [20,21], three new Polish Ogura CMS F1 hybrids under development and their parental
lines—the Ogura CMS and the Rfo restorer lines. The hybrid seeds were produced in isolation tents
under field conditions. Moreover, our domestic breeding lines of different characteristics were included
in the trials: one HOLL mutant recombinant, two high oleic recombinants, one new canola-type
recombinant, as well as one yellow-seeded and two semi-RS lines (Table 1).

Table 1. Genotype description.

Code Description Quality/Category Reference
GO01 Monolit OP canola cultivar, PL www.coboru.pl; [22])
G02 Brendy OP canola cultivar, PL www.coboru.pl
G03 Starter OP canola cultivar, PL www.coboru.pl
G04 Mendel F1 hybrid variety, NPZ, DE www.coboru.pl
G05 DH_DxC DH canola breeding line [23]

G06 Z114 DH yellow seeded canola breeding line [24,25]
G07 Rfo_37 DH Rfo canola breeding line [26,27]
GO08 Rfo_38 DH Rfo canola breeding line [26,27]
G09 Rfo_39 DH Rfo canola breeding line [26,27]
G10 CMS_64 Ogura CMS canola breeding line [28]
G11 CMS_313 Ogura CMS canola breeding line [28]
G12 CMS_1612 Ogura CMS canola breeding line [28]
G13 HO_SS HO mutant canola breeding line [20]
Gl14 00_SS canola breeding line [21]
G15 HOLL_SS HOLL mutant canola recombinant line [14]
HO OP canola cultivar developed from HO
G16 Polka mutant recombinant breediﬁg line, PL www.coboru.pl; [21]
DH canola breeding line developed from a
G17 HO_TP domestic recombinant with HO acid content (21]
DH canola breeding line developed from a
G18 HO_TP_00 domestic recombina%lt with HO acid content (21]
G19 F1_952 Ogu-INRA F1 canola hybrid under development This study
G20 543 Semi-RS canola breeding line [4]
G21 S1 DH semi RS Rfo canola breeding line [4]
G22 Sherlock OP canola cultivar, KWS, DE www.coboru.pl
G23 Zornyj OP canola cultivar, UA
G24 F1_S2 Ogu-INRA F1 canola hybrid under development This study
G25 F1_239 Ogu-INRA F1 canola hybrid under development This study

OP, open pollinated; DH, doubled haploid; Rfo Ogu-INRA restorer line; CMS, cytoplasmic male sterility; HO,
high-oleic; LL low-linolenic; semi-RS, semi-resynthesized line (line obtained by crossing oilseed rape X resynthesized
(RS) Brassica napus); PL, Poland; DE, Germany; UA, Ukraine.

2.2. Field Trials and Weather Conditions

Field trials were carried out in six environments (E1-E6)—in two locations, Borowo (52°0712” N,
16°47'19” E) and Lagiewniki (51°45’40” N, 17°14’13” E), during three growing seasons, 2014/2015,
2015/2016 and 2016/2017, in a randomized complete block design with four replicates and a plot size of
10 m? (in Borowo) and 9.6 m? (in Lagiewniki). The analyzed oilseed rape genotypes were grown in
four-row plots, with a row distance of 0.30 m and with a sowing density of 70 seeds/m?. Sowing dates
were as follows: 25 and 27 August 2014, 27 and 27 August 2015 and 27 and 29 August 2016 in Borowo
(E1-E3) and Lagiewniki (E4-E6), respectively. Seeds were harvested on 28 and 20 July in 2015, 26 and
27 July in 2016 and 27 and 21 July in 2017, respectively, at the seed maturity stage using a plot harvester.
All agricultural practices were carried out optimally according to the local agroecological conditions in
both of the investigated locations. Field experiments were conducted on podzolic soils (sandy soil) of
quality class IIla (E1, E2) and IVa (E3) in Borowo and on typical brown soil (sandy loam and sandy clay
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loam) of quality class Illa in Lagiewniki (E4-E6). The topsoil was slightly acidic and its pH values
ranged from 6.0 (E1-E3) to 6.2 (E4 and E6). The crops that were cultivated previously on the soil
were spring barley (E1, E5), winter triticale (E2 and E3), winter wheat (E4) and spring wheat (E6).
Complex of agricultural usefulness were good wheat in E1, E2, E4, E5 and E6 and good rye in E3.
The monthly temperatures and precipitations in each growing season, from the beginning of May
(flowering) till the ending of July (harvest) are presented in Figure 1.
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Figure 1. Weather conditions during flowering, development of siliques and seed maturing in
6 environments (E1-E6); dark grey bars, precipitation [mm]; black solid and dashed lines, minimum and
maximum temperatures [°C], respectively.
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2.3. Phenotyping the Seed Traits and Genotyping F1 Hybrids, Their Parental Components and HO and LL
Breeding Lines

Seed samples were collected from each plot in each replication for analyzing the oil content (%),
fatty acid composition (C18:1, C18:2, C18:3) (%), total GLSs content (umole g_1 of seeds) and protein
content (%). The oil content in seeds was estimated using the nuclear magnetic resonance method
(Newport Instruments Ltd.). For determining the composition of fatty acids in seed oil, biochemical
analysis was carried out using an Agilent Technologies 6890N Network GC System (Santa Clara, CA,
USA). The total GLSs content was assessed via gas chromatographic analysis of the silyl derivatives
of desulfoglucosinolates [29]. The content of protein was measured using near-infrared reflectance
spectroscopy (NIRS) [30] and a minimum of 3 g of intact seeds was used and all the samples were
scanned on the NIR Systems monochromator model 6500 (NIR Systems, Inc., Silver Spring, MD, USA).

