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A b s t r a c t  
 

The genus Brassica L. is a source of oilseeds, vegetables, spices, fodder and ornamental crops 
widely cultivated around the world. The six most cultivated species of the genus Brassica comprise 
allotetraploid species B. juncea (L.) Czern. (2n = 36, genome AABB), B. napus L. (2n = 38, genome 
AACC) and B. carinata A. Braun (2n = 34, genome BBCC), which are natural hybrids of correspond-
ing diploid species B. rapa L. (2n = 20, genome AA), B. nigra L. (2n = 16, genome BB), and 
B. oleracea L. (2n = 18, genome CC). An effective way to increase the genetic diversity and improve 
the agronomic traits of Brassica crops, such as high yields, resistance to diseases, and abiotic stresses 
is to introduce traits of interest by the interspecific hybridization. To control the introgression of 
genomic material upon the hybridization, the development and implementation of genetic markers are 
necessary. This paper proposes an effective approach for controlling the introgression of A, B, and C 
genomes of Brassica in intraspecific hybrids. The investigation aimed to develop a high-throughput 
technology based on multiplex PCR analysis of genome-specific microsatellite markers for controlling 
the introgression of A-, B-, and C-genomes in Brassica intraspecific hybrids. Control samples were 
obtained from the Center for Genetic Resources CGN (Netherlands) and the All-Russian Institute of 
Plant Genetic Resources N.I. Vavilov (VIR, St. Petersburg). Plant material for the genomic material 
introgression study were obtained from the Timofeev Breeding Station (Moscow). Genomic DNA was 
extracted by sorbent method. PCR was run with specific primers for the Na10-D09, Na12-A02, Na12-
F12, Ni2-B02, Ni2-F02, Ni3-G04B, Ol12-A04, Ra2-E12, BRMS-043, BN6A2 loci. Fluorescently 
labelled PCR products were analyzed by high-resolution electrophoresis using a Nanofor-05 genetic 
analyzer (Syntol — The Institute for Analytical Instrumentation, Russia). The length of the amplified 
DNA fragments was determined using the DNA Fragment Analysis software (The Institute for Ana-
lytical Instrumentation, Russia). A multiplex PCR technique was developed based on the six microsat-
ellite loci Na12-A02, BRMS-043, Na10-D09, Ol12-A04, Ni2-F02, BN6A2, allowing us to determine 
the markers of three Brassica genomes in one run. A, B, and C genome-specific markers were identified 
during multiplex PCR analysis of control samples of six Brassica species with known taxonomic attrib-
utions and genome compositions: B. rapa (AA), B. nigra (BB), B. oleracea (CC), B.  napus (AACC), 
B. juncea (AABB), and B. carinata (BBCC). The length of marker fragments was determined by high 
resolution electrophoresis using a genetic analyzer with an accuracy of one nucleotide. A-genome 
specific markers were identified at the loci Na12-A02 (178 bp, 180 bp, 182 bp), BRMS-043 (303 bp, 
307 bp, 313 bp), and Na10-D09 (283 bp, 285 bp, 291 bp, 293 bp, 299 bp). B-genome specific markers 
were detected at the loci Na12-A02 (196 bp, 198 bp, 200 bp, 202 bp, 204 bp, 212 bp, 214 bp, 216 bp), 
Ol12-A04 (125 bp, 127 bp, 129 bp), Ni2-F02 (198 bp, 200 bp ., 202 bp, 204 bp, 208 bp), and BN6A2 
(222 bp). C-genome specific markers were detected at the loci Na12-A02 (164 bp, 168 bp, 170 bp) 
and Ni2-F02 (164 bp, 166 bp, 168 bp, 186 bp). The developed multiplex PCR system reveals 
introgressions of fragments of genomes A, B and C in the genetic profiles of interspecific hybrids 



 

511 

(Et2 ½ KK)2 ½ Tsv9, (Et2 ½ KK)1, Green ½ FBLM(1), JR ½ Agr2ki, BK ½ ZM1-1(6), BK ½ ZM1-1(8), 
BK, and KB. The method also confirmed the presence of the corresponding genomes in the studied 
samples with a known breeding history. Due to the automation, analysis allows the large-scale screening 
of plant samples. The proposed technology can be used in breeding practice as a tool for controlling 
the introgression of A, B and C genome material upon the interspecific hybridization, as well as 
controlling its inheritance in subsequent generations. 

 

Keywords: Brassica, U triangle, Brassica genomes, interspecific hybridization, introgression, 
microsatellites, genome-specific markers 

 

Among Brassicaceae family, the genus Brassica L. is of the greatest eco-
nomic value as a source of oilseeds, vegetables, spices, fodder and ornamental crops 
widely cultivated all over the world. The genus Brassica includes 39 species [1]. Most 
of the cultivated plants belong to B. napus L. (oilseed rape, rutabaga), B. rapa L. 
(Asian collard and head cabbage, turnip and turnip), B. oleracea L. (head, Brussels 
sprouts and cauliflower, broccoli, kohlrabi), B. juncea Czern. (Sarepta mustard), B. 
carinata A. Braun (Ethiopian mustard), and B. nigra (L.) K. Koch (black mustard). 

