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Abstract


Various molecular markers can be applied to accelerate the breeding process of Brassicaceae plants. The aim of the present study was to assess the usefulness of available markers connected to blackleg resistance and to screen for markers linked to genes influencing major morphological characteristics, suitable for the further selection of Brassicaceae hybrids. Combining the field and molecular results allowed for the selection of useful SSR markers, including mstg004 and mstg027 markers connected to the color of the flowers and marker mstg038 associated with stem color. The field trails were also conducted to investigate the level of blackleg resistance, which permitted the selection of rapeseed hybrids with B. fruticulosa, B. carinata, and S. alba exhibiting the lowest infestation. Furthermore, the functionality of some of the resistance-linked markers was confirmed. The importance of interspecific hybridization and the use of marker-assisted selection are discussed, and the high utility of presented markers in further studies is highlighted.
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1. Introduction


The Brassicaceae family includes more than 3700 species, including annuals, biennials, and herbaceous perennials [1]. Some of the most recognizable members of this large family include Brassica napus (one of the most important sources of edible oil), Brassica carinata (protein and biodiesel crop), Brassica oleracea, and Brassica rapa (vegetables). Furthermore, some Brassicaceae species, such as Brassica juncea and B. oleracea ssp., show considerable medical potential [2]. This demonstrates the great economic importance of the family. Interspecific hybridization is a commonly occurring event in Brassicaceae. For example, rapeseed is an amphidiploid plant (AACC) resulting from a spontaneous hybridization of Brassica rapa (AA) and Brassica oleracea (CC) more than 7000 years ago [3]. B. napus shows significant potential for interspecific hybridization with members of the same family. Moreover, it can cross spontaneously with B. rapa, as proven in field and greenhouse studies [4]. Induced hybridization, often supported by in vitro techniques [5], can be effectively used as a tool to transfer desirable traits from wild and related species to crop plants, including the introgression of resistance to Sclerotinia stem rot [6]. Resistance to Leptosphaeria maculans, the causal agent of blackleg, has been identified and transferred to rapeseed from many Brassica accessions, such as B. rapa subsp. sylvestris [7] and B. juncea [8].



Molecular markers are a powerful tool for tracking important genes, and can be successfully applied to Brassicaceae breeding programs [9]. Available marker systems include the restriction fragment length polymorphism (RFLP), randomly amplified polymorphic DNA (RAPD), simple sequence repeats (SSRs), inter-simple sequence repeats (ISSRs), sequence-tagged sites (STSs), sequence-characterized amplified region (SCAR), and amplified fragment length polymorphism (AFLP).



The regions connected to morphological traits, as well as biotic and abiotic stresses, can be identified via the genetic marker techniques; for example, the winter survival QTL detected with AFLP and RFLP markers [10], the yellow seed color gene flanked by RAPD markers [11], and the quantitative resistance to L. maculans identified with RAPD and RFLP markers [12]. Currently, the selection of L. maculans-resistant genotypes relies mainly on susceptibility screening using differential fungal isolates with known Avr genes [13]. However, this approach has considerable limitations, such as masking the presence of some genes by others. The application of verified markers connected to the desirable genes can undoubtedly accelerate and facilitate the selection of valuable genotypes, without the reliance on environment-dependent and time-consuming phenotyping assessments.



The molecular markers in Brassicaceae can also be implemented to track the genomic origins and phylogenetic relationship of various species [14], or to characterize the genetic diversity of related species [15]. Such studies are crucial for the crop’s improvement, as they help to identify the genetic variability in cultivars and breeding components, which may further lead to the introgression of agronomically important traits into the species’ germplasm [16].



The plant material used in the present study was previously identified as a promising source of resistance to economically significant pests and diseases [17,18,19]. This research focused on assessing the usefulness of available markers connected to blackleg resistance in a diversified group of hybrid individuals, as well as screening for markers linked to genes influencing major morphological characteristics, suitable for the further selection of breeding material.




