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Oilseed rape (OSR) has one of the highest potential for gene flow through seed
and pollen. Volunteer plants are one of the most important sources of
contamination of OSR crop of different quality cultivars. The aim of this study
was to estimate the abundance of soil seed bank after the harvest of high erucic
(HE) cultivar Maplus and to determine biochemical and molecular
characteristics of OSR volunteers. The investigation comprised volunteers of
oilseed rape obtained from the soil seed bank in two localities in Poland: Dlon
and Zielecin (Greater Poland Voivodeship). The seeds of volunteers and
reference cultivars were analyzed using biochemical (erucic acid and
glucosinolates [GLS]) and molecular biology methods. In seeds of volunteers,
erucic acid content ranged from 0 to 57.4% of all fatty acids and glucosinolate
content ranged from 5.2 to 105.0 umol g1 of seeds. In sowing seeds of the
cultivar Maplus, the erucic acid content was 57% and total glucosinolates were
12.6 pmol g-! of seeds. RAPD markers were used to determine genetic similarity
coefficient and relationship between polymorphic RAPD markers and erucic
acid and total GLS content. Twenty RAPD markers showed statistically
significant association with erucic acid and GLS content in seeds. Volunteers
originating from the investigated soil seed bank were characterized by different
content of erucic acid and GLS in seeds typical for different types of oilseed rape
cultivars: double low (00, canola type), cultivars with zero erucic acid and high
GLS content (0HG) and traditional cultivars with high erucic acid and high GLS
content (HEHG). The results of this study, especially the presence in soil seed
bank the seeds of very old cultivars, confirm that seeds of rapeseed of different
origin may persist for a long time at the stage of secondary dormancy.

Introduction

Oilseed rape (Brassica napus L.) is the most important oil crop in the world after soybean,

especially in countries with moderate climate. Oilseed rape oil is high-quality oil for human
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nutrition and can also be used as an important renewable resource for nonfood purposes such as
biofuels (biodiesel). Moreover, after oil extraction from oilseed rape, the protein-rich meal is used
as fodder for livestock (Wittkop et al. 2009). Because of its economic importance, rapeseed is one of

the principal GM crops, along with soybean, maize, and cotton.

Oilseed rape is the plant species with the highest risk for coexistence of different types of
cultivars including genetically modified (GM) cultivars. The gene transfer may occur through
pollen-mediated gene flow from GM crops to non-GM crops, between cultivars with different
quality traits, or between other plants from the family Brassicaceae; the gene transfer can also
occur by seeds dropped before and during harvest as well as during transport. OSR is both self- and
cross-pollinated plant (facultative pollination). Each cultivar can show different levels of
outcrossing depending on environmental conditions, pollen quantity, and selfing rate (Mesquida et
al. 1988; Pierre et al. 2003; Poplawska et al. 2012). Hiisken and Dietz-Pfeilstetter (2007) indicated
that the range of cross-fertilization is determined by weather conditions, local topography around
the field trial site, and the number of pollinators such as honey bees, bumble bees, and other insects
that are likely to increase the amount of pollen transfer. However the most efficient gene transfer is
through seeds. Oilseed rape is characterized by a high frequency of seed shattering before and
during harvest. The quantity of seed spilled to the soil is between 5% and 10% of the total seed set.
Usually, seed losses during harvest can amount to several thousand seeds per square meter (Gruber
and Claupein, 2007), but under adverse climatic conditions (storm, heavy rain, hail), this loss can
even reach up to 15 000 seeds/m?2 (Gruber et al. 2005). The number of seeds dropped per square
meter of the field surface depends on the variety, method, and time of harvesting and
environmental conditions. Seeds can be transported over long distances during transport by the
farm equipment as well as by animals, mainly birds. The seeds of oilseed rape falling on the soil
achieve a state of secondary dormancy that can be induced by particular conditions: dryness, low
temperature, light, and certain gases (Gruber and Claupein, 2004; Soltani et al. 2019). In the soil,
the seeds in the stage of secondary dormancy often persist for a long time, and they are often not
released from dormancy for more than 10 years (Lutman et al. 2005). These seeds after emerging
as volunteer plants in the subsequent crops can contribute to unwanted gene dispersal by pollen

flow and by seeds (Gruber and Claupein, 2007; Bartkowiak-Broda et al. 2008; Gruber et al. 2012).

