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SUMMARY 

The objective of this study was to assess genotype-by-environment interaction for seed 

glucosinolate content in winter rapeseed cultivars grown in western Poland using the 

additive main effects and multiplicative interaction model. The study concerned 25 winter 

rapeseed genotypes (15 F1 CMS ogura hybrids, parental lines and two European cultivars: 

open pollinated Californium and F1 hybrid Hercules), evaluated at five locations in  

a randomized complete block design with four replicates. The seed glucosinolate content 

of the tested genotypes ranged from 5.53 to 16.80 μmol∙g-1 of seeds, with an average of 

10.26 μmol∙g-1. In the AMMI analyses, 48.67% of the seed glucosinolate content variation 

was explained by environment, 13.07% by differences between genotypes, and 17.56% by 

genotype-by-environment interaction. The hybrid PN66×PN07 is recommended for further 

inclusion in the breeding program due to its low average seed glucosinolate content; the 

restorer line PN18, CMS ogura line PN66 and hybrids PN66×PN18 and PN66×PN21 are 

recommended because of their stability and low seed glucosinolate content. 
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1. Introduction 

Oilseed rape (Brassica napus ssp. napus; genome AACC, 2n=38) is one of the 

major global oil crops and the most important source of vegetable oil in Europe. 

Its oil is used as a green fuel, for human consumption, for feeding animals, and in 

the chemical and pharmaceutical industries (Friedt and Snowdon 2009). All 

oilseed rape production in Europe is from types with zero erucic acid (up to 2% in 

consumption seeds) and low seed glucosinolate content (up to 25 μmol∙g
-1

 of 

seeds) – called canola quality or double low “00” quality oilseed rape. The oil 

content in mature seeds ranges from 45% to 50%, and the protein content ranges 

from 21% to 24%. 

Rapeseed oil from 00-quality cultivars is classified as one of the healthiest 

vegetable oils due to its fatty acid composition (Szydłowska-Czerniak et al. 

2011). Besides the high-quality oil, the residual meal from the seeds of oilseed 

rape after oil extraction also provides a protein-rich (38–44%) animal feed. This 

meal represents a favorable composition of amino acids, including comparatively 

high contents of the essential sulfuric amino acids methionine and cysteine 

(Downey and Bell 1990). In addition, the meal is rich in minerals (particularly Ca, 

Mg and P) and contains vitamins B4 and E (Thies 1994). However, the presence 

of glucosinolates (mainly alkenyl), their degradation products and other anti-

nutritive compounds limits the use of rich-protein meal as a feed supplement for 

livestock (beef) and particularly for monogastric animals (Walker and Booth 

2001). On the other hand, glucosinolates (especially indolyl) and their 

degradation products play an important role in pest and disease defense reactions 

(Rask et al. 2000; Zhao and Meng 2003). When plant tissue is damaged the 

glucosinolates are hydrolyzed by the myrosinases to release a range of defense 

compounds from substrate cells (Mithen et al. 2000). 

Breeding programs of rapeseed cultivars are carried out with the aim of 

reducing or totally eliminating alkenyl glucosinolates while simultaneously 

reducing anti-nutritional components of Brassica seeds, such as sinapine and the 

related phenolic acid, tannins, and phytic acid (Zhao and Meng 2003; Friedt and 
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Snowdon 2009; Witttkop et al. 2009). The composition and contents of 

glucosinolates are influenced by the genotype, climate and cultivation conditions, 

including fertilization, harvest time and plant position. Bocianowski et al. (2009), 

Friedt and Snowdon (2009) and Liersch et al. (2013) report that the gross seed 

composition can vary widely depending on both genetic and environmental 

factors, with a large influence of temperature, water and nutrient supply. 

Bocianowski et al. (2011) showed that the main effects of environment were 

significant for total alkenyl glucosinolates in a study of 18 parental lines of winter 

oilseed rape F1 CMS ogura hybrids. 

Better knowledge of the genetic determinism of seed glucosinolate content 

may help breeders to control the genetic advance for the crop (Uzunova et al. 

1995; Howell et al. 2003). Seed glucosinolate content is a very complex 

quantitative trait, the expression of which is the result of genotype, environmental 

conditions (e.g. temperature, water and nutrient supply) and genotype× 

environment (GE) interaction (Popławska et al. 2007). The importance of GE 

interactions in plant breeding programs have been a focus of attention for 

breeders (Popławska et al. 2001; Chen et al. 2017). The GE interaction may be 

analyzed using the additive main effects and multiplicative interaction (AMMI) 

model (Zobel et al. 1988). The AMMI model combines ANOVA for the genotype 

and environment main effects and principal component analysis (PCA) with 

multiplicative parameters. 