2. Materials and Methods


2.1. Plant Material


A total of 49 individuals were used as research material: 31 interspecific Brassicaceae hybrids of F9 generation along with 18 parental Brassicaceae species. Interspecific hybrids were obtained at the Department of Genetics and Plant Breeding, Poznań University of Life Sciences. Various cultivars of B. napus (Jet Neuf, Górczański, Lisek, Californium, Zhongshuang9, MS8) were crossed with Brassicaceae species (B. rapa ssp. pekinensis, B. rapa ssp. chinensis, B. rapa Pak Choi, S. alba, B. tournefortii, B. oleracea, B. fruticulosa) in controlled conditions, followed by embryo rescue to assist the successful development of interspecific hybrids. Next, all developed lines were self-pollinated to obtain F9 generation. The complete list of plant material used in this study is available in Supplementary Material File S1.




2.2. Methods


2.2.1. Phenotype and Resistance to L. maculans Assessment


Field assessment of various morphological traits and resistance to L. maculans in interspecific hybrids was performed in 2021, in the Poznań University of Life Sciences experimental station located in Dłoń, Greater Poland Voivodeship, Poland. No fungicides or pesticides were used on the plots, and the soil and weather conditions in the testing year were typical for this area of Poland. The farming practices were adjusted for the local environment. The trial was conducted in a completely randomized block design with five replications, with single plot size of 10 m2, 0.30 m distance and, a sowing density of 60 seeds/m2.



During the flowering phase (BBCH 60–69), the following characteristics were evaluated: the percentage of yellow flowers, the percentage of white flowers, the percentage of pale yellow flowers, the percentage of green stems, the percentage of purple stems, leaf color, and the occurrence of protogyny. After harvesting, the length of siliques and the number of seeds in pods were determined. All field and post-harvest assessments were carried out on 10 randomly chosen hybrid individuals, with the exception of flower color assessment, which was conducted on at least 50 individuals per single plot.



In order to identify the resistance to L. maculans, 2 screenings for blackleg symptoms were performed, in BBCH 19 phase (November, term I) and BBCH 70–89 phase (July, term II). All plants were assessed following a 0–9 scale, according to the previous study [17]. Values obtained after field testing were subsequently transformed into percentage values. The average values from 10 replications for each genotype were calculated after the investigation of 10 randomly selected individuals from each hybrid line.




2.2.2. SSR Marker Analysis


A total of 15 SSR markers were selected according to the available literature data [20], and thoroughly tested in terms of their usefulness in assessing the genetic diversity of Brassicaceae hybrids [17]. Polymerase Chain Reaction (PCR) was set up in a total volume of 12.5 µL (6.25 µL OptiTaq Master Mix (EURx), 2 × 0.5 µL primers, 4.25 µL H2O, and 1 µL DNA template). The reaction consisted of initial denaturation at 94 °C, 5 min, followed by 35 amplification cycles (denaturing at 94 °C, 45 s; annealing at a temperature adjusted for each pair of primers for 45 s; extension at 72 °C, 90 s) and final extension at 72 °C, 7 min. The sequences of the primers, as well as their annealing temperatures, are available in Supplementary Material File S1.



Analyses were followed by separation of PCR products in 1.5% agarose gel. Midori Green Advance DNA Stain was used to allow the nucleic acid detection. Visualization of electrophorograms was performed using Transilluminator High Performance UV, and photographed with a Gel Doc system. All of the obtained image data were examined in the same manner: the presence/absence of a band of particular size for each marker was rated as “1” or “0”, accordingly. This approach allowed for the binary data matrix to be created, which was scanned using Peak Scanner Software v1.0 (Applied Biosystems, Waltham, MA, USA).




2.2.3. Statistical Analysis


The Shapiro–Wilk test was used to verify the normality of the distribution of the nine observed traits. The main line effect for each trait was evaluated using ANOVA (one-way analysis of variance). Based on correlation coefficients, relationships between the morphological traits were determined. Euclidean distances and cluster analysis, using the nearest neighbor method, were used to group the lines.