Morphological, cytogenetic and molecular relationships between cultivated 
Brassica species have been extensively studied. There are six cytogenetic groups of 
Brassica [2]. According to the U’s evolutionary model [3], natural hybridization of 
three diploid species, the B. rapa (2n = 20, AA genome), B. nigra (2n = 16, BB), 
and B. oleracea (2n = 18, CC), resulted in appearance of amphidiploid species 
B. juncea (2n = 36, AABB), B. napus (2n = 38, AACC), and B. carinata (2n = 34, 
BBCC). A comparative analysis of the three Brassica genomes reveals significant 
conservatism, which indicates that all three genomes completely inherited from the 
common ancestor, were significantly rearranged [4]. The difference in the number 
of chromosomes presumably arose as a result of fusion/fragmentation of chromo-
somes during species divergence [5]. Analysis of chloroplast, mitochondrial, and 
nuclear genomes shows two evolutionary pathways of Brassica species, the B. nigra 
(B genome) and B. rapa/B. oleracea (A/C genomes) [6]. According to genetic map-
ping data, genomes A and C, despite the difference in the number of chromosomes, 
are highly colinear [7]. Divergence between B. nigra and B. rapa/B. oleracea pre-
sumably occurred 7.9 million years ago, B. rapa and B. oleracea diverged about 
4 million years ago. The hybridization of the species that gave rise to B. napus ap-
parently took place 10 thousand years ago [6]. Also, some differences were revealed 
in the structure of subgenomes of allotetraploid species as compared to the corre-
sponding genomes of diploid species [8, 9]. Differentiation of subgenomes during 
interspecific hybridization and long-term domestication of polyploid Brassica species 
could occur due to translocation, inversion, deletion, duplication, and homeologous 
recombination [8]. 

Distant hybridization is an effective way to improve the agronomic traits 
of Brassica crops, such as high yield, resistance to diseases and adverse environ-
mental conditions [10]. In crosses of Brassica species with each other and with 
other related members of the Brassicaceae family, the barrier of interspecies or 
intergeneric incompatibility is successfully overcome by embryo rescue or somatic 
hybridization techniques [11, 12]. 

Wild members of Brasicaceae family can be donors of potentially useful 
agronomic traits for crop improvement [12, 13], e.g. Brassica maurorum Durieu 
and Eruca versicaria ssp. sativa (Mill.) Thell. resistant to white rust Albugo candida 
Pers.) [14], Raphanus sativus L. resistant to nematode Heterodera schachtii 
Schmidt [15], Sinapis alba L. resistant to nematode H. schachtii and blackleg Lep-
tosphaeria maculans (Sowerby) P. Karst. [16], Sinapis arvensis L. resistant to black-
leg L. maculans) [17], Sinapis incana L. and Diplotaxis L. as sources of cytoplasmic 
male sterility [18]. 

Cultivated Brassica species also possess useful agronomic traits, for 
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example, B. oleracea shows resistance to powdery mildew caused by Hyaloperono-
spora parasitica (Pers.) Constant [12], B. rapa, B. oleracea and B. napus are re-
sistant to clubroot disease (Plasmodiophora brassicae Woronin) [19], B. carinata to 
vascular disease caused by Xanthomonas campestris (Pammel) Dowson [20], and 
B. juncea possesses tolerance to heavy metals [21]. Brassica species with B genome 
are genetic donors of resistance to blackleg and unfavorable environmental condi-
tions [22, 23]. 

Interspecific hybridization is a natural phenomenon which results in appear-
ance of new species or introgression of adaptive traits. In Brassica allotetraploids 
resynthesized from diploid parental species the genetic diversity increases. Allotet-
raploids B. juncea, B. napus, and B. carinata were de novo assembled in order to 
expand their genetic basis [24-26]. The Raphanus genome was used to produce syn-
thetic nematode-resistant allotetraploids [12]. Brassica allohexaploids (2n = 54, 
AABBCC) derived from crossing B. napus ½ B. nigra and B. carinata ½ B. rapa [27]. 
In hybridization of B. carinata and B. rapa, meiotically stable allohexaploids were 
obtained [28-31]. For a long time, meiotic aberrations due to uncontrolled pairing 
between three genomes hindered creation of stable allohexaploids with the expected 
number of chromosomes [32]. Synthetic polyploids are involved into crosses as 
sources of new agronomic traits 

Mechanisms underlying relationships between genomes A, B and C are of 
practical importance. A capability of economically important Brassica crops to 
acquire traits from B. nigra and related members of genera Sinapis and Raphanus 
may depend on the degree of genomic collinearity between B. nigra and widely 
cultivated B. oleracea and B. rapa species. Detection of homologous regions in 
genomes will improve the methodology of genetic determinant transfer into re-
synthesized hybrids via homeologous recombination followed by marker-assisted 
selection of forms with the desired hybrid chromosomes.   

Modern breeding technologies that allow distant hybridization required 
effective breeding control based on genetic analysis. Along with cytogenetic meth-
ods, such as fluorescence in situ hybridization technique (FISH) [31] and genomic 
in situ hybridization (GISH) [32, 33] techniques, DNA markers, e.g. RFLP (re-
striction fragment length polymorphism), RAPD (random amplified polymorphic 
DNA), AFLP (amplified fragment length polymorphism) [34], SSR (simple se-
quence repeats) [35-37], and SNP (single nucleotide polymorphism) [38], are 
widely used to study genetic relationships between Brassica species, evolutionary 
changes in genomes and to control chromosome inheritance when creating dige-
nomic and trigenomic hybrids.  

Microsatellite markers are effective for studying introgressions in interspe-
cific hybrids. Due to uniform distribution over the genome, codominant inher-
itance and high polymorphism, the microsatellite markers are a good tool to esti-
mate homozygosity or heterozygosity of loci. Since the genomes of related Brassica 
species are highly linear, they are characterized by homology of flanking sequences 
of microsatellite loci. Due to conservativeness of flanking sequences, loci found in 
one species can in most cases be used to study related species.  

For genus Brassica, microsatellite markers were developed independently 
by several research teams [39-41]. Linkage groups and locations on the genetic 
map have been established for many of these loci. A number of works have shown 
advantages of microsatellite loci in assessment of interspecific and intraspecific 
diversity of Brassica [42, 43], distinctness, uniformity, and stability of cultivars 
[44, 45], and in use as markers of diseases resistance genes, for example, upon 
clubroot [46, 47] and vascular disease [48].  
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In this research study, we have identified effective A-, B-, and C-genome 
specific microsatellite markers of Brassica and determined their length by a high-
resolution electrophoresis with an accuracy of one nucleotide. The obtained results 
show the possibility of using these markers for the analysis of breeding samples upon 
interspecific hybridization.  

Our goal was to develop an efficient methodology based on multiplex mi-
cro-satellite PCR analysis of genome-specific microsatellite markers, which would 
be suitable for monitoring the introgression of the A, B and C genomes in Brassica 
plants during distant hybridization.  