Ogura F1 hybrid as well as the Rfo and CMS genotypes were monitored using a specific
‘Multiplex SCAR’ assay [31], whereas the HO mutant genotypes were determined with the use of an
allele-specific CAPS marker [32,33] and the LL genotypes—using a functional SNaPshot assay [34].

2.4. Statistical Analysis

A two-way fixed-effect model was applied to determine the magnitude of the main effects of
variation and their interaction on each trait. Simultaneously, least-squares means were produced for
the AMMI model. The model first fitted the additive main effects of genotypes (G) and environments
(E), followed by the multiplicative effects of GE interaction by PCA. The environments were defined
as the combinations of locations and years (E1: Borowo, 2015; E2: Borowo, 2016; E3: Borowo, 2017;
E4: Lagiewniki, 2015; E5: Lagiewniki, 2016; E6: Lagiewniki, 2017). The AMMI model [19,35] was
given by:

N
Yge = U+ ag+Pe+ Z‘ AnY gnben + Qge
n=1

where yq, is the trait mean of the genotype g in the environment e, u is the grand mean, «g is the
genotype mean deviation, f, is the environmental mean deviation, N is the number of PCA axes
retained in the adjusted model, A, is the eigenvalue of the PCA axis 1, ¢, is the genotype score for the
PCA axis 1, by, is the eigenvector score for the PCA axis n and Qg is the residual which includes the
AMMI noise and pooled experimental error. The expected distribution of Qg was found to be normal.
The AMMI stability values (ASVs) were used to compare the stability of genotypes as described by
Purchase et al. [36]:

2
ASV = \/[M(IPCAQ} + (IPCA,)?
SStpcaz

where SS is the sum of squares, IPCA; (IPCA;) is the first (second) interaction principal component
axis; the scores of IPCA; and IPCA; were the genotype scores in the AMMI model. The higher the
IPCA score (which may be either negative or positive), the more specifically adopted a genotype is to
certain environments. A lower ASV (AMMI stability value) score indicates a more stable genotype
across the environments [37].

For each genotype, the genotype selection index (GSI) was calculated, which incorporates both,
the mean of trait and the ASV index in a single criterion (GSI;), as follows [38]:

GSI; = RM; + RA;,

where GSI; is the genotype selection index for the i-th genotype, RM; is the rank of trait mean
(from maximal to minimal for the content of oil, C18:1 and protein; from minimal to maximal for the
content of C18:2 and C18:3 and the total GLS content) for the i-th genotype and RA, is the rank of ASV
for the i-th genotype. Finally, the total genotype selection index (TGSI) [39] was calculated for each
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genotype as a sum of GSIs for all the six traits scored in this study. All the statistical analyses were
conducted using the GenStat software package (v. 18).

3. Results

In this study, we analyzed six seed traits of 25 canola genotypes including oilseed rape cultivars
and breeding lines of different genetic background, in multi-environmental field trials (two locations
and three growing seasons). Mean values of the traits are presented in Table 2.

Table 2. Mean values of seed traits of 25 genotypes tested in field trials conducted in six environments.
Qil, seed oil content (%); C18:1, oleic acid (%); C18:2, linoleic acid (%); C18:3, linolenic acid (%);
GLS, total glucosinolates content (umole g~! of seeds); protein content (%); TGSI, total genotype
selection index.

Oil C18:1 C18:2 C18:3 Total GLSs Protein

Code Description Content  Content  Content  Content Content Content TGSI
G01 Monolit 46.72 65.02 18.22 8.92 12.27 20.98 158
G02 Brendy 46.09 65.03 18.45 9.34 16.80 21.35 155
G03 Starter 46.98 63.46 18.34 10.58 12.35 21.65 185
G04 Mendel 44.93 61.29 19.95 11.06 14.98 22.76 231
G05 DH_DxC 44.55 73.80 8.48 10.50 11.80 22.69 198
G06 Z114 45.53 59.95 22.86 9.93 9.71 22.98 182
G07 Rfo_37 45.46 64.31 18.87 9.57 10.40 21.81 203
G08 Rfo_38 45.36 73.50 10.50 8.45 10.55 22.59 145
G09 Rfo_39 45.29 75.11 9.39 8.54 10.48 22.44 146
G10 CMS_o64 45.68 62.70 18.83 11.10 10.20 22.88 151
G11 CMS_313 46.23 72.38 11.94 8.52 7.34 22.33 144
G12 CMS_1612 47.84 72.79 12.02 8.15 6.99 21.05 115
G13 HO_SS 44.51 76.62 9.47 7.18 15.14 22.64 127
G14 00_SS 45.85 74.57 9.98 8.00 8.18 22.01 124
G15 HOLL_SS 44.67 74.40 13.93 4.92 17.46 22.84 157
G16 Polka 45.05 75.60 9.66 8.12 15.83 22.57 150
G17 HO_TP 45.39 73.13 12.09 7.77 9.17 22.27 148
G18 HO_TP_00 44.28 75.37 8.39 8.85 6.49 23.48 138
G19 F1.952 46.14 76.55 8.66 7.97 10.25 22.35 100
G20 543 44.34 61.40 21.31 9.41 8.75 23.34 220
G21 S1 45.70 63.46 19.34 9.93 10.35 22.02 173
G22 Sherlock 46.09 62.99 19.97 9.89 15.16 21.33 169
G23 Zornyj 45.58 62.29 19.51 10.58 20.16 22.82 173
G24 F1_52 46.55 72.37 12.30 8.16 6.09 22.09 131
G25 F1.239 46.98 75.49 14.48 8.06 7.96 21.75 77