For each pair of the investigated lines, genetic similarity was assessed [21]. Based on these coefficients, the lines were grouped hierarchically using the UPGMA method [22] and presented in the form of a dendrogram. An evaluation of the similarity of the tested lines, using multiple markers, was presented using principal component analysis (PCA).



The effect of molecular markers on the observed traits was assessed by regression analysis [23]:


    y   i   = μ + a ·   m   i   +   e   i   ,  








where   y  —mean value of trait,   μ  —the general mean,   a  —the regression coefficient for the main effect of the marker     m   i    ,     m   i    —the marker genotypes, and     e   i    —error of observations. The markers were assessed as independent variables and examined in independent models. Model parameters were tested at the 0.05 level, resulting from a Bonferroni correction [24]. The accuracy of the model fit was assessed by the coefficient of determination,     R   2    . All of the analyses were performed using the GenStat 18.2 edition software and GenAlEx 6.5 software.




2.2.4. Markers Linked to Blackleg Resistance


In order to analyze the presence/absence of regions linked to L. maculans resistance, DNA samples were tested with the use of SSR, SCAR, CAPS, RFLP, InDel, and HRM markers connected to qualitative or quantitative blackleg resistance (Table 1). In addition to the set of hybrid individuals, 18 parental components were also examined. PCR reaction conditions were adjusted to certain markers and annealing temperatures. Analyses were performed in thermocyclers, followed by separation of PCR products. The electrophoresis and visualization protocol remained the same, as in the case of SSR markers analysis.






3. Results


3.1. Morphological Traits


The conducted analyses showed great variation in terms of morphological characteristics between studied genotypes (Supplementary Material File S2). The ANOVA indicated that the main effect of the line was significant for all the traits of the study. During the flowering phase, seven phenotype traits were evaluated directly on the testing field.



A total of 23 out of 31 hybrid lines developed only yellow flowers. For 5 genotypes, pale yellow flowers were observed in addition to yellow flowers: genotypes number 8, 9, 10, 15, and 31 (25%, 25%, 5%, 2%, and 5% of pale yellow flowers, respectively). Moreover, for 4 lines, white flowers were identified in addition to yellow flowers: genotypes number 11, 20, 27, 31 (5%, 2%, 5%, and 5% of white flowers, respectively). Green stems were observed for 28 genotypes, and their percentage, in addition to purple stems, varied between 25–100%. Purple stems were detected in 7 hybrid lines: genotypes number 1, 10, 20, 21, 25, 4, and 5; however, only the latter three genotypes expressed 100% of the purple-colored stems. The vast majority of studied plants had green-colored leaves, as green leaves with purple tips were detected for only 3 genotypes: 4, 6, and 9. The individual cases of protogyny were identified in 4 genotypes: 11, 15, 17, and 28.



After harvesting, two more phenotype characteristics were evaluated. The length of siliques in all genotypes ranged from 49 mm to 97 mm. The lowest mean length of siliques was recorded for genotype 14 (64.9 mm), and the highest mean was reported for genotype 17 (82.2 mm). The number of seeds in siliques varied between 5 and 34, with the lowest mean observed for genotype 14 (13.3) and the highest mean detected for genotype 15 (25).



Correlation analysis indicated that the four pairs of observed traits were significantly correlated (Figure 1). Positive correlations were observed for the occurrence of protogyny and the length of siliques (0.50), as well as the length of siliques and the number of seeds in the silique (0.51). Negative significant relationships were observed between the percentage of yellow flowers and the percentage of pale yellow flowers (−0.97), as well as the percentage of green stems with the percentage of purple stems (−1.00) (Figure 1).



All hybrid lines tested were divided into three groups (Figure 2). The first (I) group comprised two lines, the second (II) group comprised four lines, and group III included all the other lines and was divided into three subgroups: IIIA, IIIB, and IIIC (Figure 2).