Materials and methods. The control plants were obtained from the CGN 
Center for Genetic Resources (the Netherlands) and Vavilov All-Russian Institute 
of Plant Genetic Resources (VIR, St. Petersburg). Plants for the introgression 
study were provided by the LLC. Timofeev Breeding Station (Moscow). 

Genomic DNA was extracted by adsorption method on a sorbent in ac-
cordance with instructions for the Fitosorb kit (OOO NPF Sintol, Russia). Five 
plants of each denomination were used. Microvolumes of solutions were dispensed 
automatically (Lenpipet, Russia), the sedimentation was carried out using a Cen-
trifuge 5415D (Eppendorf, Germany). The plant biomass was lysed (a Termit 
thermostat, NPO DNA-Tekhnologiya, Russia). A Microspin FV-2400 mini-vortex 
centrifuge (SIA Biosan, Latvia) was used to mix and sediment DNA samples.  

Plant DNA was amplified by PCR (a CFX-96 thermal cycler, Bio-Rad, 
USA) in a 25 μl reaction mixture of 67 mM Tris-HCl, pH 8.8; 16.6 mM 
(NH4)2SO4; 2.5 mM MgCl2; 5 units/μl of Taq-DNA polymerase (NPO DNA-
Technology LLC, Russia), 25 mM dNTP (Medigen LLC, Russia), 5-20 pmol of 
each primer, depending on the fluorescence intensity (LLC NPF Syntol, Russia), 
and 10 ng of DNA template. The primers were specific to the loci Na10-D09, 
Na12-A02, Na12-F12, Ni2-B02, Ni2-F02, Ni3-G04B, Ol12-A04, Ra2-E12 
[39], BRMS-043 [40], and BN6A2 [41]. The PCR protocol was as follows: 5 min 
at 95 C; 30 s at 94 C, 30 s at 48 C, 30 s at 72 C (30 cycles); 5 min at 72 C. 
To confirm amplification, the products were electrophoresed on 2% agarose gel 
stained with ethidium bromide. 

Fluorescently labeled PCR fragments were analyzed by capillary electro-
phoresis under denaturing conditions in a Nanofor-05 genetic analyzer (OOO 
NPF Sintol, FGBNU Institute for Analytical Instrumentation RAS — IAI RAS, 
Russia) according to the instructions for the instrument (Shared-Use Equipment 
Center Biotechnology, All-Russian Research Institute of Agricultural Biotechnol-
ogy). For fragment analysis, 1 μl of the PCR product mixed with 1 μl of molecular 
weight marker S-450 (OOO NPF Syntol, Russia) and 8 μl of Super DI formamide 
(MCLab, United States), were denatured for 5 min at 95 С. 

 The PCR fragment length was determined using a DNA Fragment Anal-
ysis software tool (FGBNU IAI RAS, Russia). 

 Results. In previous study, using an 8% polyacrylamide gel electoropho-
resis, we revealed the most polymorphic loci suitable for B. rapa, B. nigra, B. 
oleracea, B. napus, B. juncea, and B. carinata species differentiation [49-51]. Since 
most of these loci have conserved flanking sequences in the A, B, and C genomes, 
their amplification occurs in all six Brassica species, which allows comparative 
analysis and identification of genome-specific markers. As a result, 10 microsatel-
lite loci were selected. Length polymorphism of the microsatellite fragments was 
assessed in the control samples of six species, the B rapa (AA), B. nigra (BB), B. 
oleracea (CC), B. napus (AACC), B. juncea (AABB), and B. carinata (BBCC), with 
known species attribution and genomic composition (Table 1). 
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1. Members of six Brassica L. species and interspecies hybrids with studied microsatel-
lite fragment length polymorphism 

Name  Description   
C o n t r o l  s a m p l e s   

1-02 (VIR), Ural (VIR), VikRos (VIR) B. napus L. (2n = 38, genome AACC) 
CGN06832, CGN06818, 114 (VIR), 107 (VIR) B. rapa L. (2n = 20, genome AA) 
CGN06619, CGN006634, CGN02656 B. nigra L. (2n = 16, genome BB) 
CGN03950, CGN03952 B. carinata A. Braun (2n = 34, genome BBCC) 
CGN15778, CGN06998, CGN07004, CGN07022 B. oleracea L. (2n = 18, genome CC) 
CGN04588, CGN04594, CGN015193 B. juncea (L.) Czern. (2n = 36, genome AABB) 

B r e e d i n g  s a m p l e s  
Nos. 63, 69, 70, ]97, ]98, ]106 Regenerants derived from in vitro microspore culture of ВС2 

plants upon interspecific hybridization B. oleracea and B. carinata: 
{[(B. oleracea ½ B. carinata) ½ B. oleracea] ½ B. oleracea} 

(Et2 ½ КК)2 ½ Tsv9 Progeny ВС1 from interspecific hybridization 
(B. oleracea ½ B. rapa) ½ B. oleracea 

Tsv9 Inbred line of B. oleracea 
КК Inbred line of B. rapa  
(Et2 ½ КК)1 Interspecific hybrid F1 (B. oleracea ½ B. rapa) 
Grin ½ FBLM(1) Interspecific hybrid F1 (B. oleracea ½ B. juncea) 
FBLM Inbred line of B. juncea  
JR Inbred line of B. rapa  
JR ½ Agr2ki Interspecific hybrid F1 (B. rapa ½ B. oleracea) 
PR3 Inbred line of B. oleracea 
ZM tetr Tetraplois line of B. oleracea  
BK ½ ZM1-1(6), BK ½ ZM1-1(8) Progeny ВС1 from interspecific hybridization B. oleracea  

and B. carinata: [(B. oleracea ½ B. carinata) ½ B. oleracea)] 
B. carinata 1 Inbred line of B. carinata 
BK Interspecific hybrid F1 (B. oleracea ½ B. carinata) 
B. carinata 2 Inbred line of B. carinata  
KB Interspecific hybrid F1 (B. carinata ½ B. oleracea) 
N o t е. CGN — Centre for Genetic Resources (the Netherland), VIR — Vavilov All-Russian Institute of Genetic 
Resources (St. Petersburg). The breeding samples are produced by ООО Timofeev Breeding Station (Moscow). 