In Poland, cultivars characterized by high erucic acid (~50% of all fatty acids in oil) and high
glucosinolate content (~160 pmolg-1 seeds) (HEHG) were replaced over 25 years ago by double
low '00" winter OSR cultivars (erucic acid <2%; glucosinolate content <15.0 umol-g-! seeds). Thus

far, in some fields in different regions of Poland, there were some plants whose seeds were
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characterized by high erucic acid or glucosinolate content or both (Bartkowiak-Broda et al. 2008).
This phenomenon is especially important when cultivars coexist in space and/or in time, e.g,
genetically modified (GM) cultivars, non-GM cultivars, and cultivars with specific fatty acid content-
high oleic (HO), high oleic and low linolenic (HOLL), or yellow seeded. In some cases, the number of
volunteers originating from seeds of old cultivars (HEHG) is high enough to reduce the quality of
harvested seeds and thus quality of raw material for oil industry, which may cause financial loss to
farmers (Colbach, 2011). The objectives of the present study were: estimation of soil seed bank
abundance after the harvest of high erucic acid cultivar Maplus (about 57%); biochemical
characterization of volunteers to determine erucic acid and glucosinolate content; and molecular

analysis of volunteers.

Material and Methods

In the growing season of 2008/2009, two experimental oilseed rape fields were located in
different environmental conditions in Poland: Dlon in Rawicki district (N51246', E17 °214") and
Zielecin in Grodzisk district (N52210°, E16214"). The localities are characterized by various soil
complexes: Dlon-typical heavy soil of quality class Il1I/IV and Zielecin-light soil of quality class IVa.
Acreage of the fields in both localities was approximately 9 ha; 1 ha of high erucic acid winter OSR
cultivar Maplus (~57% erucic acid; total glucosinolate content 12.6 pmol g-! of seeds—HEQ) was
surrounded by 8 ha of double low (00) winter OSR cultivar Monolit (0% erucic acid; total

glucosinolate content 14.5 pmol g-! of seeds).

To determine the number and origin of seeds in the soil seed bank, in September 2009 after the
harvest of the trials from 1 ha of HE oilseed rape cultivar Maplus and first ploughing, 32 soil
samples—soil cores with 2.5 cm diameter from the depth of 10-20 cm were taken in Dlon and
Zielecin. The soil samples (2 x 32) were placed in a greenhouse under conditions that allowed the
germination and growth of volunteers. After vernalization, OSR plants during the flowering period
were isolated with bags and harvested at the maturity stage. The seeds from 66 volunteers (13
volunteers from Zielecin; 53 volunteers from Dlon) were analyzed using biochemical and molecular
methods. Erucic acid content was measured using the method of fatty acid methyl esters
(Byczynska and Krzymanski), and glucosinolate (GLS) content was measured using the gas

chromatography method for silyl derivatives of desulfoglucosinolates (Michalski et al. 1995).

To determine the genetic similarity of 66 volunteers, a study was performed using RAPD
molecular markers. The following cultivars were used as reference cultivars for this study: double

low (00) WOSR cultivar Monolit (erucic acid content < 2.0%, total glucosinolate content < 25.0 pmol
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g1 of seeds); HEO cultivar Maplus (erucic acid content > 2.0%, total glucosinolate content < 25.0
pumol g-1 of seeds); F1 hybrid 'Monolit x Maplus', doubled haploid (DH) WOSR lines: DH ER (HEO),
DH WG (0HG) and DH JN (OHG); and cultivar of turnip rape (Brassica campestris) Ludowy (HEHG
erucic acid content > 2.0%, total glucosinolate content > 25.0 pmol g-! of seeds). Genomic DNA was
extracted from 6-day-old leaves of volunteers and reference cultivars by using a modified CTAB
procedure according to Doyle and Doyle (1990). The RAPD reactions were performed using 25
primers (Table 1) (Operon Technologies, Alameda, USA) in accordance with the standard method
described by Williams et al. (1990). DNA profiles of 66 volunteers were compared with those of
reference cultivars. The mean values and coefficients of variation for erucic acid content and total
glucosinolate content were calculated (Kozak et al. 2013). One-way analysis of variance (ANOVA)
was carried out to determine the effects of group according to the chemical composition on the
variability of erucic acid content and total glucosinolate content. The mean values and coefficients
of variation were calculated for each group. The least significant differences (LSDs) were estimated
and used for multiple comparison testing. The coefficients of genetic similarity (GS) of the

investigated genotypes were calculated using the following formula (Nei and Li, 1979):
CSif = 2Nii Ni
ij = 2Nij N/

where Nj is the number of alleles present at the i-th and j-th genotype, N;—the number of alleles
present at the i-th genotype, N; the number of alleles present at the j-th genotype, and
j=1,2,..73.

Table 1. Polymorphic RAPD primers used in the analysis of winter oilseed rape volunteers.

Primers (a) (b) (9 Primers (a) () (9
OPA 07 9 4 44,44 OPN 20 11 3 27,27
OPA 08 10 5 50,00 OPO 13 12 4 33,33
OPA 14 13 4 30,77 OPP 03 10 7 70,00
OPA 15 14 6 42,86 OPP 05 9 3 33,33
OPC 18 14 6 42,86 OPP 11 13 7 53,85
OPD 08 13 11 84,62 OPP 14 13 6 46,15
OPF 01 11 7 63,64 OPW 05 14 11 78,57
OPF 04 11 10 90,90 OPW 09 13 5 38,46
OPG 03 12 5 41,67 OPY 01 9 3 33,33
OPG 04 13 2 15,38 OPY 02 11 6 54,55
OPL 12 17 7 41,18 OPY 13 15 11 73,33
OPN 13 9 6 66,67 OPY 15 14 11 78,57
OPN 18 16 3 18,75

(a): number of all bands; (b): number of polymorphic bands; (c): (b/a x 100)- present of polymorphism.

