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PHENOTYPIC, CYTOGENETIC AND MOLECULAR ANALYSIS
OF INTERSPECIFIC RAPESEED HYBRIDS

Rapeseed (Brassica napus L.) is a key oilseed crop, the value of which is determined by both yield
and oil quality. In this study, doubled haploid (DH) interspecific hybrid lines of rapeseed x turnip (B. na-
pus x B. rapa) was evaluated using an integrated approach including phenotypic analysis, cytogenetics,
and molecular markers. Phenotypic evaluation revealed significant diversity in key quantitative traits,
such as seed weight per plant, pod number, and thousand-seed weight, with heterosis evident in some
lines. Early flowering of the hybrids compared to the parental forms indicates the influence of genomic
interactions on plant development. Cytogenetic analysis using FISH and GISH confirmed the presence of
chromosomes from both parents, revealing segments of introgression and signs of genomic stability after
chromosome doubling. Molecular studies using SSR markers revealed high polymorphism and the pres-
ence of alleles introgressed from B. rapa, consistent with cytogenetic data. Analysis of the seed fatty acid
composition revealed increased oleic acid content and low erucic acid levels, which meets modern oil
quality requirements. These results demonstrate the effectiveness of combining interspecific hybridiza-
tion and DH technology for identifying favorable allelic combinations that enhance the breeding value
of lines. These lines may serve as promising material for improving the yield and quality of rapeseed oil.

Keywords: canola, doubled haploid, SSR markers, B. napus, B. rapa, tolerance.
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Typapaabik, panc 6yAaHAapbiHbIH, PEHOTUNTIK,
LLMTOreHETUKAABIK, YKOHE MOAEKYAAAbIK, TaAAQYbI

Panc (Brassica napus L.) eHIMAIAIri MeH Man canacbiHa 6aAaHbICTbl KYHADIAbIFbI >KOFapbl HEri3ri
MaiAbl AaKbIAAAPAbIH, Gipi. Ocbl 3epTTeyae parc x kbiwabdac (Brassica rapa) (B. napus x B. rapa) Typ
apaAblK, TMOPUATEPIHEH aAblHFaH KOC ranAouATbl (DH) >keAiaep KewleHAl TOCIA apKbiAbl GararaHAbl,
OFaH (PeHOTUMNTIK TaAAQy, LLUTOrEHETHKA XXKOHE MOAEKYAAABIK, MapkepAep KipAl.

DenotnnTik Garasay 6ip 6CIMAIKKE LAKKAHAAFbI TYKbIM Maccacbl, BypluakKbiH CaHbl K8HE MblH,
TYKbIMHbIH, MacCacbl CUSIKTbl HEri3ri CaHAbIK, GeAriaep GOMbIHLLIA alTapPAbIKTal SPTYPAIAIKTI KOPCeTTI,
Kenbip >eairepae reteposuc KyObiAbiCbl 6GarMkasabl. [MOPUATEPAIH aTa-aHaAblK, popmMasapmeH
CaAbICTbIpFAHAQ epTe TYAAeYi OCIMAIKTIH AaMyblHa FEeHOMABIK, ©3apa ©peKeTTeCYAepAiH ocepiH
KepceTeAi.

FISH >eHe GISH saicTepiH KOAAQHFAH UMTOreHETUKAAbIK, TaAAQy €Ki aTa-aHaHblH Ad
XPOMOCOMAaAapbIHbIH, 6ap eKeHiH pacTaAbl, XPOMOCOMaAapPAbIH €Ki eCeAeHyiHeH KeliH MHTporpeccust
CErmMeHTTepi MEH reHOM TYPaK TbIAbIFbIHbIH 6@AriAEPiH aHbIK TaAbl. SSR-MapkepAep KeMeriMeH XXyprisiAreH
MOAEKYAQABIK, 3epTTey >KOfapbl MOAMMOP(M3MAI >koHe Brassica rapa-AaH MHTpOrpeccusinaHfFaH
AAAEABAEPAIH BOAYbIH KEPCETTi, BYA UMTOreHETUKAABIK, AEPEKTEPMEH COMKEC KEAEAI.