 

Fragments of a certain length identified in plants of the species B. rapa 
(AA) and absent in control samples of B. nigra (BB) and B. oleracea (CC) were 
taken as markers of the A genome material (A-genome-specific). Fragments 
identified in B. nigra (BB) but not in B. rapa (AA) and B. oleracea (CC) were 
deemed markers of the B genome (B-genome-specific). Fragments identified 
in B. oleracea (CC) and not found in B. rapa (AA) and B. nigra (BB) were 
markers of the C genome (C-genome-specific). 

PCR analysis of Na12-A02 locus in B. rapa (AA), B. nigra (BB), and 
B. oleracea (CC) plants revealed the A-, B-, and C-genome-specific fragments. 
Also, a codominant combination of the corresponding fragments was identified 
in amphidiploid species B. napus (AACC), B. juncea (AABB), and B. carinata 
(BBCC). Locus BRMS-043 was amplified only in plants with A genome, i.e. 
B. rapa (AA), B. juncea (AABB), and B. napus (AACC), which allows us to 
distinguish them from plants with B and C genomes. For Na10-D09 locus, A-
genome-specific fragments were found. PCR products were synthesized in the 
studied samples of all six species. However, only the DNA fragments found in 
B. rapa (AA) plants significantly differed in length from those in B. nigra (BB) 
and B. oleracea (CC) plants. B-genome-specific fragments were identified for 
loci Ol12-A04 and BN6A2. PCR analysis of Ni2-F02 locus revealed B- and 
C-genome-specific fragments. In loci NI2-B02, RA2-E12, NA12-F12, frag-
ments of similar length were found in control samples of B. rapa, B. nigra, and 
B. oleracea. That is, these loci were unsuitable for studying the A-, B-, and C-
genome introgressions and not further used. 

Based on investigation of the control samples, six microsatellite loci 
(Na12-A02, BRMS-043, Na10-D09, Ol12-A04, Ni2-F02, and BN6A2) were 
selected to develop a multiplex PCR system that allows assay for all loci simul-
taneously (Table 2). For amplification of microsatellite loci in one PCR run, a 
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single optimal annealing temperature for primer pairs was selected (Tm = 48 C). 
In the multiplex system, of each microsatellite locus was amplified with a pair 
of specific primers, one of which was labeled with a certain fluorescent dye 
(FAM, R6G, ROX, and Sy630). This allows for separate assay of PCR frag-
ments for each locus through the corresponding detection channel (see Table 
2). The loci were selected in such a way that the ranges of the lengths of their 
fragments did not overlap when detected through the same channel. The PCR 
fragment length was measured with a single nucleotide accuracy due to use of 
high-resolution capillary electrophoresis with fluorescence detection technique 
(an automatic genetic analyzer Nanofor-05). 

2. Parameters of the multiplex PCR system for analysis of A, B and C genome intro-
gressions in Brassica L. species based on microsatellite loci  

Locus Genome specificity  Stain Amplicon size, bp 
Na12-A02 ABC FAM 164-216 
BRMS-043 A FAM 303-313 
Na10-D09 A R6G 155-299 
Ol12-A04 B ROX 125-153 
Ni2-F02 ВC ROX 164-200 
BN6A2 B Sy630 108-222 
 

 

Genetic profiling of control plants of six Brassica L. species by a multiplex PCR analysis of microsatellite 
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loci: A — CGN06832 (В. rapa, genome АА), B — CGN006634 (B. nigra, genome ВВ), C — 
CGN15778 (B. oleracea, genome CC), D — CGN015193 (B. juncea, genome ААВВ), E — ВИР 
ВикРос (B. napus, genome ААСС), F — CGN03950 (B. carinata, genome ВВСС). The color of 
the peak (fragment) corresponds to the detection channel on the Nanofor-05 device (OOO NPF 
Syntol —FGBNU Institute for Analytical Instrumentation RAS, Russia) and indicates the locus 
the fragment belongs to, i.e. blue (FAM) for Na12-A02 and BRMS-043, green (R6G) for NA10-
D09, red (ROX) for Ol12-A04 and Ni2-F02, and orange (SY630) for BN6A2. Non-discriminatory 
fragments amplified simultaneously in two or three genomes are shown in gray. For a description 
of the samples, see Table 1.  

 

The developed multiplex system generates output data as digitized genetic 
profiles of Brassica samples, in which each peak corresponds to a PCR fragment 
of a certain length (Fig.). Microsatellite analysis of the control plants identified 
fragments specific for genomes A, B, and C. In the genetic profile of the control 
sample CGN06832 (B. rapa) there were 180 bp (locus Na12-A02), 303 bp (locus 
BRMS-043), and 293 bp (locus Na10-D09) fragments characteristic of the genome 
A (see Fig., A). The profile of the sample CGN006634 (B. nigra) contained distinc-
tive markers of the B genome with a length of 198 bp and 211 bp (locus Na12-
A02), 125 bp and 129 bp (locus OL12-A04), 200 bp (locus NI2-F02), and 222 bp 
(locus BN6A2) (see Fig., B). In sample CGN15778 (B. oleracea), the 170 bp (locus 
Na12-A02) and 186 bp (locus Ni2-F02) C-genome-specific fragments were found 
(see fig., B). Genetic profiles of the allotetraploid species showed a codominant 
combination of fragments of the corresponding diploid genomes (see Fig. D-F). 

From the profiling data, we identified the allele composition of each mi-
crosatellite locus and the markers specific for genomes A, B and C (Table 3). 