3.2. Field Resistance to L. maculans


The results of the field assessment have been previously discussed in detail [17]. Briefly, the studied interspecific hybrids expressed great variation in the resistance level; the genotypes with B. fruticulosa, B. carinata, and S. alba as parental components were selected as being especially valuable, as their infestation level remained low in both terms of assessment. The results of the field inspection are summarized in Figure 3.




3.3. Genetic Similarity


A total of 100 alleles (2 monomorphic and 98 polymorphic alleles) detected by 15 SSR markers were used to analyze the relationships among 31 interspecific hybrid lines. The number of polymorphic alleles per marker varied from 2 to 15, with an average of 6.533. The highest genetic similarity (0.958) was detected between lines B. napus cv. Górczański × B. rapa ssp. pekinensis 08.007569 and B. napus cv. Californium × B. rapa ssp. pekinensis 08 007574 (Supplementary Material File S3). The lowest genetic similarity was recorded for B. napus cv. Jet Neuf × S. alba cv. Bamberka and B. napus cv. Lisek × B. carinata Dodola as well as the former with B. napus cv. Jet Neuf × B. carinata—PI 649096 (0.311). (Supplementary Material File S3). Four main groups were formed as a result of the genotypic investigation (Figure 4).



The first (I) group comprised three lines; the second (II) group comprised only one line—B. napus cv. Lisek × B. fruticulosa—PI649099. Group III included two lines, and group IV included all remaining lines and was divided into three subgroups: IVA (five lines), IVC (three lines), and IVB, which included all the other lines (Figure 4).



Relationship determination between genotypes, on the basis of applied SSR markers, was defined using PCA (Figure 5). The values for the first 2 principal components were statistically significant and explained 33.70% of the whole variation (Figure 5).




3.4. Association Analysis for Phenotypic Traits


Twenty-two alleles were linked with at least one of nine studied traits (Table 2). The greatest number of detected alleles was associated with the number of seeds in silique (11). The fewest markers were linked with the percentage of green stems and the percentage of purple stems (1). The occurrence of protogyny was determined by two alleles; the percentage of yellow flowers, the percentage of white flowers, the percentage of pale yellow flowers and leaf color were determined by three alleles. However, the length of siliques was associated with four markers: mstg012, mstg038, mstg039, mstg055. The R2 varied from 9.9% (markers mstg012, mstg038, mstg055 for the length of siliques) to 44.5% (mstg004 and mstg027 for the percentage of pale yellow flowers) with an average of 21.13%. The association values sign indicates that the marker correlates with a decreasing or increasing effect of a studied trait.



Marker mstg027 was associated with three traits: the percentage of yellow flowers (−6.2, R2 = 19.4%), the percentage of white flowers (1.545, R2 = 21.7%), and the percentage of pale yellow flowers (4.65, R2 = 10.0%). Eight alleles (from markers mstg004, mstg012, mstg038, mstg055, and mstg027) were associated with two traits.




3.5. Markers Linked to Blackleg Resistance


For five of the analyzed markers (Xbrms075, Fad8, B5-1520, B5Rlm6_1, and Bol021435), the desired PCR products could not be obtained. Therefore, attempts were made to optimize the reaction by adjusting the primer attachment temperature and changing the denaturation and elongation time during amplification. Despite this, no specific bands were observed during electrophoretic separation. However, the use of 12 of the 17 primer pairs analyzed provided the expected PCR reaction products, making it possible to determine the presence or absence of genome fragments associated with resistance to L. maculans.



Markers ScJ14 and CB10449 enabled the identification of quantitative trait loci (QTL) associated with resistance to blackleg. For the ScJ14 marker, a 700 bp product was observed in 39 genotypes (Figure 6), while for the CB10449 marker, specific bands of an approximate size of 280 bp appeared in 38 tested individuals (Figure 6).