According to the calculated coefficients, genotypes were grouped hierarchically using the

unweighted pair group method of arithmetic means (UPGMA), and the relationship among them
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was presented in the form of a dendrogram. By using the same coefficients, principal coordinate
analysis (PCA) was performed. The association between molecular markers and erucic acid content
and total glucosinolate content was determined using regression analysis (Bocianowski et al. 2011).
The marker observations were tested as independent variables and considered in individual
models. Moreover, analysis of molecular variance (AMOVA) was used to compute the distribution of
genetic variability among and within groups according to the chemical composition. The
relationship between erucic acid content and total glucosinolate content was calculated using

Pearson’s correlation coefficient.

Results and Discussion

The investigated volunteers showed phenotypic variation in erucic acid and total glucosinolate
content. Erucic acid content ranged from 0% (GM 95, GM 121) to 57.4% (GM 92) of all fatty acids,
with the mean value of 43.58% and coefficient of variation of 42.56%; the variation in total
glucosinolate content was very large, ranging from 5.2 (GM 125) to 105.5 umol g-! of seeds (GM
66), with the mean value of 25.27 umol g-! of seeds and coefficient of variability of 89.84% (Table
2). In reference cultivars, erucic acid content was as follows: 0.0% for double low (00) WOSR
Monolit and DH WG (0HG), 2.1% for DH JN (OHG), 39.5% for B. campestris cultivar Ludowy, 55.6%
for DH ER (HEO), and 57.0% for WOSR cultivar Maplus. Total glucosinolate content varied from 5.3
umol g-1 of seeds in DH ER to 12.6 pmol g-! of seeds in cultivar Maplus, 14.5 pmol g-! of seeds in
Monolit, 44.3 in B. campestris, 82.2 in DH WG, and 92.1 umol g-! of seeds in DH line JN. The F;
hybrid '"Monolit x Maplus' showed 26.4% erucic acid of all fatty acids in seeds and the total GLS
content of 16.5 pmol g-1 of seeds (Table 2).

On the basis of chemical composition of seeds as the grouping criterion, 66 volunteers were
divided into four groups (A-D). The characteristics of groups A, B, C, and D are shown in Tables 3-5
and Figures 1 and 2. Group A consists of double low WOSR cultivar Monolit and six volunteers with
low erucic acid and low glucosinolate contents. Group B has one volunteer and two doubled haploid
DH WG and DH JN with the chemical composition of seeds that is characteristic for OHG rapeseed.
The third largest group C comprises 49 volunteers and HEO reference genotypes: Maplus, F1 hybrid
'Monolit x Maplus', and DH ER. The last group D includes ten HEHG volunteers and B. campestris
cultivar Ludowy. ANOVA test indicated a statistically significant (P<0.001) difference between
groups formed on the basis of the chemical composition of seeds - erucic acid and GLS content
(Table 5). Groups C and D were characterized by the highest content of erucic acid, and groups A
and B had the lowest content of this seed compound (Table 3, Figure. 1). In terms of total GLS

content, group B stands out because of the observed highest average value of this trait (86.43 pmol
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g1 of seeds) with the lowest variability, CV = 5.90 (Table 4, Figure. 2). The lowest total GLS content
is characteristic for groups A and C (16.09 and 16.35 umol g-1 of seeds, respectively). The greatest
variation, CV = 53.88, for the observed trait was noted in group D (Table 4, Figure. 2).

Table 2. Chemical composition of seeds of volunteers originating from soil seed bank.