3. А-, В- and С-genome-specific markers revealed in six Brassica L. species by a 
multiplex PCR analysis of microsatellite loci 

Locus Genome 
Microsatellite fragment length, bp  

A-specific B-specific C-specific 
Na12-A02 ABC 178, 180, 182 196, 198, 200, 202, 204, 212, 214, 216 164,168,170 
BRMS-043 A 303, 307, 313 – – 
Na10-D09 A 283, 285, 287, 291, 293, 299 – – 
Ol12-A04 B – 125, 127, 129 – 
Ni2-F02 BC – 198, 200, 202, 204, 208 164, 166, 168, 186 
BN6A2 B – 222 – 
N o t е. Dashes mean the absence of a corresponding genome-specific marker in the loci. 

 

4. Genome-specific markers (bp) revealed in lines and interspecific hybrids of Bras-
sica L. by a multiplex PCR analysis of microsatellite loci: 

Sample 
Locus 

Genome 
Na12-A02 BRMS-043 Na10-D09 Ol12-A04 Ni2-F02 BN6A2 

КК 180А 303А 293А 145 – 108 AA 
JR 180А 311А 285А 

341А 
143 – 114 AA 

No. 63 164С – 155 – 166С 108 CC 
No. 69 164С – 155 – 166С 108 CC 
No. 70 164С – 155 – 166С 108 CC 
No. 97 164С – 155 – 166С 108 CC 
No. 98 164С – 155 – 166С 108 CC 
No. 106 164С – 155 – 166С 108 CC 
Tsv9 164С – 155 – 166С 108 CC 
PR3 164С – – – 166С 

186С 
108 CC 

ZM tetr 164С – – – 166С 
186С 

108 CC 

BK ½ ZM1-1(6) 164С 
168С 

– 167 – – 108 CC 

BK ½ ZM1-1(8) 164С 
168С 

– 155 – 166С 108 CC 

(Et2 ½ КК)2 ½ Tsv9 170С 
180А 

303А 155 
293А 

145 166С 108 AACC 

(Et2 ½ КК)1 170С 
180А 

303А 293А 145 166С 108 AACC 
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Continued Table 4 

JR ½ Agr2ki 164С 
180А 

311А 287А 145 166С 108 
114 

AACC 

FBLM 178А 
198В 

313А 163 
285А 

127В 
145 

198В 222В AABB 

Grin ½ FBLM(1) 164С 
178А 
198В 

313А 163 
287А 

127В 
145 

166С 
198В 

108 
222В 

AABBCC 

B. carinata 1 16 – 155 
167 

127В 164С 
200В 

108 BBCC 

BK 164С 
214В 

– 155 
167 

127В 166С 
200В 

108 
222В 

BBCC 

B. carinata 2 164С 
214В 

– 155 
167 

127В 166С 
200В 

108 
222В 

BBCC 

KB 164С 
168С 
214В 

– 155 
167 

127В 166С 
200В 

108 
222В 

BBCC 

N o t е. Superscripts (А, В, С) indicate the genomic specificity of the marker fragment. Dashes indicate the absence 
of the corresponding genome-specific marker of the indicated locus. For a description of the samples, see Table 1. 

 

We also used the developed PCR system to identify A-, B-, and C-genome-
specific fragments in breeding samples (see Table 1), obtained their genetic profiles 
and found genome-specific fragments (Table 4). Consequently, the multiplex sys-
tem used makes it possible to reliably detect the of A, B, and C genome fragment 
introgressions in species of the genus Brassica. Codominant combinations of ge-
nomic fragments in the genetic profiles of breeding samples (Et2 ½ KK)2 ½ Tsv9 
obtained from hybridization (B. oleracea ½ B. rapa) ½ B. oleracea, (Et2 ½ KK)1 
(F1 B. oleracea ½ B. rapa), Grin ½ FBLM (1) (F1 B. oleracea ½ B. juncea), 
JR ½ Agr2ki (F1 B. rapa ½ B. oleracea), BK (F1 B. oleracea ½ B. carinata) and 
KB (F1 B. carinata ½ B. oleracea) confirmed introgressions as a result of interspe-
cific hybridization. The data obtained by microsatellite analysis correspond to the 
breeding history of the samples. 

The developed system for multiplex analysis based on six microsatellite 
loci specific for genus Brassica A, B, and C genomes reliably differentiates plants 
of six species of the U triangle and also can evaluate genetic diversity, since each 
genomic marker possesses several allelic variants. Each genome is defined by at 
least two markers, which serve as internal controls for each other.  

This multiplex system also provides tracing an introgression of certain re-
gions of the Brassica genome, since linkage groups for the loci used in it have 
been determined (http://www.brassica.info/resource/markers/ssr-exchange.php). 
For example, it was shown that the BRMS-043 locus is associated with resistance 
to vascular diseases of B. rapa (48).  

The effectiveness of DNA markers in genotyping new forms and detection 
of genomic material transfer during plant breeding has been demonstrated in a 
number of works. The analysis of potential genetic changes in 25 synthesized allo-
hexaploids (H1 B. rapa ½ B. carinata, AABBCC, 2n = 54) was carried out using 
162 combinations of A-, B-, and C-genome-specific SSR primers [31]. To assess 
the genetic variability of the new form of B. napus obtained by crossing B. rapa 
with a hexaploid (B. napus ½ B. oleracea, AACCCC), 153 combinations of primers 
for microsatellite loci were used [32]. With 34 SSR markers, homeological recom-
bination of chromosomes was detected in the offspring of B. napus ½ B. carinata 
(ABCC) trigenomic hybrids derived from microspores [37].  

The Illumina Infinium B. napus 60K SNP (Illumina, Inc., USA) array of 
SNP markers for B. napus allotetraploid was developed to identify Brassica species 
and assess genetic diversity [52]. Also, a multiplex PCR analysis (MPCR) of A-, 
B-, and C-genome-specific sequences using five combinations of primers was pro-
posed for rapid identification of Brassica species of the U triangle [35]. The MPCR 
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results were validated on 120 genetically characterized Brassica samples. Due to 
the direct detection of specific fragments in a 2% agarose gel, the MPCR assay is 
useful as an affordable and rapid diagnostic technique that can be easily applied 
in a conventional laboratory. However, as noted by the authors themselves, this 
method has a rather low throughput and should be adapted for high throughput 
real-time screening.  