Mean 45.67 69.49 14.34 8.95 11.41 22.26
LSDy 05 1.24 1.15 1.06 0.48 1.31 0.79
LSDy 01 1.63 1.52 1.39 0.63 1.73 1.04

The analyzed genotypes revealed the typical for canola seed oil content of about 45-47%,
whereas the CMS_1612 breeding line (G12) was characterized by the highest content, of 47.84%.
Another CMS line—313 (G11), as well as the F1 hybrid genotypes—S2 and 239 (G24 and G25) and the
cultivar Monolit (G01) revealed slightly lower but comparable oil content, referring to the calculated
least significance level of 0.01 (Table 2.). The breeding line HO_TP_00 (G18) showed the lowest
seed oil content (44.28%). The cultivars Mendel (G03), Polka (G16) and Zornyj (G23), in addition to
6 recombinant breeding lines (G05, G06, G13, G14, G15, G17), three restorer lines (G07-09), one CMS
(G10) and both semi-RS lines (G20 and 21) revealed slightly higher but comparable seed oil content
(Table 2).

The content of the seed oil C18 mono- and polyunsaturated fatty acids was differentiated among
the analyzed genotypes. The C18:1 content ranged from 59.95% to 76.62%. Each genotype, except of
the Z114 breeding line (G06; 59.95% of C18:1), showed more than the typical for canola 62% of C18:1.
The high oleic mutant recombinant HO_SS (G13) breeding line was characterized by the highest content
C18:1, 76.62%. Similarly, the Rfo_39 line (G09), the high-oleic cultivar Polka (G16), the recombinant
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breeding line HO_TP_00 (G18) and the F1 hybrids_952 and 239 (G19 and G25) showed high C18:1
content, of more than 75%. The C18:2 content ranged between 8.48%, in the DH_DxC (G05) and
22.86%, in the Z114 (G06) recombinant breeding lines. The C18:3 content ranged from 4.92% in the
high oleic low linolenic mutant recombinant HOLL_SS (G15) breeding line to 11.06% in the cultivar
Mendel (G04) (Table 2).

Each genotype revealed the typical for canola amount of GLS—less than 25 pmole g~ of seeds;
whereas almost all of them but two cultivars Brendy (G02) and Zornyj (G23), showed less than
15 umole g‘l of seeds (Table 2).

Seed protein content ranged from 20% to 24%, whereas the HO_TP_00 (G18) breeding line revealed
the highest content of 23.48% and the cultivar Monolit (G01)—the lowest one, of 20.98 (Table 2).

3.1. Seed Oil Content

Three sources of variation (G, E and GXE interaction), were found to be highly significant.
In ANOVA, the sum of squares for the environment main effect represented 56.41% of the total variation
in oil content. The differences between the genotypes explained 15.50% of the total variation in the
content, while the effects of the GXE interaction explained 10.67% of the variation (Table 3). Values of
the three principal components were also highly significant and jointly accounted for 88.18% of the
whole effect on the variation in the oil content. The first principal component (IPCA 1) accounted for
41.43% of the variation caused by interaction, while the second (IPCA 2) and the third component
(IPCA 3) accounted for 27.91% and 18.84%, respectively. Among the tested genotypes, seed oil
content varied from 42.32% in the DH_DXC breeding line (G05), in E2 (Borowo 2016) to 52.17% in the
CMS_1612 (G12), in E4 (Lagiewniki 2015) throughout the six environments, with an average of 45.67%
(Table S2). In addition, the average oil content per environment varied from 43.91% in E2 to 49.25% in
E4 (Table S2). The stability of the analyzed genotypes in six environments with respect to the seed
oil content was visualized as a biplot (Figure 2). The DH_DxC (G05) and Z114 (G06) breeding lines
interacted positively with the environments E3 (Borowo 2017) and E6 (Lagiewniki 2017) but negatively
with the environment E4 (Lagiewniki 2015) (Figure 2), while the cultivar Monolit (G01) and the 00_SS
(G14) and S43 breeding lines (G20) interacted positively with the environments E1 (Borowo 2015)
and E2 (Borowo 2016) but negatively with E5 (Lagiewniki 2016). The analysis indicated that some
genotypes exhibited a high level of adaptation; however, most of them showed a specific adaptability.
The ASVs revealed variations in the stability of the seed oil content among the 25 genotypes tested
(Table S2). The cultivar Zornyj (G23) and the Rfo_39 breeding line (G09) with an ASV of 0.136 and
0.180, respectively, were found to be the most stable, while the CMS 64 (G10) and DH_DxC (G05) with
an ASV of 2.033 and 1.626, respectively, were the least stable (Table S2). The F1 hybrids 952 (G19) and
239 (G25) with a high average oil content (46.14% and 46.98%, respectively) and high ASVs (0.227 and
0.378, respectively) had the best GSI of 10. The CMS_1612 breeding line (G12), as well as the cultivars
Starter (G03), Sherlock (G22) and Zornyj (G23) revealed a high average seed oil content and high
stability (Figure 2). They were also characterized by good genotype selection indexes GSIs of 12, 13,
14 and 14, respectively (Table S2).
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Table 3. Mean squares (m.s.) from analysis of variance of main effects and interactions for tested traits
in winter oilseed rape genotypes and variability explained (ve, in %).