For the pRP1513 marker, a PCR reaction product of 83 bp, or 2 products of 83 bp and 150 bp, indicate the presence of a resistance gene, located in the B genome. Such a result was obtained for 18 genotypes. The presence of a single band located at 150 bp, on the other hand, indicates the absence of the resistance gene, which was confirmed in 2 individuals (Figure 6)



Markers Bol023847, Bol040029, Bol040038, Bol040045, Bol040099, and BLRC InDel are associated with a region of the A genome containing, among others, the Rlm1 gene. Specific products for marker Bol023847 were obtained for 32 genotypes (789 bp); for marker Bol040038 there were 20 genotypes (899 bp); for marker Bol040099 there were 27 genotypes (1145 bp); and for marker Bol040045 there were 27 genotypes (960 bp). Additionally, for the latter marker, a polymorphism was observed in the band pattern—for one genotype (No. 49) a reaction product of 750 bp was obtained instead of the expected one. The marker, Bol040029, allowed us to distinguish between resistant (1213 bp) and susceptible (about 1300 bp) genotypes (6 and 7 individuals, respectively) (Figure 6). A double band pattern (resistant/susceptible) was observed for 14 genotypes. The use of primers designed for the BLRC InDel marker also allows detection of the resistance gene (305 bp) or its absence (433 bp). In this way, 26 resistant genotypes were identified (Figure 6).



The SSR markers, Xol12-e03 and Xna12-a02a, are located near the Rlm1 gene, so the use of primers flanking these regions can enable the identification of the resistance gene. For Xol12-e03, for resistant varieties the predicted PCR reaction product is 214 bp, while for susceptible varieties it is 128 bp and 177 bp. For 39 genotypes, 128 bp and 214 bp size bands were observed, for 8 individuals a 128 bp band was observed, and for only 1 combination an amplification product of 177 bp in size was detected (Figure 6). For the Xna12-a02a marker, the Rlm1 gene can be identified by the presence of PCR products of size 193 bp (or 191 bp and 162 bp), and their nonappearance (or the presence of 158 bp and 172 bp products) indicates the absence of the gene. The obtained results do not allow the precise distinction of the bands on the electrophorograms, nevertheless they are within the expected size range (Figure 6).



The LepR3 gene was identified using the Ind10-12 marker—a 506 bp PCR reaction product indicating its presence was observed in 32 combinations—while the absence of the gene (794 bp) was confirmed in 4 genotypes.





4. Discussion


The plant morphological traits may be an indicator of quantitative/qualitative characteristics. For example, the increased plant height may lead to the increase in seed yield, oil yield, and protein yield, as well as the number of siliques on the main stem and the siliques’ length. Furthermore, the silique length has been reported to be positively and significantly correlated with oil yield, protein yield, and seed yield [32]. The morphological characteristics might also be useful in revealing the genetic distances [33]. Therefore, it seems important to control and observe the morphology of Brassicaceae plants, as it might help to partially predict the yield outcome.



The performed correlation analysis between traits confirmed that the four pairs of observed traits were significantly correlated, from which three pairs were predictable (the length of siliques and the number of seeds; the percentage of yellow flowers and the percentage of pale yellow flowers; and the percentage of green stems and the percentage of purple stems). However, the strong positive correlation between the occurrence of protogyny and the length of siliques is unexpected. The protogyny is a mechanism of stigma maturation before the pollen release [34] and is associated with self-compatibility, as it is an effective outcrossing mechanism in many plants [35]. The connection between this mechanism and silique morphology has not been reported before.



The studied SSR marker set was developed from B. rapa using the ISSR-suppression-PCR method by Tamura et al. [20]. However, the aforementioned authors have proposed that these markers may be applicable to a larger group of Brassica species, which was further confirmed in our recent research [17]. As the genetic relationship of the hybrids was thoroughly analyzed before, it will not be discussed in this paper. Here, we mainly focused on correlating the molecular markers with phenotype attributes, in order to further inspect the MAS utility for the selection and characterization of Brassicaceae hybrids.