In contrast to expensive and more complicated methods that require spe-
cial data processing (for example, when using the Illumina Infinium B. napus 60K 
SNP DNA chip), the technology we propose is more accessible and convenient 
to use. Electrophoretic analysis is carried out automatically using high-precision 
equipment. This significantly increases the reliability of the obtained data and thir 
interpretation (un-like the empirical assessment in the gel without precise deter-
mination of the lengths of the analyzed DNA fragments) [35, 45, 48]. Due to the 
automation of all stages in a 96-well plate format, the proposed approach allows 
large-scale screening of selection samples. The multiplex system can be used to 
assess the introgression of Brassica genomes during interspecific hybridization and 
control the inheritance of genomic material in subsequent generations.  

Thus, we have developed a system for multiplex PCR analysis of six Bras-
sica microsatellite loci (Na12-A02, BRMS-043, Na10-D09, Ol12-A04, Ni2-F02, 
BN6A2) for detecting A, B, and C genome fragments. The reliability of the system 
is confirmed with the control samples of known genomic composition and taxo-
nomic attribution. The developed markers allowed us to identified the A-, B- and 
C-genome-specific fragments and to determine the genomic composition of a 
number of breeding samples. The results of the investigation can be used to detect 
sequences specific for genomes A, B, C in Brassica plants and to control the 
inheritance of genetic material during distant hybridization.  

 
R E F E R E N C E S  

 
1. Warwick S.I., Francis A., Al-Shehbaz I.A. Brassicaceae: Species checklist and database on CD-

ROM. Plant Systematics and Evolution, 2006, 259(2-4): 249-258 (doi: 10.1007/s00606-006-0422-0). 
2. Morinaga T. Interspecific hybridization in Brassica. IV. The cytology of F1 hybrid of B. juncea 

and B. nigra. Cytologia, 1934, 6: 62-67 (doi: 10.1508/cytologia.6.62). 
3. U N. Genome analysis in Brassica with special reference to the experimental formation of B. 

napus and peculiar mode of fertilization. Japanese Journal of Botany, 1935, 7: 389-452. 
4. Lagercrantz U. Comparative mapping between Arabidopsis thaliana and Brassica nigra indicates 

that Brassica genomes have evolved through extensive genome replication accompanied by chro-
mosome fusions and frequent rearrangements. Genetics, 1998, 150(3): 1217-1228. 

5. Kowalski S.P., Lan T.H., Feldmann K.A., Paterson A.H. Comparative mapping of Arabidopsis 
thaliana and Brassica oleracea chromosomes reveals islands of conserved organization. Genetics, 
1994, 138(2): 499-510. 

6. Rana D., van den Boogaart T., O'Neill C.M., Hynes L., Bent E., Macpherson L., Park J.Y., 
Lim Y.P., Bancroft I. Conservation of the microstructure of genome segments in Brassica napus 
and its diploid relatives. Plant Journal, 2004, 40(5): 725-733 (doi: 10.1111/j.1365-
313X.2004.02244.x). 

7. Lagercrantz U., Lydiate D. Comparative genome mapping in Brassica. Genetics, 1996, 144(4): 
1903-1910. 

8. Zou J., Hu D., Liu P., Raman H., Liu Z., Liu X., Parkin I.A.P., Chalhoub B., Meng J. Co-
linearity and divergence of the A subgenome of Brassica juncea compared with other Brassica 
species carrying different A subgenomes. BMC Genomics, 2016, 17: 18 (doi: 10.1186/s12864-015-
2343-1). 

9. Jiang C., Ramchiary N., Ma Y., Jin M., Feng J., Li R., Wang H., Long Y., Choi S.R., Zhang 
C., Cowling W.A., Park B.S., Lim Y.P., Meng J. Structural and functional comparative mapping 
between the Brassica A genomes in allotetraploid Brassica napus and diploid Brassica rapa. The-
oretical and Applied Genetics, 2011, 123(4): 927-941 (doi: 10.1007/s00122-011-1637-1). 

10. Mason A.S., Batley J. Creating new interspecific hybrid and polyploid crops. Trends in Biotech-
nology, 2015, 33(8): 436-441 (doi: 10.1016/j.tibtech.2015.06.004). 

11. Snowdon R.J. Cytogenetics and genome analysis in Brassica crops. Chromosome Research, 2007, 
15(1): 85-95 (doi: 10.1007/s10577-006-1105-y). 



 

519 

12. Katche E., Quezada-Martinez D., Katche E.I., Vasquez-Teuber P., Mason A.S. Interspecific 
hybridization for Brassica crop improvement. Crop Breeding, Genetics and Genomics, 2019, 1: 
e190007 (doi: 10.20900/cbgg20190007). 

13. Siemens J. Interspecific hybridisation between wild relatives and Brassica napus to introduce new 
resistance traits into the oilseed rape gene pool. Czech Journal of Genetics and Plant Breeding, 
2002, 38(3-4): 155-157 (doi: 10.17221/6258-CJGPB). 

14. Chrungu B., Verma N., Mohanty A., Pradhan A., Shivanna K.R. Production and characterization 
of interspecific hybrids between Brassica maurorum and crop Brassicas. Theoretical and Applied 
Genetics, 1999, 98(3-4): 608-613 (doi: 10.1007/s001220051111). 

15. Lelivelt C.L.C., Krens F.A. Transfer of resistance to the beet cyst nematode (Heterodera schachtii 
Schm.) into the Brassica napus L. gene pool through intergeneric somatic hybridization with 
Raphanus sativus L. Theoretical and Applied Genetics, 1992, 83(6-7): 887-894 (doi: 
10.1007/BF00226712). 

16. Lelivelt C.L.C., Leunissen E.H.M., Frederiks H.J., Helsper J.P.F.G., Krens F.A. Transfer of 
resistance to the beet cyst nematode (Heterodera schachtii Schm.) from Sinapis alba L. (white 
mustard) to the Brassica napus L. gene pool by means of sexual and somatic hybridization. The-
oretical and Applied Genetics, 1993, 85(6-7): 688-696 (doi: 10.1007/BF00225006). 