The objective of this paper was to assess GE interaction for seed glucosinolate 

content (GLC) in winter oilseed rape using the AMMI model. 

2. Material and Methods 

The plant material for field trials consisted of 25 winter rapeseed genotypes: 15 F1 

CMS ogura hybrids (PN64×PN17, PN64×PN18, PN64×PN21, PN64×PN05, 

PN64×PN07, PN66×PN17, PN66×PN18, PN66×PN21, PN66×PN05, 

PN66×PN07, PN68×PN17, PN68×PN18, PN68×PN21, PN68×PN05, 

PN68×PN07), five restorer lines for the Ogura system (PN05, PN07, PN17, 
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PN18, PN21), three CMS ogura lines (PN64, PN66, PN68) and two European 

cultivars (Californium and Hercules F1). The study was carried out at five 

locations: Bąków (E1: 1818’45’’ E, 5057’58’’ N), Borowo (E2: 1647’19’’ E, 

5207’12’’ N), Łagiewniki (E3: 1714’13’’ E, 5145’40’’ N), Małyszyn (E4: 

1837’31’’ E, 5114’42’’ N) and Zielęcin (E5: 1622’56’’ E, 5210’19’’ N). All 

field trials used randomized complete block designs with four replicates 

(Nowosad et al. 2016). After harvesting, seeds from each replicate plot were 

analyzed. Analysis of seed GLC (in μmol g
-1

 seeds) was performed via gas 

chromatography of the silyl derivatives of desulfoglucosinolates (PN ISO 9167-

1:1999, 1999). Two-way ANOVA was performed to verify the hypothesis of a 

lack of effects of genotype, environment and their interaction on seed GLC. 

Least-squares means were simultaneously produced for the AMMI model. The 

model first fits additive effects for the main effects of genotype (G) and 

environment (E) followed by multiplicative effects for GE interaction using PCA. 

The AMMI model (Gauch and Zobel 1990; Nowosad et al. 2017) is given by: 

,
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where gey  is the mean seed GLC of genotype g in environment e,   is the grand 

mean, g  is the genotypic mean deviation, e  is the environmental mean 

deviation, N is the number of PCA axes retained in the adjusted model, n  is the 

square root of the eigenvalue of PCA axis n, gn  is the genotype score for PCA 

axis n, en  is the score eigenvector for PCA axis n, and geQ  is the residual. The 

expected distribution of geQ  is normal. The AMMI stability value (ASV) was 

used to compare the stability of genotypes as described by Purchase et al. (2000): 
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where SS is the sum of squares, IPCA1 and IPCA2 are the first and second 

interaction principal component axes, and IPCA1 and IPCA2 are the genotypic 

scores in the AMMI model. ASV is the distance from zero in a two-dimensional 
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scatterplot of IPCA1 scores against IPCA2 scores. Since the IPCA1 score 

contributes more to the GE sum of squares, it has to be weighted by the 

proportional difference between IPCA1 and IPCA2 scores to compensate for the 

difference in contribution. The distance from zero is then determined using 

Pythagoras’s theorem. The greater the IPCA score, either negative or positive, the 

more specifically adapted the genotype is to certain environments. A smaller ASV 

score indicates a more stable genotype across environments. The level of 

significance in PCA analysis was tested with the F test. For the AMMI analysis, 

the statistical package GenStat v. 18.2 was used. 

3. Results and Discussion 

The three sources of variation were highly significant. The sum of squares for 

environment main effects represented 48.67% of the total seed GLC variation 

(Table 1). The differences between genotypes explained 13.07% of the seed GLC 

variation, and the effects of GE interaction 17.56%. The two principal 

components of GE interaction accounted jointly for 86.39% of the whole of its 

effect on the variation of seed GLC, and were highly significant. The first 

principal component (IPCA 1) accounted for 66.28% of the variation caused by 

interaction, while IPCA 2 accounted for 20.10%. Seed GLC of the tested 

genotypes varied from 5.53 (for PN18 in E3) to 16.80 μmol∙g
-1

 of seeds (for 

PN66×PN07 in E4) throughout the five seasons, with an average of 10.26 μmol∙g
-

1
 (Table 2). The PN68×PN07 hybrid had the highest average seed GLC, and the 

line PN66×PN07 had the lowest (8.74 μmol∙g
-1

). The average seed GLC per 

location varied from 7.04 μmol∙g
-1

 in Łagiewniki, to 13.35 μmol∙g
-1

 in Borowo. 