Out of 100 alleles detected via the use of microsatellites, 22 were recognized to be associated with morphological traits. Both mstg004 and mstg027 markers explained over 40% of white and yellow flower occurrence. A few genes controlling flower color have been discovered, although the complete mechanisms of the different colors’ formation are not fully recognized. The white flower trait in B. rapa is controlled by two separate loci and is recessive to yellow flowers [36]. On the other hand, in B. carinata, the single gene has incomplete dominance over the yellow flower trait [37]. It could be assumed that the aforementioned markers are linked to one or more of the flower-color-controlling genes. Still, it is impossible to specify beyond doubt which gene/region was detected using the microsatellites.



Another marker, mstg038, is linked to the color of the stems. The purple color of the stems is a result of anthocyanin pigmentation, and is controlled by one major and four minor QTL in B.rapa (A genome) [38] and by a single BoDFR gene in B. carinata (C genome) [39]. The studied marker might be in a close position to one of the regions.



Morphological traits might be controlled by monogenic or polygenic mechanisms with complex inheritance patterns, and are partially dependent on environmental conditions [40,41,42]. The SSR markers used in this study might become a valuable tool for tracking the phenotype traits and might eventually help to further unveil the genetic background of the morphological attributes of Brassicaceae.



The conducted field assessment confirmed the presence of functional blackleg resistance in the studied interspecific hybrids. All of the studied genotypes showed moderate to high resistance, which denotes their high utility for breeding programs. The interspecific hybridization within the U triangle as well as between the six Brassica crops and their cenospecies has been previously recognized as an excellent technique with which to enrich the primary gene pool of various species [43]. For instance, the resynthetization of B. napus, by crossing two progenitor species (B. rapa and B. oleracea), resulted in individuals with high resistance to Verticillium longisporum [44]. As an additional example, the cross between B. carinata and B. oleracea, supported by embryo rescue, allowed for the attainment of powdery-mildew-resistant hybrids [5]. Furthermore, many species, such as B. maurorum [45], Sinapis alba [46], and Sinapis arvensis [47], are recognized as the source of resistance to causal agents of major diseases. Our studies fully confirm these previous findings and indicate the importance of developing interspecific hybrids instead of relying solely on the narrowing gene pool of rapeseed.



The markers linked to blackleg resistance were applied to the hybrid genotypes with confirmed field resistance. This approach allowed us to test and validate the molecular markers on verified individuals. We aimed to correlate the field resistance with the molecular analysis; however, the uncertainty of some of the obtained results discouraged the authors from drawing such far-reaching conclusions. Instead, the results of marker-related analyses are considered as primary tests, simply to validate the markers’ usefulness for the interspecific hybrids.



Markers ScJ14 and CB10449 are associated with the QTL region of race-nonspecific resistance to blackleg. The occurrence of PCR products on the electrophorograms may indicate the presence of a region containing quantitative resistance genes in some genotypes, but additional studies with reference genotypes would be necessary to fully confirm this assumption. Unfortunately, QTL regions are still poorly identified and none have been cloned to date, making correct identification much more difficult [26].



The pRP1513 marker allowed the identification of a region associated with resistance to L. maculans for some individuals, but the electrophorograms show additional multiple bands whose pattern is not related to the presence of marker-specific bands. This is most likely due to insufficient specificity of the primers, which joined at more than one site of the genome.



As mentioned earlier, the markers Bol023847, Bol040029, Bol040038, Bol040045, and Bol040099 are associated with the region of the A genome, containing many blackleg resistance genes. In the study by Ferdous et al. [29], the use of four of the aforementioned markers (Bol023847, Bol040038, Bol040045, and Bol040099) failed to reveal polymorphisms in the amplified DNA region. However, during the course of the present analyses, a reaction product of a different size than expected was observed for the marker Bol040045. A band size of approximately 750bp occurred in Sinapis alba, but did not appear in any of the hybrid plants resulting from crosses with this species. The change in product size may be due to differences in the sequence of the amplified part of the genome. As this is a region rich in genes for resistance to L. maculans, it is assumed that the bands’ polymorphism is related to the plant’s response to this pathogen.