Source of af 0il Content C18:1 Content C18:2 Content C18:3 Content Total GLSs Content Protein Content
Variation m.s. ve (%) m.s. ve (%) m.s. ve (%) m.s. ve (%) m.s. ve (%) m.s. ve (%)
Treatments 149 16.8 *** 82.58 150 *#** 96.30 101 ** 96.02 9.36 ** 91.93 69.39 *** 92.79 7.01 *#** 81.25
Genotypes, G 24 19.58 *** 15.50 868 *** 89.97 574 *** 87.54 46.3 *** 73.29 337 *** 72.52 10.8 *** 20.15
Environments, E 5 341.9 =+ 56.41 77.5 % 1.67 87.0 *** 2.76 31.4 % 10.35 168 *** 7.56 130 *** 50.60
GE Interactions 118 2.74 % 10.67 9.1 ¥+ 4.65 7.62 %4+ 5.71 1.07 #** 8.30 12.0 #** 12.72 1.14 10.50
IPCA 1 28 4.78 ¥+ 4143 17.5 *#+* 45.45 12.46 *+* 38.82 1.68 *** 37.49 24.5 % 48.41 1.8 %+ 37.23
IPCA 2 26 347+ 2791 10.8 *** 2597 9.85 *** 28.48 1.33 *+* 27.32 15.3 ** 28.16 1.35 26.05
IPCA 3 24 2.54 18.84 9.0 *** 20.13 10.02 *** 26.81 1.23 *+* 23.43 7.66 *** 12.99 0.92 ** 16.43
Residuals 40 0.96 2.3 1.34 0.37 3.69 ¥+ 0.68
Error 378 1.14 21 1.56 0.3 1.86 0.49

**p < 0.01; ** p <0.001; d.f.—degrees of freedom.
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Figure 2. Biplot for genotype by environment interaction of oil content in 25 winter oilseed rape (B. napus)
genotypes in six environments, showing the effects of primary and secondary components (IPCA 1 and
IPCA 2, respectively) (E1—Borowo, 2015; E2—Borowo, 2016; E3—Borowo, 2017; E4—tagiewniki, 2015;
E5—Lagiewniki, 2016; E6—Lagiewniki, 2017).

3.2. C18:1 Content

The impact of the environment on C18:1 content in seed oil was low, however significant,
representing only 1.67% of the variation. The differences between the genotypes explained 89.97%
of the variation in the content of C18:1 in seed oil, while the effects of the GXE interaction explained
4.65% of the variation (Table 3). Values of the three principal components were also found to be
highly significant and jointly accounted for 91.55% of the whole effect on the variation in the content
of C18:1. IPCA 1 accounted for 45.45% of the variation caused by the interaction, while IPCA 2 and
IPCA 3 accounted for 25.97% and 20.13% of the variation, respectively. Among the tested genotypes,
C18:1 content varied from 55.48% in the Z114 breeding line (G06), in E1 (Borowo 2015) to 78.15% in
the HO_TP breeding line (G18), in E5 (Lagiewniki 2015) throughout the six environments, with an
average of 69.34% (Table S3). In addition, the average content of C18:1 per environment varied from
68.33% in E1 (Borowo 2015) to 70.79% in E6 (Lagiewniki 2017). The cultivar Polka (G16), as well as
the DH_DxC (GO05), Rfo_39 (G09) and HO_TP (G18) breeding lines interacted positively with the E5
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(Lagiewniki 2015) environment but negatively with E2 (Borowo 2016) (Figure 3). At the same time,
the cultivars Monolit (G01), Brendy (G02) and also the Z114 (G06), CMS_64 (G10), 543 (G20) and
S1 (G21) breeding lines interacted positively with the E3 (Borowo 2017) and E6 (Lagiewniki 2017)
environments but negatively with E1 (Borowo 2015) and E4 (Lagiewniki 2015). The CMS_1612 breeding
line (G12) and the cultivar Sherlock (G22) with the respective ASV scores of 0.184 and 0.350 were
assessed as the most stable and the cultivar Mendel (G04) and the Rfo_37 breeding line (G07) with
ASVs of 2.988 and 2.236, respectively, were the least stable (Table S3). The HO_SS breeding line (G13)
with the highest average C18:1 content (76.62%) and an ASV of 0.510 had the best GSI of 5 and the
F1_239 hybrid (G25) with high C18:1 content (75,49%) with an ASV of 0.539 had also good GSI of 9.
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Figure 3. Biplot for genotype by environment interaction of C18:1 content in 25 winter oilseed
rape (B. napus) genotypes in six environments, showing the effects of primary and secondary
components (IPCA 1 and IPCA 2, respectively) (E1—Borowo, 2015; E2—Borowo, 2016; E3—Borowo,
2017; E4—Lagiewniki, 2015; E5—Lagiewniki, 2016; E6—Lagiewniki, 2017).