Semirgle Erucic acid content Total GLS content Group according
(%) (umol g1 of seeds) to the chemical composition
GM62-1/4.1.2 2.0 18.6 A
GM63-1/4.2.7 55.5 27.3 D
GM64-2/4.1.7 54.3 15.9 C
GM65-2/4.2.7 55.4 26.8 D
GM66- 2/4.4.7 48.6 105.5 D
GM67-2/4.5.2 53.2 93.7 D
GM68-2/4.6.Z 51.8 23.3 C
GM69-2/4.8.Z 36.7 87.7 D
GM70-3/2.1.Z 3.8 19.0 A
GM71-3/2.2.Z 53.9 22.8 C
GM72-7/3.1.Z 54.7 15.8 C
GM73-7/3.2.Z 2.4 18.4 A
GM74-7/4.1.Z 56.0 17.6 C
GM75-1/1.1.D 44.4 23.8 C
GM76-1/3.1.D 54.5 23.4 C
GM77-1/3.2.D 53.6 18.7 C
GM78-1/3.3.D 39.5 12.7 C
GM79-1/3.4.D 51.6 17.2 C
GM80-1/4.1.D 51.5 17.3 C
GM81-1/4.3.D 52.6 9.5 C
GM82-1/4.5.D 511 7.8 C
GM83-1/4.6.D 55.0 14.4 C
GM84-1/4.7.D 48.9 17.2 C
GM85-1/4.8.D 52.3 16.4 C
GM86- 1/4.9.D 51.2 19.1 C
GM87-1/4.10.D 48.9 12.7 C
GM88-1/4.11.D 50.7 17.5 C
GM89-1/4.12.D 49.1 11.8 C
GM90-2/2.1.D 55.7 13.4 C
GM91-3/3.1.D 50.5 15.1 C
GM92-3/2.2.D 57.4 16.8 C
GM93-3/2.3.D 46.5 12.1 C
GM94- 3/2.4.D 56.3 15.1 C
GM95-4/3.1.D 0.0 13.3 A
GM96- 4/3.2.D 27.6 15.7 C
GM97-4/3.3.D 49.6 86.5 D
GM98- 4/3.4.D 53.7 17.4 C
GM99- 4/3.5.D 53.2 17.2 C
GM100-5/1.2.2 50.6 23.3 C
GM101-5/2.1.D 52.8 489 D
GM102-5/3.1.D 52.4 28.5 D
GM103-5/3.2.D 49.9 24.3 C
GM104- 6/1.1.D 50.4 17.7 C
GM105- 6/4.1.D 54.2 16.1 C
GM106- 6/4.2.D 56.7 17.6 C
GM107-6/4.3.D 54.2 13.3 C
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GM108-7/2.1.D 53.6 16.0 C
GM109-7/2.2.D 15.4 15.7 C
GM110-7/3.1.D 53.6 16.0 C
GM111-7/3.2.D 36.2 23.5 C
GM112-7/3.3.D 55.7 13.7 C
GM113-7/3.4.D 48.5 13.1 C
GM114-7/4.1.D 54.9 45.6 D
GM115-7/4.2.D 54.4 18.9 C
GM116- 7/4.3.D 55.8 20.1 C
GM117-8/2.2.D 55.6 18.2 C
GM118-8/3.1.D 54.4 28.1 D
GM119-8/3.2.D 521 12.5 C
GM120- 8/3.3.D 479 20.0 C
GM121-8/4.1.D 0.0 85.0 B
GM122-8/4.2.D 42.9 18.4 C
GM123-8/4.3.D 55.9 14.1 C
GM124-8/4.4.D 55.4 20.3 C
GM125-223/1.D 53.3 5.2 C
GM126 - “00” 0.0 14.5 A
GM127 -“00” 0.0 14.3 A
MONOLIT 0.0 14.5 A
MAPLUS 57.0 12.6 C
MON/MAP 26.4 16.5 C
DH ER 55.6 5.3 C
LUDOWY 39.5 44.3 D
DH WG 0.0 82.2 B
DH JN 2.1 92.1 B
Mean 43.58 25.27

Coefficient of variation 42.56% 89.84%

A: “00” double low OSR; B: “OHG”—low erucic acid, high GLS OSR.
C: “HE0”—high erucic acid, low GLS OSR; D: “HEHG”—high erucic acid, high GLS OSR.
DH ER: doubled haploid line high erucic acid, low GLS; DH WG: doubled haploid line low erucic. acid, high
GLS; DH JN: doubled haploid line from cultivar Jet Neuf low erucic acid, high GLS.

Table 3. Characteristics of the groups formed on the basis of chemical composition—erucic acid

content.

Class/Group Mean Minimum Maximum Median Skewness Kurtosis s.d. cv
A 1.17b 0 3.8 0 0.672 -1.093 1.56 133.33
B 0.70 b 0 2.1 0 0.707 -1.5 1.212  173.14
C 50.34a 154 57.4 52.9 -2.584 6.948 8.119 16.13
D 50.27a  36.7 55.5 52.8 -1.278 0.176 6.443 12.82

In the mean column, mean values followed by the same letters are not significantly different.

These studies have shown that volunteers come from very diverse sources. The investigated

volunteers indicate the presence in the soil seed bank seeds derived from the cultivar Maplus, 00,

WOSR, OHG, HEO, and traditional cultivars HEHG. A particularly interesting observation was the

presence of volunteers with high erucic acid and high glucosinolate content in seeds, despite the

fact that this traditional type of cultivars had not been grown in these fields in the last 25 years.