In the case of the marker Bol040029, its suitability for detecting polymorphisms between resistant and susceptible genotypes to blackleg was confirmed. Another tested marker, BLRC InDel, was designed on its basis. According to Ferdous et al. [29], it allows the detection of plants containing the resistance gene, which was partially confirmed, as resistant genotypes were detected, but expected products did not appear in all of the analyzed samples.



The markers Xol12-e03 and Xna12-a02a are located in the vicinity of the Rlm1 gene, making their detection possible [30]. However, the analyses performed cannot unambiguously confirm their effectiveness. Although the sizes of the PCR reaction products are as expected, they form band patterns that do not match the literature data. Such a discrepancy may be due to the fact that the primers were previously tested on a population of doubled haploids of selected oilseed rape cultivars. It is likely that their usefulness for studying the highly diverse plant material, based on many species and hybrids, is insufficient.



The Ind10-12 marker was used to identify the LepR3 gene. In the vast majority of genotypes, this marker was able to distinguish between resistant and susceptible individuals, but non-specific bands of approximately 450bp were observed. As in the case of the previous marker, this phenomenon may be related to the use of very different test material in the present study, as in the work of Larkan et al. [31], the marker was tested on BC1 and BC3 generations, resulting from the crossing of two oilseed rape varieties.



The results obtained for most markers allow us to partially confirm their effectiveness in identifying genotypes containing selected resistance genes or QTL. Some uncertainty regarding the actual presence of resistance-linked regions may arise from the fact that the markers were previously applied to more homogenous plant material (e.g., DH lines). Here, we made an attempt to verify their utility for a more diversified group of genotypes. Some of the results were in line with expectations; however, we have also encountered unexpected band patterns, which can be explained by the multi-genome origin of the studied material. However, the research should be further extended and combined with plant tests using L. maculans isolates with known avirulence genes. This approach could also help to verify whether results obtained by using the markers are reliable for interspecific hybrid studies.



Unfortunately, due to the complex structure of the Brassica genome, the development of functional molecular markers remains a challenge for researchers [48]. The high sequence similarity of homologous genes between the A and C genomes often prevents location determination and correct identification. The discrimination of susceptible and resistant alleles may be even more complicated, as the known resistance genes have been identified as the alleles at the same locus. One of the possible solutions to the problem is the Kompetitive Allele-Specific PCR (KASP), which allows for the detection of deletions and insertions, as well as SNPs [49]. This high-throughput system has been tested to identify the Rlm2, LepR3, Rlm9, Rlm4, and Rlm7 genes in the B. napus genome.



In conclusion, the interspecific hybridization of Brassicaceae species is a verified and promising approach for broadening the gene pool of rapeseed. To ensure that the hybrid individuals are genetically distinct and carry significant genes, the developed genotypes should be constantly verified in terms of morphological and agronomically important traits, which can be achieved by the use of molecular markers. Our studies allowed for the selection of several high-utility SSR markers linked to the flower, stem, and leaf color, which could be implemented in further studies. As mentioned, resistance-linked markers such as BLRC InDel and Ind10-12 were verified as a useful tool for rapid gene detection, however the uncertainties regarding nonspecific PCR products must be resolved to ensure the complete and reliable distinction of breeding material.
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Figure 1. Heatmap for correlation coefficients between observed traits of Brassicaceae hybrids (** p < 0.01; *** p < 0.001). 
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Figure 2. Dendrogram of the nearest neighbor cluster grouping of Brassicaceae hybrids on the basis of Euclidean distances for nine traits. 
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Figure 3. The L. maculans infestation level of Brassicaceae hybrids. Numbers according to Supplementary Material File S1. 
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Figure 4. Genetic similarity dendrogram for Brassicaceae hybrids, based on 15 SSR markers. 
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Figure 5. Genotypes’ distribution in the space of two first principal components, based on SSR markers. PC1—first principal component; PC2—second principal component. 
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Figure 6. Examples of electrophorograms for selected markers: (a) CB10449, (b) pRP1513, (c) Bol040045, (d) Bol040029, (e) BLRC InDel, (f) ScJ14, (g) Xol12-e03, and (h) Xna12-a02a. Numbers of genotypes according to Supplementary Material File S1. 
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Table 1. Markers used for the detection of blackleg resistance genes.
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	Marker
	Reference