3.3. C18:2 Content

The three sources of variation of C18:2 content were found to be highly significant. However,
the genotype played the most important role in determination of this trait. The environment main
effect represented only 2.76% of the total variation. The differences between the genotypes explained
87.54% of the total variation in the content of C18:2, while the effects of GXE interaction explained
5.71% of the variation (Table 3). Values of the first three principal components were also found to
be highly significant and jointly accounted for 94.11% of the whole effect on the variation in the
content of C18:2. IPCA 1 accounted for 38.82% of the variation caused by the interaction, while IPCA 2
and IPCA 3 accounted for 28.48% and 26.81% of the variation, respectively. In the tested genotypes,
the content of C18:2 varied from 6.35% in the HO_TP breeding line (G18), in E5 (Lagiewniki 2015) to
25.82% in the Z114 breeding line (G06), in E1 (Borowo 2015) throughout the six environments, with an
average of 14.48% (Table S4). In addition, the average C18:2 content per environments varied from
13.39% in E6 (Lagiewniki 2017) to 15.70% in E3 (Borowo 2015). The stability of the tested genotypes
with respect to C18:2 content was visualized as a biplot (Figure 4). The tested genotypes interacted
differently with the environments. The cultivar Monolit (G01) and two F1 hybrids, 52 (G24) and
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239 (G25) interacted positively with the E6 (Lagiewniki 2017) environment but negatively with E5
(Lagiewniki 2016) (Figure 4). The Rfo_37 (G07) and HOLL_SS (G15) breeding lines, as well as the
cultivar Sherlock (G22) and Zornyj (G23) interacted positively with the E3 (Borowo 2017) environment
but negatively with E2 (Borowo 2016) and E4 (Lagiewniki 2015). The ASVs revealed the variations in
the stability of C18:2 content among the genotypes (Table 54). The CMS_1612 breeding line (G12) and
the cultivar Monolit (G01) with an ASV of 0.116 and 0.287, respectively, were identified to be the most
stable, while the 543 breeding line (G20) and the cultivar Mendel (G04) revealing an ASV index of 2.060
and 1.890, respectively, were the least stable (Table S4). The F1_239 hybrid (G25) with a low average
C18:2 content (9.50%) and an ASV of 0.364 had the best GSI of 10. The CMS_1612 (G12), HO_SS (G13)
and DH_DxC (G05) breeding lines, the F1_952 hybrid (G19) and the cultivar Monolit (G01) had a low
average C18:2 content and showed high stability (Figure 4). Furthermore, those genotypes revealed
good GSIs of 12, 13, 18, 18 and 17, respectively (Table 54).
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Figure 4. Biplot for genotype by environment interaction of C18:2 content in 25 winter oilseed
rape (B. napus) genotypes in six environments, showing the effects of primary and secondary
components (IPCA 1 and IPCA 2, respectively) (E1—Borowo, 2015; E2—Borowo, 2016; E3—Borowo,
2017; E4A—Lagiewniki, 2015; E5—Lagiewniki, 2016; E6—Lagiewniki, 2017).

3.4. C18:3 Content

The three sources of variation were found to be highly significant with respect to the C18:3 content,
whereas the G parameter was the most meaningful. In ANOVA, the sum of squares for the environment
main effect represented 10.35% of the total variation in the C18:3 content, while the differences between
the genotypes explained 73.29% of the total variation. At the same time, the effects of the GXE
interaction explained 8.30% of the variation (Table 3). Values of the three principal components were
also found to be highly significant and jointly accounted for 88.24% of the whole effect on the variation
in the content of linolenic acid. IPCA 1 accounted for 37.49% of the variation caused by the interaction,
while IPCA 2 and IPCA 3 accounted for 27.32% and 23.43% of the variation, respectively. Among the
tested genotypes, the C18:3 content varied from 4.00% in the HOLL_SS breeding line (G15), in E5
(Lagiewniki 2016) to 12.00% in the CMS_64 breeding line (G10) in E4 (Lagiewniki 2015) throughout the
six environments, with an average of 8.94% (Table S5). The genotype G10 had the highest average
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content of C18:3 (11.10%), while the genotype G15 had the lowest content (4.92%). The average content
per environments also varied from 8.44% in E5 to 9.74% in E1. The stability of the tested genotypes
with respect to C18:3 was visualized as a biplot (Figure 5). The cultivars Monolit (G01) and Starter
(G03), as well as the DH_DxC (G05), CMS_313 (G11), CMS_1612 (G12) and 00_SS (G14) breeding lines
interacted positively with the environments E2 (Borowo 2016) and E5 (Lagiewniki 2016) but negatively
with E1 (Borowo 2015), E3 (Borowo 2017), E4 (Lagiewniki 2015) and E6 (Lagiewniki 2017) (Figure 5).
The Rfo_37 (G07), HO_TP (G17) and HO_TP_00 (G18) interacted positively with the environments
E1 (Borowo 2015) and E4 (Lagiewniki 2015), while the cultivars Mendel (G04), Polka (G16) and
Zornyj (G23), as well as the F1_S2 hybrid (G24) and the Z114 breeding line (G06) interacted positively
with E3 (Borowo 2017) and E6 (Lagiewniki 2017). The CMS_64 (G10), Sherlock (G22), Brendy (G02),
CMS_1612 (G12), Monolit (G01), F1_952 (G19) and Polka (G16) having an ASV of 0.123, 0.180, 0.210,
0.257,0.279, 0.279 and 0.286, respectively, were found to be the most stable, while the HOLL_SS (G15),
S1 (G21) and S_43 (G20) breeding lines with an ASV of 1.681, 1.090 and 0.911, respectively, were the
least stable (Table S5). The genotype G19 revealing the lowered average content of C18:3 of 7.97% and
with the ASV index of 0.279 had the best GSI of 10.
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Figure 5. Biplot for genotype by environment interaction of C18:3 content in 25 winter oilseed
rape (B. napus) genotypes in six environments, showing the effects of primary and secondary
components (IPCA 1 and IPCA 2, respectively) (E1—Borowo, 2015; E2—Borowo, 2016; E3—Borowo,
2017; E4—Lagiewniki, 2015; E5—FLagiewniki, 2016; E6—Lagiewniki, 2017).