Similar results were obtained in studies on volunteers conducted in Poland in the EU SIGMEA
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project covered a wide geographical area in the country: Western Pomerania, Pomerania, and
Warmia-Masuria. High erucic acid rapeseed (HEAR) cultivars were not grown in Poland after 1985,
and high glucosinolate content cultivars after 1995. However seeds from 93 oilseed rape volunteers
collected from winter oilseed rape fields in the growing season 2005/2006 were of different
quality: double low (2.1% of all plants), HEO (6.5%), OHG (39.8%) and HEHG (51.6%). These results
and those obtained in the SIGMEA project indicate that the seeds of traditional HEHG, HEO or OHG
cultivars persist for a long time (almost 20 years) in the soil seed bank at the stage of secondary
dormancy (SIGMEA, 2007).

Table 4. Characteristics of the groups formed on the basis of chemical composition
glucosinolate content.

Class

o Mean Minimum Maximum Median Skewness Kurtosis s.d. cv

A 16.09 ¢ 13.3 19 14.5 0.2161 -1.801 2.45 15.23
B 86.43 a 82.2 92.1 85 0.4753 -1.5 5.1 5.90
C 16.35c¢c 5.2 24.3 16.45 -0.339 0.418 4.31 26.36
D 56.63 b 26.8 105.5 45.6 0.4558 -1.453 30.51 53.88

In the mean column, mean values followed by the same letters are not significantly different.

Table 5. Mean squares analysis of variance according to the distribution of the chemical
composition for erucic acid and total glucosinolate content.

Source of variation Number of degrees Erucic acid content Total GLS content
of freedom [%] [umol g-1 of seeds]

Class/Group according 3 6992.04+* 8922 gk

to the chemical composition

Residual 69 54.99 149.9

% P<0.001

Many studies have shown that germination of seeds spilled to the soil can be prevented by
natural induction of secondary dormancy (Gruber et al. 2011; Sausse et al. 2011; Schatzki et al.
2011; Stockmann et al. 2011). Secondary seed dormancy in oilseed rape allows the seeds to survive
in the soil seed bank for many years without germination, where in the dormancy period could be
10 years or even longer (D'Hertefeldt et al. 2008; Lutman et al. 2005). The presence of rapeseed
with high erucic acid content, high glucosinolate content (or both) or double low volunteers can be
detected by a biochemical method and by genetic markers (PCR). RAPD molecular markers were
used to determine the level of polymorphism and genetic similarity of investigated OSR volunteers
and to search for relationship between molecular markers and erucic acid and GLS content. Twenty
five RAPD primers were used in this study. A total of 306 fragments were amplified, of which 153
(50.0%) were polymorphic. Table 1 shows the RAPD markers, number of polymorphic bands, and
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polymorphism level. The similarity data matrix based on Nei and Li (1979) coefficient showed the

lowest similarity value of 0.06 between B. campestris cv. Ludowy and GM 71 and the highest value

of 1.0 for GM 126 and GM 127 (Table 6).
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Figure 1. Boxplot of erucic acid content in the seeds of investigated volunteers and reference

genotypes divided into groups according to the chemical composition of the seeds.
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Figure 2. Boxplot of GLS content in the seeds of investigated volunteers and reference genotypes

divided into groups according to the chemical composition of the seeds.
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Dendrogram formed on the basis of cluster analysis of the Nei and Li coefficient of similarity
divided the investigated OSR genotypes into two mains clusters: I and II; B. campestris cv. Ludowy
formed a separate branch with respect to other genotypes (Figure. 3). Cluster I included the six 00
volunteers, Monolit (group A), one OHG (GM 121—group B), one HEO (GM 125—group (),
references genotypes (DH ER, DH WG, and DH ]JN) and three volunteers HEHG (GM 66, GM67, and
GM69—group D). Cluster II represents 48 volunteers HEO (group C), F1 hybrid Monolit x Maplus,
Maplus, and seven HEHG volunteers (group D) (Figure. 3).

Table 6. Minimum and maximum genetic similarity values calculated using the measure
of genetic similarity reported by Nei and Li (1979).

Minimum genetic similarity values Maximum genetic similarity values

Ludowy GM 71 0.06 GM 127 GM 126 1

Ludowy GM 104 0.08 GM 87 GM 82 0.98
Ludowy GM 64 0.09 GM 88 GM 80 0.98
Ludowy GM 66 0.09 GM 81 GM 80 0.97
Ludowy GM 67 0.09 GM 82 GM 81 0.97
Ludowy GM 68 0.09 GM 83 GM 80 0.97
Ludowy GM 69 0.09 GM 85 GM 84 0.97
Ludowy GM 75 0.09 GM 87 GM 81 0.97
Ludowy GM 79 0.09 GM 87 GM 84 0.97
Ludowy GM 89 0.09 GM 89 GM 82 0.97
Ludowy GM 90 0.09 GM 89 GM 87 0.97
Ludowy GMoI1 0.09 GM 113 GM 112 0.97
Ludowy GM 92 0.09 GM 82 GM 80 0.96
Ludowy GM 103 0.09 GM 83 GM 81 0.96
Ludowy GM 107 0.09 GM 87 GM 80 0.96
Ludowy GM 109 0.09 GM 89 GM 81 0.96
Ludowy GM 110 0.09 GM 89 GM 84 0.96
Ludowy GM 112 0.09 MONOLIT GM 126 0.96
Ludowy GM 113 0.09 MONOLIT GM 127 0.96
Ludowy GM 116 0.09 GM 83 GM 82 0.95
Ludowy GM 118 0.09 GM 84 GM 82 0.95
Ludowy GM 123 0.09 GM 85 GM 83 0.95
Ludowy GM 124 0.09 GM 87 GM 83 0.95