17. Snowdon R.J., Winter H., Diestel A., Sacristán M.D. Development and characterisation of Bras-
sica napus - Sinapis arvensis addition lines exhibiting resistance to Leptosphaeria maculans. Theoret-
ical and Applied Genetics, 2000, 101(7): 1008-1014 (doi: 10.1007/s001220051574). 

18. Yamagishi H., Bhat S.R. Cytoplasmic male sterility in Brassicaceae crops. Breeding Science, 2014, 
64(1): 38-47 (doi: 10.1270/jsbbs.64.38). 

19. Piao Z., Ramchiary N., Lim Y.P. Genetics of clubroot resistance in Brassica species. Journal of 
Plant Growth Regulation, 2009, 28(3): 252-264 (doi: 10.1007/s00344-009-9093-8). 

20. Sharma B.B., Kalia P., Singh D., Sharma T.R. Introgression of black rot resistance from Brassica 
carinata to cauliflower (Brassica oleracea botrytis group) through embryo rescue. Frontiers in Plant 
Science, 2017, 8: 1255 (doi: 10.3389/fpls.2017.01255). 

21. Belimov A.A., Safronova V.I., Demchinskaya S.V., Dzyuba O.O. Intraspecific variability of cad-
mium tolerance in hydroponically grown Indian mustard (Brassica juncea (L.) Czern.) seedlings. 
Acta Physiologiae Plantarum, 2007, 29(5): 473-478 (doi: 10.1007/s11738-007-0057-y). 

22. Plieske J., Struss D., Röbbelen G. Inheritance of resistance derived from the B-genome of Brassica 
against Phoma lingam in rapeseed and the development of molecular markers. Theoretical and 
Applied Genetics, 1998, 97: 929-936 (doi: 10.1007/s001220050973). 

23. Navabi Z.K., Parkin I.A.P., Pires J.C., Xiong Z., Thiagarajah M.R., Good A.G., Rahman M.H. 
Introgression of B-genome chromosomes in a doubled haploid population of Brassica napus ½ B. 
carinata. Genome, 2010, 53(8): 619-629 (doi: 10.1139/g10-039). 

24. Abel S., Möllers C., Becker H. Development of synthetic Brassica napus lines for the analysis of 
“fixed heterosis” in allopolyploid plants. Euphytica, 2005, 46(1-2): 157-163 (doi: 10.1007/s10681-
005-3364-7). 

25. Srivastava A., Mukhopadhyay A., Arumugam N., Gupta V., Verma J.K., Pental D., Pradhan A.K. 
Resynthesis of Brassica juncea through interspecific crosses between B. rapa and B. nigra. Plant 
Breeding, 2004, 123(2): 204-206 (doi: 10.1046/j.1439-0523.2003.00933.x). 

26. Narasimhulu S.B., Kirti P.B., Prakash S., Chopra V.L. Resynthesis of Brassica carinata by pro-
toplast fusion and recovery of a novel cytoplasmic hybrid. Plant Cell Reports, 1992, 11(8): 428-
432 (doi: 10.1007/BF00234376). 

27. Chen S., Nelson M.N., Chèvre A.M., Jenczewski E., Li Z., Mason A.S. Trigenomic bridges for 
Brassica improvement. Critical Reviews in Plant Sciences, 2011, 30(6): 524-547 (doi: 
10.1080/07352689.2011.615700). 

28. Monakhos G.F., Ignatov A.N., Dzhalilov F.S. Izvestiya TSKHA, 2001, 4: 56-68 (in Russ.). 
29. Malek M.A., Rahman L., Das M.L., Hassan L., Rafii M.Y., Ismail M.R. Development of hexa-

ploid Brassica (AABBCC) from hybrids (ABC) of Brassica carinata (BBCC) ½ B. rapa (AA). 
Ausralian Journal of Crop Science, 2013, 7(9): 1375-1382. 

30. Zhou J., Tan C., Cui C., Ge X., Li Z. Distinct subgenome stabilities in synthesized Brassica 
allohexaploids. Theoretical and Applied Genetics, 2016, 129(7): 1257-1271 (doi: 10.1007/s00122-
016-2701-7). 

31. Gupta M., Atri C., Agarwal N., Banga S.S. Development and molecular-genetic characterization 
of a stable Brassica allohexaploid. Theoretical and Applied Genetics, 2016, 129(11): 2085-2100 (doi: 
10.1007/s00122-016-2759-2). 

32. Li Q., Mei J., Zhang Y., Li J., Ge X., Li Z., Qian W. A large-scale introgression of genomic 
components of Brassica rapa into B. napus by the bridge of hexaploid derived from hybridization 
between B. napus and B. oleracea. Theoretical and Applied Genetics, 2013, 126(8): 2073-2080 (doi: 
10.1007/s00122-013-2119-4). 

33. Ma N., Li Z.-Y., Cartagena J. A., Fukui K. GISH and AFLP analyses of novel Brassica Napus 
lines derived from one hybrid between B. napus and Orychophragmus Violaceus. Plant Cell Reports, 
2006, 25(10): 1089-1093 (doi: 10.1007/s00299-006-0171-0). 



520 

34. Monakhos S.G. Integratsiya sovremennykh biotekhnologicheskikh metodov v selektsii ovoshchnykh 
kul'tur. Doktorskaya dissertatsiya. [Integration of modern biotechnological methods in the vegeta-
ble crop breeding technologies. DSc Thesis]. Moscow, 2015 (in Russ.). 

35. Koh J.C.O., Barbulescu D.M., Norton S., Redden B., Salisbury P.A., Kaur S., Cogan N., Slater 
A.T. A multiplex PCR for rapid identification of Brassica species in the triangle of U. Plant 
Methods, 2017, 13(1): 49 (doi: 10.1186/s13007-017-0200-8). 