3.5. Total GLS Content

In ANOVA, the sum of squares for the genotype main effect represented 72.52% of the total
variation of the GLSs content indicating that G had the highest effect on that seed trait. The differences
between the environments explained 7.56% of the total variation in the content, while the effects of
the GXE interaction explained 12.72% of the variation (Table 3). The values of the three principal
components were also found to be highly significant. The three principal components of the GXE
interaction jointly accounted for 89.56% of the whole effect on the variation in the total GLSs content.
IPCA 1 accounted for 48.41% of the variation caused by the interaction, while IPCA 2 and IPCA 3
accounted for 28.16% and 12.99% of the variation, respectively (Figure 6). Total GLS content of the
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analyzed genotypes varied from 4.40 in the HO_TP_00 breeding line (G18), in E4 (Lagiewniki 2015)
t0 26.93 umole g~! of seeds in the cultivar Zornyj (G23), in E6 (Lagiewniki 2017) throughout the six
environments, with an average of 11.40 umole g~! of seeds (Table S6). In addition, the average total
GLSs content per environment varied from 9.97 umole g~! of seeds in E4 (Lagiewniki 2015) and E5
(Lagiewniki 2016)to 13.26 pmole g~! of seeds in E3 (Borowo 2017). The stability of the tested genotypes
with respect to the total GLSs content was visualized as a biplot (Figure 6). The cultivar Polka (G16) and
Sherlock (G22) interacted positively with the environments E1 (Borowo 2015) and E4 (Lagiewniki 2015)
(Figure 6), while the S1 breeding line (G21) and the cultivar Zornyj (G23) interacted positively with E3
(Borowo 2017) and E6 (Lagiewniki 2017) but negatively with E2 (Borowo 2016). The 00_SS breeding
line (G14), as well as the F1 hybrids, 239 (G25) and S2 (G24) with an ASV of 0.119, 0.165 and 0.269,
respectively, were found to be the most stable. The cultivar Zornyj (G23) and the DH_DxC breeding
line (G05) with an ASV of 4.897 and 3.293, respectively, were the least stable (Table S6). The F1_S2
hybrid (G24), the 00_SS breeding line (G14) and the F1_239 hybrid (G25) with a low average total GLS
content revealed good GSIs of 4, 7 and 7, respectively, while the cultivar Zornyj (G23) had the worst
GSI of 50.
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Figure 6. Biplot for genotype by environment interaction of total GLSs content in 25 winter oilseed rape
(B. napus) genotypes in six environments, showing the effects of primary and secondary components
(IPCA 1 and IPCA 2, respectively) (E1—Borowo, 2015; E2—Borowo, 2016; E3—Borowo, 2017;
E4—*t agiewniki, 2015; E5—Lagiewniki, 2016; E6—Lagiewniki, 2017).

3.6. Protein Content

The three sources of variation for the protein content were found to be highly significant. In the
contrary to the previous traits, protein content was highly modified by environment. In ANOVA,
the environment main effect represented 50.60% of the total variation, while the differences between
the genotypes explained 20.15% of the total variation and the effects of the GXE interaction explained
10.50% of the variation (Table 3). Values of the three principal components were also found to be
highly significant and jointly accounted for 79.71% of the whole effect on the variation in the protein
content. IPCA 1 accounted for 37.23% of the variation caused by the interaction, while IPCA 2 and
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IPCA 3 accounted for 26.05% and 16.43% of the variation, respectively. Among the tested genotypes,
the protein content varied from 18.97% in the cultivar Monolit (G01) in E2 (Borowo02016) to 24.93% in the
HO_TP breeding line (G18) in E6 (Lagiewniki 2017) throughout the six environments, with an average
of 22.28% (Table S7). In addition, the average protein content per environment varied from 20.82% in
E4 (Lagiewniki 2015) to 23.70% in E3 (Borowo 2017). As shown the Figure 7, the cultivar Monolit (G01),
as well as the Rfo_37 (G07), Rfo_38 (G08) and CMS_1612 (G12) breeding line interacted positively with
the environments E3 (Borowo 2017) and E6 (Lagiewniki 2017) but negatively with E2 (Borowo 2016).
The cultivar Mendel (G04), as well as the HO_SS (G13), HOLL_SS (G15), HO_TP (G17) and HO_TP_00
(G18) interacted positively with E5 (Lagiewniki 2016) but negatively with E1 (Borowo 2015). At the
same time, the Rfo_38 (G09) and 543 (G20) breeding line, as well as the F1_239 hybrid (G25) interacted
positively with E4 (Lagiewniki 2017). The 00_SS (G14), S1 (G21) and Z114 (G06) with an ASV of 0.126,
0.140 and 0.186, respectively, were found to be the most stable, while the cultivars Monolit (G01) and
Starter (G03) with an ASV of 1.337 and 1.024, respectively, were the least stable (Table S7). The Z114
breeding line (G06) with a high average protein content (22.98%) and an ASV of 0.186 had the best GSI
(6), while the cultivar Monolit (G01) had the worst GSI (50).
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Figure 7. Biplot for genotype by environment interaction of protein content in 25 winter oilseed
rape (B. napus) genotypes in six environments, showing the effects of primary and secondary
components (IPCA 1 and IPCA 2, respectively) (E1—Borowo, 2015; E2—Borowo, 2016; E3—Borowo,
2017; E4&—Lagiewniki, 2015; E5—Lagiewniki, 2016; E6—Lagiewniki, 2017).