Seed GLC in winter oilseed rape (Brassica napus L.) is a trait determined by 

multiple genes that cause change in the performance of genotypes depending on 

the cultivation environment. Brown et al. (2002), Farnham et al. (2004) and 

Iniguez-Luy and Federico (2011) report large GE interaction for glucosinolate 

content. 
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Table 1. Analysis of variance of main effects and interactions for rapeseed  

(Brassica napus L.) lines’ seed glucosinolate content 

Source of  

variation 
d.f. 

Sum of  

squares 

Mean  

squares 
F-statistic 

Variability  

explained (%) 

Treatments 124 3481 28.07 9.34*** 79.28 

Genotypes 24 574 23.91 7.95*** 13.07 

Environments 4 2137 534.21 50.8*** 48.67 

GE Interactions 96 771 8.03 2.67*** 17.56 

 IPCA 1  27 511 18.91 6.29*** 66.28 

 IPCA 2  25 155 6.18 2.06** 20.10 

Error 264 794 3.01 
  

** P<0.01; *** P<0.001; IPCA: principal component of interaction 

 

The AMMI1 biplot (Figure 1) shows the stability of genotypes and 

environments, as well as specific GE interactions. Among the tested genotypes, 

IPCA 1 values ranged from –1.769 (PN68×PN07) to 1.262 (PN66×PN21), while 

among tested environments they ranged from –1.880 (Małyszyn) to 2.667 

(Borowo) (Figure 1). The stability of a genotype is considered to mean consistent 

reaction to changing environmental conditions, biotic and abiotic stresses, 

agronomic factors and weather conditions. Figure 2 presents the biplot for seed 

GLC. The hybrid PN68×PN07, cultivar Hercules F1 and line G01 interacted 

positively with the locations E1 and E4, but negatively with E2 and E3 (Figures 1 

and 2). The hybrids PN64×PN18, PN64×PN21 and PN68×PN17 interacted 

positively with the location E2, but negatively with E1, E3, E4 and E5. Some 

genotypes have high adaptation; however, most of them have specific 

adaptability. AMMI stability values (ASV) revealed variations in seed GLC 

stability among the 25 genotypes (Table 2). According to Purchase et al. (2000), a 

stable variety is defined as one with an ASV value close to zero. Consequently, 

the line PN18, with an ASV of 0.26, and the hybrid PN64×PN21, with an ASV of 

0.33, were the most stable, while hybrids such as PN68×PN07 (5.48) and 

PN66×PN21 (4.17) were the least stable (Table 2). The hybrid PN68×PN18, with 

average seed GLC close to the overall mean of 10.26 μmol∙g
-1

 of seeds, is 

distinguished on the biplot. This hybrid had the highest stability. The hybrids 

PN66×PN18 and PN66×PN21 and the line PN18 had the lowest average values of 

seed GLC, and low AMMI stability values (Figure 2, Table 2). 
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Figure 1. Biplot for genotype-by-environment interaction of seed glucosinolate content in 

winter rapeseed (Brassica napus L.) lines and hybrids in five environments, showing the 

effects of primary and secondary components (IPCA 1 and IPCA 2 respectively) 

 

Figure 2. Biplot for the primary component of interaction (IPCA 1) and average rapeseed 

(Brassica napus L.) seed glucosinolate content (μmol∙g
-1

 of seeds).  

The vertical line at the center of the biplot is the overall grand mean  
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Table 2. Average seed glucosinolate content (μmol∙g
-1

 of seeds), for genotypes  

and environments, principal component analysis values of tested rapeseed (Brassica 

napus L.) lines and hybrids, and AMMI stability value (ASV) 