	Xbrms075
	[25]



	ScJ14
	[26]



	Fad8
	[26]



	CB10449
	[26]



	B5-1520
	[27]



	B5Rlm6_1
	[27]



	pRP1513
	[28]



	Bol023847
	[29]



	Bol021435
	[29]



	Bol040029
	[29]



	Bol040038
	[29]



	Bol040045
	[29]



	Bol040099
	[29]



	BLRC InDel
	[29]



	Xol12-e03
	[30]



	Xna12-a02a
	[30]



	Ind10-12 InDel
	[31]










 





Table 2. Effects of regression coefficients (coefficients of determinations R2) of SSR markers associated with observed traits.
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	Marker
	Percentage of Yellow Flowers
	Percentage of White Flowers
	Percentage of Pale Yellow Flowers
	Percentage of Green Stems
	Percentage of Purple Stems
	Leaf Color
	Occurence of Protogyny
	Lenght of Siliques
	Number of Seeds in Silique





	mstg004 (300 bp)
	23.2

(40.3%)
	
	−23.77

(44.5%)
	
	
	
	
	
	



	mstg004 (350 bp)
	
	
	
	
	
	
	
	
	2.97

(10.6%)



	mstg008 (200 bp)
	
	
	
	
	
	−0.933

(28.7%)
	
	
	



	mstg012 (600 bp)
	
	
	
	
	
	
	
	−9.31

(9.9%)
	−7.59

(15.0%)



	mstg016 (250 bp)
	
	1.788

(24.7%)
	
	
	
	
	
	
	



	mstg016 (190 bp)
	
	
	
	
	
	
	
	
	2.88

(11.4%)



	mstg025 (300 bp)
	
	
	
	
	
	
	0.9

(19.8%)
	
	



	mstg038 (280 bp)
	
	
	
	
	
	
	
	
	−4.63

(21.3%)



	mstg038 (250 bp)
	
	
	
	−54.2

(37.8%)
	54.2

(37.8%)
	
	
	
	



	mstg038 (1200 bp)
	
	
	
	
	
	
	
	−9.31

(9.9%)
	−7.59

(15.0%)



	mstg038 (1300 bp)
	
	
	
	
	
	0.333

(23.6%)
	
	
	−2.52

(10.0%)



	mstg039 (310 bp)
	
	
	
	
	
	
	−0.387

(20.6%)
	
	



	mstg039 (810 bp)
	
	
	
	
	
	
	
	4.16

(15.2%)
	



	mstg052 (130 bp)
	
	
	
	
	
	
	
	
	−4.86

(17.7%)



	mstg052 (150 bp)
	
	
	
	
	
	
	
	
	−4.86

(17.7%)



	mstg055 (250 bp)
	
	
	
	
	
	−0.25

(14.1%)
	
	
	



	mstg055 (190 bp)
	
	
	
	
	
	
	
	−9.31

(9.9%)
	−7.59

(15.0%)



	mstg055 (750 bp)
	
	
	
	
	
	
	
	−9.31

(9.9%)
	−7.59

(15.0%)



	mstg001 (250 bp)
	
	
	
	
	
	
	
	
	−4.86

(17.7%)



	mstg027 (700 bp)
	−6.2

(19.4%)
	1.545

(21.7%)
	4.65

(10.0%)
	
	
	
	
	
	



	mstg027 (500 bp)
	−23.2

(40.3%)
	
	23.77

(44.5%)
	
	
	
	
	
	



	mstg027 (900 bp)
	
	4.6

(27.0%)
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