4. Discussion

Agronomic and seed traits of Brassica species, especially of B. napus, have been of high importance
for plant breeders for several decades. Friedt and Liihs [40] reported that one of the most important
objectives of oilseed rape breeding programs is to achieve genetic modification of seed oil quality
by changing the proportion of fatty acids according to either nutritional or industrial requirements.
The authors also demonstrated that the value of oilseed rape as a component of food and forage can be
further improved by enhancing desirable traits (e.g., oil content and fatty acid composition) and reducing
undesired characteristics (e.g., fiber content or other antinutritional compounds). Quantitative traits,
as oil and protein content, as well as the composition of fatty acids in seed oil, in addition to the GLS
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content in seed meal are determined by multiple genes and their expression may depend on changing
environment conditions. Therefore, some phenotype changes my occur as a result of different responses
of particular genotypes to the environments conditions [39,41]. The most influencing environment
factors are: the temperature, the availability of water and the agronomic conditions including soil type
and pH value [7,42,43]. It was the case in our results showing that the examined six seed traits were
significantly affected by environment.

The soil types and weather conditions differed between the two tested locations in which the
field trials were conducted in Borowo and Lagiewniki. The types of soil were classified as light,
loamy sand (LS) in Borowo (E1-E3) and as “medium” or “heavy soil”—sandy loam (SL) and sandy
clay loam (SCL) in Lagiewniki (E4-E6). Soil in Lagiewniki is rich in fine clay particles. Among the
tested environments (E1-E6), the highest soil water accumulation has been observed in Lagiewniki in
2015 (E4) and 2016 (E5) and such conditions could have contributed to higher seed oil and lower GLS
content, as compared to the other environments. The pH values of those soils were slightly acidic,
varying from 6.0 (E1, E2, E3) to 6.2 (E4 and E6). Timing and rate of nitrogen fertilization were the same
in each field trial. At the same time, weather conditions, that is, temperature and rainfall varied among
the six environments. For example, in Borowo and in Lagiewniki in 2015 (E1 and E4) and in Borowo in
2017 (E3), there was a severe lack of rainfall in May—during the flowering period of WOSR (Figure 1).
In July 2016 during seed maturation period, there was an extremely intensive rainfall in both locations
(E2 and E5); moreover, heavy storm delayed the harvest. However, those weather conditions did not
substantially influence the mean values of the seed traits analyzed in particular environments. In this
study, the soil water availability depending on the type of soil was the source of variation.

We found that the G and GXE interaction variances were significant for all traits of the analyzed
25 WOSR genotypes. Genotype had a significant impact on the C18:1, C18:2 and C18:3 fatty acids and
the total GLS content in both locations. At the same time, the main effects of both, E and GXE interaction
mostly influenced seed oil and seed protein content. Bocianowski et al. [39] reported the same results
for quality traits in their study on 23 interspecific cross-derived Brassica lines in Poland. In our study,
a strong environmental, especially type of soil effect on average oil content was observed in both
locations during the three growing seasons. For example, higher oil content was observed in Lagiewniki
with potentially fertile soil (E4-E6) than in Borowo (E1-E3). Our results are consistent with a significant
environmental contribution to the variation in oil content observed by Zhao et al. [44], who conducted
experiments with 282 lines in differentiated locations, in China and Germany. Similar results were
obtained by Delourme et al. [45] in field trials and QTL analyzes using two DH populations of oilseed
rape in different environments, in France. Nowosad et al. [37] also reported that the G and E main
effects as well as GXE interaction had the strongest effects on oil content in western Poland. Friedt and
Snowdon [7] showed that the majority of seed components significantly depended on both genetic and
environmental factors, whereas temperature, water availability and nutrient supply were the most
influential factors in their experiments in Germany. Also, Liersch et al. [46] got similar results from
their field trials in Poland. Moreover, significant influence of environmental factors, as temperature
and rainfall, on seed quality traits were previously reported from experiments on canola in Australia
and China [47-49]. Also, the previous study on sunflower in the USA showed that the seed oil content
was affected by environmental conditions — temperature and radiation during seed maturation [50].

In this study, genotypic variability regarding the seed oil fatty acids composition was revealed
among the analyzed 25 genotypes, in the six environments. The G effect explained 89.97% of variation
in C18:1 content, 87.54% in C18:2 and 73.29% in C18:3 content. At the same time, GXE interaction
revealed a small but statistically significant influence of E on the seed oil fatty acid composition in
the analyzed canola genotypes. Spasibionek et al. [14] also reported on the GXE interaction effect,
while analyzing their new canola genotypes characterized by differentiated C18 fatty acids composition
in seed oil in field experiments in western Poland. In our study, the weather conditions—temperature
and precipitation varied during the flowering, development of siliques and seed maturing periods of
the analyzed three growing seasons. However, it did not significantly influence the mean values of
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mono- (C18:1) and polyunsaturated (C18:2, C18:3) fatty acids content in seed oil. Different reaction of
the 25 genotypes among environments may have resulted from the origin of genotype and different
genetic background as well as the slight impact of E.