Analysis of molecular variance (AMOVA) using erucic acid and GLS content as a grouping criterion
(four groups) revealed that the within-class variance was 83% of the total variation, while the variation
between groups was only 17% (Table 7, Fig. 4). Molecular variability within the individual groups varied
considerably: group A, 98.000; group B, 45.333; group C, 663.019; and group D, 256.909 (Table 8). A
total of 153 polymorphic markers were used to determine the relationship between RAPD markers and
erucic acid and total GLS content in volunteers of rapeseed.
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Table 7. Analysis of molecular variance (AMOVA) of 153 polymorphic AFLP markers from
volunteers and reference genotypes.

il Sum Percentage
Source of variation of degrees Mean squares Estimated variance tas
of squares of variation
of freedom
Among groups 3 148.793 49.598 3.061 17%
Within groups 69 1063.262 15.410 15.410 83%
Total 72 1212.055 18.471 100%

Table 8. Results of the analysis of molecular variance for the particular groups of populations.

Population Number of genotype Sum of squares Mean square within
in the group/N within group/SSWP the group/MSWP

Group A 7 98.000 14.00

Group B 3 45.333 15.11

Group C 52 663.019 12.75

Group D 11 256.909 23.36

Figure 3. Dendrogram of winter oilseed rape volunteers from the soil seed bank created on the
basis of RAPD markers.
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Table 9 lists the RAPD markers significantly associated with erucic acid, and Table 10 - markers
associated with the total glucosinolate content in OSR seeds. A total of 53 RAPD markers were
associated with the erucic acid content. Twenty-nine markers are associated with a decrease in the
content of this acid and 24 showed an increase in erucic acid content in seeds. The percentage of
total phenotypic variability explained by the particular markers ranged from 5% to 71.1% (Table
9).

Table 9. Markers associated with erucic acid content in volunteers and reference genotypes
of WOSR.

Estimates Percentage variation  Standard error
Marker . - P-value :
of regression coefficients accounted of observations
OPA 08~1160 14.83 <0.001 13.7 17.2
OPA 08~1000 -42.04 <0.001 71.1 9.97
OPA 14~1900 13.74 0.012 7.3 17.9
OPA 14~1660 -32.35 <0.001 35.6 14.9
OPA 14~630 -27.53 <0.001 27.6 15.8
OPA 14~690 -234 0.006 9 17.7
OPA 15~1160 -20.75 0.008 8.3 17.8
OPA 15~1054 -16.62 0.016 6.7 17.9
OPA 15~1100 -12.46 0.011 7.5 17.8
OPG 04~1260 14.33 0.017 6.4 17.9
OPN 13~1260 24.47 <0.001 35.3 14.9
OPN 13~960 -22.32 <0.001 28.2 15.7
OPN 13~955 20.72 <0.001 18 15.7
OPN 18~2100 -24.08 <0.001 20.8 16.5
OPN 18~1270 -14.11 0.004 10.1 17.6
OPN 18~1160 20.62 0.008 8.2 17.8
OPO 13~500 22.3 <0.001 33.7 15.1
OPW 09~1500 22.08 <0.001 14.3 17.2
OPW 09~1960 -20.25 0.003 10.5 17.5
OPY 01~1750 12.73 0.003 10.6 17.5
OPY 01~1160 14.13 0.002 12 17.4
OPA 07~1500 11.56 0.009 7.9 17.8
OPA 07~1480 -14.65 0.002 10.9 17.5
OPF 01~2400 13.8 0.004 9.9 17.6
OPF 01~2300 -19.93 <0.001 16 17
OPF 01~1300 -30.44 <0.001 53.7 12.6
OPF 01~890 -14.22 0.001 12.7 17.3
OPF 01~500 -21.64 0.005 9.1 17.7
OPF 01~450 17.97 <0.001 18.9 16.7
OPN 20~2000 17.53 0.001 12.8 17.3
OPW 05~2120 -35.76 <0.001 18.4 16.8
OPW 05~800 15.98 <0.001 171 16.9
OPW 05~760 -25.24 <0.001 29.7 15.6
OPY 15~1830 -15.59 <0.001 14.3 17.2
OPY 15~1800 13.27 0.004 9.7 17.6
OPY 15~1270 -29.72 <0.001 41.7 14.2
OPY 15~650 -26.82 <0.001 38.5 14.5
OPC 18~1050 16.72 <0.001 16.2 17
OPC 18~730 -21.85 <0.001 30.1 15.5