36. Thakur A.K., Singh K.H., Singh L., Nanjundan J., Khan Y.J., Singh D. SSR marker variations 
in Brassica species provide insight into the origin and evolution of Brassica amphidiploids. Heredi-
tas, 2017, 155: 6 (doi: 10.1186/s41065-017-0041-5). 

37. Mason A.S., Nelson M.N., Castello M.C., Yan G., Cowling W.A. Genotypic effects on the 
frequency of homoeologous and homologous recombination in Brassica napus ½ B. carinata hy-
brids. Theoretical and Applied Genetics, 2011, 122(3): 543-553 (doi: 10.1007/s00122-010-1468-5). 

38. Clarke W.E., Higgins E.E., Plieske J., Wieseke R., Sidebottom C., Khedikar Y., Batley J., Ed-
wards D., Meng J., Li R., Lawley C.T., Pauquet J., Laga B., Cheung W., Iniguez-Luy F., Dyrszka 
E., Rae S., Stich B., Snowdon R.J., Sharpe A.G., Ganal M.W., Parkin I.A. A high-density SNP 
genotyping array for Brassica napus and its ancestral diploid species based on optimised selection 
of single-locus markers in the allotetraploid genome. Theoretical and Applied Genetics, 2016, 
129(10): 1887-1899 (doi: 10.1007/s00122-016-2746-7). 

39. Lowe A.J., Moule C., Trick M., Edwards K.J. Efficient large-scale development of microsatellites 
for marker and mapping applications in Brassica crop species. Theoretical and Applied Genetics, 
2004, 108(6): 1103-1112 (doi: 10.1007/s00122-003-1522-7). 

40. Suwabe K., Iketani H., Nunome T., Kage T., Hirai M. Isolation and characterization of mi-
crosatellites in Brassica rapa L. Theoretical and Applied Genetics, 2002, 104(6-7): 1092-1098 (doi: 
10.1007/s00122-002-0875-7). 

41. Kresovich S., Szewc-McFadden A.K., Bliek S.M., McFerson J.R. Abundance and characterisa-
tion of simple-sequence repeats (SSRs) isolated from a size-fractionated genomic library of Bras-
sica napus L. (rapeseed). Theoretical and Applied Genetics, 1995, 91(2): 206-211 (doi: 
10.1007/BF00220879). 

42. Plieske J., Struss D. Microsatellite markers for genome analysis in Brassica. I. Development in 
Brassica napus and abundance in Brassicaceae species. Theoretical and Applied Genetics, 2001, 
102(5): 689-694 (doi: 10.1007/s001220051698). 

43. Hasan M., Seyis F., Badani A.G., Pons-Kühnemann J., Friedt W., Lühs W., Snowdon R.J. 
Analysis of genetic diversity in the Brassica napus L. gene pool using SSR markers. Genetic Re-
sources and Crop Evolution, 2006, 53(4): 793-802 (doi: 10.1007/s10722-004-5541-2). 

44. Tommasini L., Batley J., Arnold G.M., Cooke R.J., Donini P., Lee D., Law J.R., Lowe C., 
Moule C., Trick M., Edwards K.J. The development of multiplex simple sequence repeat (SSR) 
markers to complement distinctness, uniformity and stability testing of rape (Brassica napus L.) vari-
eties. Theoretical and Applied Genetics, 2003, 106(6): 1091-1101 (doi: 10.1007/s00122-002-1125-8). 

45. Dubina E.V., Koroleva S.V., Garkusha S.V., Yurchenko S.A., Esaulova L.V. Dostizheniya nauki 
i tekhniki APK, 2016, 30(8): 49-51 (in Russ.). 

46. Suwabe K., Tsukada H., Iketani H., Hatakeyama K., Fujimura M., Nunome T., Fukuoka H., 
Matsumoto S., Hirai M. Identification of two loci for resistance to clubroot (Plasmodiophora 
brassicae Wornin) in Brassica rapa L. Theoretical and Applied Genetics, 2003, 107(6): 997-1002 
(doi: 10.1007/s00122-003-1309-x). 

47. Kato T., Hatakeyama K., Fukino N., Matsumoto S. Fine mapping of the clubroot resistance gene 
CRb and development of a useful selectable marker in Brassica rapa. Breeding Science, 2013, 
63(1): 116-124 (doi: 10.1270/jsbbs.63.116). 

48. Artem'eva A.M., Ignatov A.N., Volkova A.I., Kocherina N.V., Konopleva M.N., Chesnokov 
Yu.V. Physiological and genetic components of black rot resistance in double haploid lines of 
Brassica rapa L. Sel'skokhozyaistvennaya biologiya [Agricultural Biology], 2018, 53(1): 157-169 (doi: 
10.15389/agrobiology.2018.1.157eng). 

49. Shilov I.A. V sbornike: Problemy agrobiotekhnologii [In: Problems of agrobiotechnology]. Moscow, 
2012: 140-162 (in Russ.). 

50. Aniskina Yu.V. Tekhnologiya genotipirovaniya kul'turnykh i dikorastushchikh form Brassica na os-
nove analiza polimorfizma mikrosatellitov. Avtoreferat kandidatskoi dissertatsii [Genotyping technol-
ogy for cultivated and wild forms of Brassica based on the analysis of microsatellite polymorphism. 
PhD Thesis]. Moscow, 2006 (in Russ.). 

51. Aniskina Yu.V., Velishaeva N.S., Shilov I.A., Khavkin E.E. Genotipirovanie paslenovykh i 
krestotsvetnykh rastenii metodom mikrosatellitnogo analiza. Metodicheskie rekomendatsii [Genotyp-
ing of nightshade and cruciferous plants by microsatellite analysis. Methods]. Moscow, 2005 (in 
Russ.).  

52. Mason A.S., Zhang J., Tollenaere R., Vasquez Teuber P., Dalton-Morgan J., Hu L., Edwards D., 
Redden R., Batley J. High-throughput genotyping for species identification and diversity assess-
ment in germplasm collections. Molecular Ecology Resources, 2015, 15(5): 1091-1101 (doi: 
10.1111/1755-0998.12379). 