In our study, the analyzed 25 genotypes varied in the total GLS content, whereas its mean
value ranged from 9.97 pmole g~! of seeds in Lagiewniki (E4, E5) to 13.26 umole g~! of seeds in
Borowo (E3). The trait is determined by multiple genes that cause variability in the performance of
genotypes and the differences in their response to the environment [15,51,52]. In this study, statistical
ANOVA showed differences in total GLS content due to G, E and GXE interaction. The type of soil
determining the availability of water could contribute to the lower GLS content in particular genotypes
in Lagiewniki, as compared to Borowo. Padilla et al. [53] indicated significant differences in total
GLSs content related to sites, varieties and site X variety interaction in 113 varieties of Brassica rapa.
Similar results were reported by Niemann et al. [5] in their study on 25 Brassica lines of different
origin. Moreover, several authors have reported that variation in the content of GLS in Brassica plants
can be attributed to genetic and environmental factors, including plant age, temperature, water stress
and soil type [54-56]. Furthermore, achieving high protein content in seeds and low detergent fiber is
an important goal of oilseed rape breeders. In this study, significant differences (p < 0.001) were found
in the seed protein content due to G, E and GXE interactions. Chen et al. [57] and Wiirschum et al. [42]
also reported significant genotype X location interactions for protein content in different oilseed
rape collections.

Complexity of the quality traits is reflected by different responses of genotypes to varying
environmental conditions during development. Many breeders have been attempting to understand
the importance of GXE interactions by collecting and analyzing phenotypic data from the long-term
breeding programs [16,17]. Multi-environmental trials are conducted to determine the sites representing
the target environment and to identify the genotypes best suited for specific environmental conditions,
as well as to find the superior lines and genotypes that can be recommended to breeders [58]. Yan and
Hunt [59] indicated that data collected from such trials can be used for precise estimation of genotype
value and yield stability.

In this work, we used the AMMI model to study the interaction effect of G, E and GXE in each
environment and to identify the genotypes best suited for specific environmental conditions. The model
has been widely used in previous studies on Brassica and other crop plant species [37,39,60,61]. In our
study, the analysis revealed significant GXE interaction for all the investigated traits and the ASVs
indicated genotype stability.

5. Conclusions

In this study we observed statistically significant impact of E on both, the seed oil and protein
content among the analyzed 25 WOSR genotypes.

The C18:1, C18:2 and C18:3 fatty acids content was determined mostly by G and to a lesser but
statistically significant, extent by E as well as by the GXE interaction.

The use of the AMMI model analysis enabled us to determine four highly stable genotypes among
the tested environments: two F1 hybrids—the F1 952 (G19) and F1 239 (G25), as well as the CMS_1612
(G12) breeding line and the HO_SS (G13) high oleic mutant recombinant line. In addition, those
genotypes were characterized by optimal mean values of the analyzed 6 seed traits, except of the low
seed oil content of the HO_SS breeding line (G13). Moreover, the genotypes G19, 25, 12 and 13 revealed
superior respective TGSI of 77, 100, 115 and 127, thus making a valuable source of starting materials in
our forthcoming breeding programs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/10/12/607/s1;
Table S1: Summary of the phenotypic data of seed traits assessed in collection of 25 WOSR genotypes across
environments, Table S2: Average oil content (%), for genotypes and environments, principal component analysis
values (IPCAg1, IPCAg2), AMMI stability value (ASV), rank of the AMMI stability value (RA), rank of trait mean
(RM, from maximal to minimal) and genotype selection index (GSI) of tested winter oilseed rape lines, Table S3:
Average C18:1 (%), for genotypes and environments, principal component analysis values (IPCAgl, IPCAg?2),
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AMMI stability value (ASV), rank of the AMMI stability value (RA), rank of trait mean (RM, from maximal
to minimal) and genotype selection index (GSI) of tested winter oilseed rape lines, Table S4: Average C18:2
(%), for genotypes and environments, principal component analysis values (IPCAg1, IPCAg2), AMMI stability
value (ASV), rank of the AMMI stability value (RA), rank of trait mean (RM, from minimal to maximal) and
genotype selection index (GSI) of tested winter oilseed rape lines, Table S5: Average C18:3 (%), for genotypes
and environments, principal component analysis values (IPCAg1, IPCAg2), AMMI stability value (ASV), rank of
the AMMI stability value (RA), rank of trait mean (RM, from minimal to maximal) and genotype selection index
(GSI) of tested winter oilseed rape lines, Table S6: Average total GLS content (umole g—1 of seeds), for genotypes
and environments, principal component analysis values (IPCAg1l, IPCAg2), AMMI stability value (ASV), rank of
the AMMI stability value (RA), rank of trait mean (RM, from minimal to maximal) and genotype selection index
(GSI) of tested winter oilseed rape lines, Table S7: Average protein content (%), for genotypes and environments,
principal component analysis values (IPCAg1, IPCAg2), AMMI stability value (ASV), rank of the AMMI stability
value (RA), rank of trait mean (RM, from maximal to minimal) and genotype selection index (GSI) of tested
winter oilseed rape lines, Table S8: Meteorological conditions in Borowo and Lagiewniki during the growing
season of winter oilseed rape in 2015, 2016 and 2017, Figure S1: Mean monthly air temperature and cumulative
precipitation during each growing season of experimentation and over an extended period in Borowo (E1-E3) and
Lagiewniki (E4-E6).
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