OPC 18~690 -24.55 <0.001 23.3 16.2
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OPF 04~1600 25.66 <0.001 33.7 15.1
OPF 04~1050 16.67 <0.001 15.1 17.1
OPD 08~1375 -15.66 <0.001 16.5 16.9
OPL 12~700 -37.33 <0.001 30 15.5
OPP 03~1260 14.14 0.003 10.8 17.5
OPP 03~1230 -33.01 <0.001 30.4 15.5
OPP 03~690 20.26 0.002 11.9 17.4
OPP 14~1160 -33.52 <0.001 44.7 13.8
OPP 14~1120 33.52 <0.001 44.7 13.8
OPY 13~1750 -12.96 0.032 5 18.1
OPY 13~1280 16.54 <0.001 13.8 17.2
OPY 13~1580 -26.52 <0.001 19.1 16.7
OPD 08~830 19.68 0.001 12.3 17.4

Bold: markers common to both traits.

Percentages of Molecular Variance

Figure 4. Pie chart summarizing the outcome of analysis of molecular variance (AMOVA), showing
the partitioning of molecular variance within and among populations.

In these studies 29 RAPD markers were associated with the total glucosinolate content in seeds
of rapeseed volunteers. Among them, 17 markers were linked with the highest level of GLS content.
The presence of 12 markers indicated a decrease in glucosinolate content. The markers explained
5.1-29.8% of phenotypic variation in total glucosinolate content in seeds of rapeseed volunteers
(Table 10). Among the total of 53 RAPD markers, 20 markers showed a significant association with
both traits. Eleven markers were linked with low level of erucic acid content and highest level of

total GLS content in seeds of volunteers (Tables 9 and 10). The traits of erucic acid and
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glucosinolate content observed in this study were not significantly correlated (r = -0.2277, P =

0.0527) (Figure. 5).

Table 10. Markers associated with total GLS content in volunteers and reference genotypes
of WOSR.

Estimates of regression Percentage variation Standard error

Marker coefficients P-value accounted of observations
OPA 08~450 18.93 0.001 12.8 21.2
OPA 14~1900 -17.6 0.008 8.2 21.8
OPN 13~1260 -19.63 <0.001 14.3 21.0
OPN 13~960 15.61 0.008 8.3 21.7
OPN 13~955 -15.02 0.006 8.9 21.7
OPO 13~500 -16.94 0.001 12.1 21.3
OPW 09~1960 33.43 <0.001 20.3 20.3
OPY 01~1160 -17.17 0.002 11.8 21.3
OPA 07~1500 -13.55 0.013 7.1 219
OPA 07~1480 15.18 0.011 7.4 21.8
OPF 01~2400 -24.86 <0.001 23.1 19.9
OPF 01~2300 22.98 <0.001 14 211
OPF 01~500 45.57 <0.001 29.8 19.0
OPF 01~450 -15.85 0.005 9.1 21.6
OPW 05~1850 13.24 0.015 6.7 219
OPW 05~800 -12.28 0.022 5.9 22.0
OPC 18~730 18.94 <0.001 14.4 21.0
OPF 04~890 17.33 0.006 8.8 21.7
OPF 04~500 -11.89 0.031 5.1 221
OPD 08~1375 16.33 0.002 11.6 21.3
OPD 08~1480 17.53 0.002 11.5 21.4
OPL 12~650 12.56 0.018 6.3 22.0
OPP 03~690 -31.42 <0.001 19.9 20.3
OPP 11~700 31.05 <0.001 26.7 19.4
OPY 13~1750 21.98 0.003 10.9 21.4
OPY 13~1280 -22.22 <0.001 16.9 20.7
OPY 13~1100 12.35 0.019 6.2 22
OPY 13~1580 32.78 <0.001 19.5 20.4
OPA 07~610 44.1 0.006 8.9 21.7

Bold: markers common to both traits

The principal coordinate analysis (PCA) was performed to confirm the structure and acquire
more information about the 66 volunteers (Figure 6). The first two principal components explained
a total of 28.43% variation (20.26% and 8.17%, respectively) revealed by RAPD markers. The PCA
analysis (Figure 6) showed a tendency toward clustering in three groups. The genotypes double
low OSR were clustered together, and most of the genotypes with high erucic acid content in seeds
HEO such as cultivar Maplus were also clustered together; three genotypes HEHG, GM 66, GM 67,
and GM 69 (traditional OSR), formed a small well-defined group. All 66 volunteer plants from seed
bank in Dlon and Zielecin have typical morphotype of oilseed rape plants. Genetic studies of the 66