Genotype Code E1 E2 E3 E4 E5 Mean IPCA 1 IPCA 2 ASV 

Californium G01 13.25 12.82 6.23 11.05 8.73 10.41 -0.449 0.899 1.73 

Hercules F1 G02 12.05 11.40 7.68 12.35 10.88 10.87 -0.963 -0.182 3.18 

PN17 G03 10.85 13.33 5.80 8.20 10.25 9.69 0.233 0.064 0.77 

PN18 G04 10.20 12.62 5.53 8.85 8.47 9.14 0.047 0.209 0.26 

PN21 G05 10.25 13.85 5.93 9.40 10.30 9.95 0.195 -0.017 0.64 

PN05 G06 12.25 11.50 8.50 12.90 12.08 11.44 -1.062 -0.487 3.53 

PN64 G07 11.75 14.32 7.95 9.75 11.45 11.04 0.167 -0.246 0.60 

PN64×PN17 G08 8.45 14.95 10.97 8.60 11.30 10.86 0.777 -1.783 3.12 

PN64×PN18 G09 10.70 14.47 6.75 10.25 9.72 10.38 0.209 0.092 0.70 

PN64×PN21 G10 10.55 12.80 7.12 9.55 9.93 9.99 -0.059 -0.270 0.33 

PN64×PN05 G11 10.70 13.25 6.30 9.10 8.72 9.62 0.132 0.184 0.47 

PN64×PN07 G12 10.45 14.58 6.10 7.40 8.90 9.49 0.733 0.193 2.42 

PN66 G13 11.80 16.62 6.88 8.35 8.72 10.47 0.999 0.628 3.35 

PN66×PN17 G14 9.95 12.75 6.67 7.75 8.62 9.15 0.295 -0.195 0.99 

PN66×PN18 G15 12.75 13.70 6.55 8.20 8.62 9.96 0.272 0.663 1.11 

PN66×PN21 G16 8.55 15.47 6.70 6.40 8.20 9.07 1.262 -0.279 4.17 

PN66×PN05 G17 11.30 10.88 6.92 6.95 9.63 9.14 -0.121 -0.299 0.50 

PN66×PN07 G18 9.75 12.17 5.83 8.05 7.90 8.74 0.126 0.032 0.42 

PN68 G19 11.10 11.62 6.50 9.90 10.57 9.94 -0.461 -0.184 1.53 

PN68×PN17 G20 12.55 14.80 7.07 11.35 10.45 11.24 -0.025 0.452 0.46 

PN68×PN18 G21 10.90 15.08 6.65 7.95 10.50 10.22 0.695 -0.005 2.29 

PN68×PN21 G22 10.55 13.12 6.15 11.50 8.77 10.02 -0.292 0.274 1.00 

PN68×PN05 G23 11.85 13.58 6.17 9.40 9.38 10.07 0.066 0.449 0.50 

PN68×PN07 G24 15.55 12.15 11.00 16.80 14.22 13.94 -1.769 -0.348 5.84 

PN07 G25 14.25 11.85 8.18 12.35 11.78 11.68 -1.007 0.157 3.32 

Mean 11.29 13.35 7.04 9.69 9.92 10.26    

IPCA 1 -0.688 2.667 0.246 -1.880 -0.344     

IPCA 2 1.579 0.624 -1.503 0.293 -0.994     
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The use in breeding of parental lines (restorer lines and CMS ogura lines) 

with very low GLC makes it possible to obtain restored hybrid seeds with GLC 

matching the Polish standard for sowing material: up to 18 μmol∙g
-1

 of seeds. 

Environmental conditions have a significant influence on GLC. The availability 

of sulfur in the soil and humidity conditions have been found to determine GLC 

in seeds of winter oilseed rape (Mailer and Cornish 1987; Clossais-Besnard 1991; 

Wielebski 2006). In low precipitation conditions the content of glucosinolates 

increases significantly (Mailer and Cornish 1987; Bouchereau et al. 1996). Jensen 

et al. (1996) showed that the size of rainfall deficiency is more significant than the 

duration of a drought. They also point to the relationship between soil texture and 

GLC, and state that the content of glucosinolates is lower on heavier soils. This is 

consistent with the results obtained in this study. The seeds of rapeseed collected 

in Łagiewniki (E3 – sandy clay loam) had the lowest seed GLC compared with 

the seeds collected in Zielęcin (E5), Małyszyn (E4) and Borowo (E2) (light 

textured soil – loamy sand). In the conditions of light textured soils as found in 

Borowo, Małyszyn and Zielęcin, the GLC depended on genotype (inheritance of 

GLC) and weather conditions, especially rainfall in the spring season (Nowosad 

et al. 2016). 

The AMMI biplot allows the visualization of the main effects of the 

genotypes in different environments, in addition to the most important GE 

interactions. The AMMI model provides a useful tool in diagnosing GE 

interaction patterns and improving the accuracy of response estimates. It enables 

clustering of genotypes based on similarity of response characteristics and 

identification of potential trends across environments. The suggested strategy 

could extract more information from the GE interaction, thereby aiding 

researchers in identifying specific cultivars with competitive yields across diverse 

environments. The genotype and environment main effects as well as GE 

interaction had the strongest effect on seed GLC expression in western Poland. 

AMMI analyses revealed significant GE interaction with respect to seed GLC. 

AMMI models are capable of measuring the importance of environments, 
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genotypes and their interactions through a value that measures how stable a 

genotype is in all environments in terms of seed glucosinolate content. 
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