volunteers and reference genotypes indicated two major clusters representing rapeseed volunteers
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and oilseed reference genotypes and a separate B. campestris cultivar Ludowy. Molecular markers
that revealed an association with erucic acid content and high glucosinolate content may thus be
useful to monitor volunteers growing in plantations of rapeseed and feral populations growing
along roads. Genetic study of 31 volunteers from the three voivodeships of Western Pomerania,
Pomerania, and Warmia-Masuria using RAPD markers and flow cytometry divided investigated
volunteers according of morphotype, erucic acid and glucosinolate content (Bocianowski et al.
2008; Liersch et al. 2008). Jgrgensen et al. (2007) investigated the purity of certified seed lots, the
abundance and origin of volunteers, and the longevity and origin of seeds in the soil seed bank by
using molecular ISSR markers. They reported that the volunteer plants or seeds belonged to
varieties cultivated at the site 4-17 years earlier; this finding suggests the long persistence of
volunteers in soil seed bank. Moreover, ISSR analysis of 14 reference varieties showed that three of
the certified seed lots contained the seeds of other varieties (Jgrgensen et al. 2007). Molecular
marker method and flow cytometry were used to monitor genetically modified (GM) oilseed rape
and feral GM plants growing along railway lines and port areas at four sites in Switzerland. The
plant samples were screened for molecular markers of genetic modification and analyzed by flow
cytometry to measure nuclear DNA contents of putative hybrid species. Both methods allow to
effectively control feral GM plants identified as glyphosate-resistant GM plants during the growing

season after regular glyphosate treatments (Schulze et al. 2014).
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Figure 6. Scatterplot of principal coordinates 1 and 2 of 66 volunteers according to molecular
marker observations.

Oilseed rape cultivars and genotypes show a large variation in secondary seed dormancy. OSR
cultivars can differ significantly in their predisposition to dormancy (Gruber et al. 2009), ranging
from almost 0% to nearly 100% (Weber et al. 2011). Secondary seed dormancy potential in
Brasssica crops was primarily controlled by genotype with some influence of pre- and postharvest
environmental conditions and soil texture (Garbutt and Witcombe 1986; Gulden et al. 2004;
Schatzki et al. 2011, Weber et al. 2011). The results from the analysis of several genotypes obtained
by Gruber et al. (2012) and Schatzki et al. (2011) show the positive correlation of seed dormancy
and NDF (neutral detergent fiber), ADF (acid detergent fiber), and ADL (acid detergent lignin)
content, it means fiber and lignin in the seeds of OSR. The type of soil and soil environmental
conditions specific to soil texture, such as temperature, aeration, humidity, pathogens, and soil
physical structure, may also influence the different conditions for maintaining or breaking
dormancy (SIGMEA, 2007). In our research the number of volunteers obtained from the soil
seedbank was much higher at Dlon (80.3%) that has more heavy soils than at Zielecin (19.7%),
which is characterized by a light soil. Lutman et al. (2002; 2005) showed that weed seeds persist
for a shorter time in light soils than in heavy soils. If the seeds from soil seed bank germinate and
develop to volunteers, they grow in the same crop rotation and become the source of several

agricultural problems in the subsequent crops, such as harvest problems due to different stages of
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maturity or gene dispersal by pollen flow and direct seed admixture (Bartkowiak-Broda et al. 2008,
Stockmann et al. 2011). Moreover, volunteers compete with current oilseed rape plantation for
water, nutrients, and light (for increased crop densities) and also act as a gateway for pest
infestation and diseases for this crop. Volunteers reduce the potential of seed yield, which can not
only cause financial loss for farmers but also change the quality of harvested seeds. Some of the
seeds from the seed bank in Dlon and Zielecin can be a potential source of volunteer populations in
the next oilseed rape plantation with negative influence on yield quality. OSR volunteers in newly
sown oilseed rape plantation may develop well and cannot be identified or controlled chemically

before seed production.

Conclusion

The results of this study confirm that seeds of rapeseed of different origin may persist for a long
time at the stage of secondary dormancy. These seeds are the source of volunteers that contaminate
next plantation of winter oilseed rape. This is the most important problem concerning the
coexistence of different qualities of conventional oilseed rape cultivars and modern GM varieties.
The best approach to minimize the high frequency of volunteers in the context of the coexistence of
OSR with different qualities or in the case of coexistence of GM and non-GM OSR involves careful
harvesting; large-scale reduction in seed loss at harvest; minimizing the amount of seeds
incorporated into the soil seed bank; controlling OSR seed bank dynamics; choosing appropriate
timing and type of postharvest cultivation and controlling of certified seeds and monitoring of
volunteers and feral plants by using biochemical, morphological, and DNA markers (SIGMEA, 2007;
Gruber et al. 2012; Jgrgensen et al. 2007). However seeds of any type OSR cultivars and in any
environment can be the source of volunteers because of that in addition to proper post-harvest
tillage the best solution is selection of genotypes with the seed's low ability to undergo to secondary

dormancy (Gruber et al. 2018).
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