TYKbIMHbIH, Mait KbILUKbIAAAPbI KYPaMblH TaAAdy OAEWMH KbILKbIAbI MOALLEPIHIH apTKaHbIH >KeHe
3PYK KbIWKbIAbI AEHreriHiH TOMEH eKkeHiH KepceTTi, OyA Mail canacblHa KOWbIAATbIH 3amaHayu
TaAanTapra cam KeAeAi. AAbIHFAH HOTUMXKEAEP KOAANAbI aAAEAbAIK KOMOMHAUMSIAAPADI BEKITY YLIiH TYp
apaabik, rmbpunamsaumst MeH DH-TeXHOAOrMSIHbI YIAECTIPYAIH TUIMAIAITIH ADAGAAENMAIL, OYA >KEAIAEPAIH
CeAeKUMSIABIK KYHABIABIFbIH apTTbIPaAbl. BYA >keAiAep pancTbiH OHIMAIAITI MEH Mait canacblH XKakcapTyFa
ApPHAAFaH MepcrnekT1BaAbl MaTepUas GoAa araAbl.
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®eHoTUNUYECKUI, LUTOreHEeTUYeCKMI U
MOAEKYASIPHbII aHaAM3 MEeXBUAOBbBIX TMOPUAOB parica

Panc (Brassica napus L.) 9BASeTCS OAHOM M3 KAIOUYEBbIX MAaCAMYHbIX KYAbTYP, LLEHHOCTb KOTOPOM
ornpeAeAseTcs Kak ypoXKanHOCTbIO, Tak M Ka4eCTBOM MacAa. B HacToswem nccaeAoBaHMM oLeHMBaAMUCh
ABOVHble ranAonaHble (DH) MexxBnaOBble TMOPUMAHbBIE AMHUK parica  penbl (B. napus  B. rapa) ¢ vc-
NMOAb30BaHMEM KOMIMAEKCHOIO NMOAXOAQ, BKAIOUAIOLLEro (heHOTUMNYECKUIA aHAAN3, LIUTOTEeHETUKY U MO-
AEKYAsipHble Mapkepbl. DeHOTMNMYECKas OLEHKa NMoKa3aAa 3HauMTeAbHOE pa3HOOOpasme B KAOUEBbIX
KOAMYECTBEHHbIX MPU3HaKax, Takmx Kak Macca CemsiH Ha pacTeHue, KOAMYeCTBO CTPYYKOB M Macca Thl-
CSUM CEMSH, C NMPOSIBAEHMEM FeTepo3mca B PIAE AMHMIA. PaHHee uBeTeHne ruOprMAOB MO CPABHEHMIO C
POAUTEALCKMMM (POPMaMM YKa3bIBaeT Ha BAMSIHME FEHOMHbIX B3aMMOAENCTBUI Ha pa3BUTUE PaCTEHMIA.
LintoreHetnyeckmint aHaamns ¢ ncnoab3osanuem FISH n GISH noaTBepAnA NprcyTCTBME XPOMOCOM 060~
MX POAMTEAEN, BbISIBUB CEMMEHTbI MHTPOrPECCUMM M NMPU3HAKM CTAOMABHOCTM FEHOMA MOCAE YABOEHMSI
XPOMOCOM. MOAeKYASpHOe M3yyeHne C nomoLblo SSR-MapkepoB BbISBUAO BbICOKYIO MOAMMOPHOCTb
M HaAMUME aAAEAeN, MHTPOrpecCUpPoBaHHbIX OT B. rapa, 4To coraacyeTcs C AQHHbIMW LMTOreHeTUKU.
AHaAM3 COCTaBa >KMPHbIX KUCAOT CEMSIH MOKa3aA YBEAUYEHME COAEP>)KaHUS OAEMHOBOM KUCAOTbI M HU3-
KM YpOBEHb 3PYKOBOM KMCAOTbI, UTO COOTBETCTBYET COBPEMEHHbIM TPeOOBaHMSIM KaueCcTBa MacAa.
[MoAyUeHHblE pe3yAbTaTbl AEMOHCTPUPYIOT 3(PPEKTUBHOCTL COUETAHMS MEXKBUAOBOM rMOPUAM3aLMM
1 DH-TexHOAOrMM AASt (buKcaumm GAAronpUSITHLIX aAAEAbHbIX KOMOMHALIMIA, MOBbILLAIOWMX CEAEKLIM-
OHHYIO LLEHHOCTb AMHWI. DTU AMHUW MOTYT CAY>KMTb MEPCTEeKTUBHbIM MAaTEPUAAOM AAS YAYULLEHWS
YPO>KaMHOCTM M KayecTBa MacAa parca.

KAroueBble cAOBa: KaHOAQ, YABOEHHbIN ranaoua, SSR Mapkepsbl, B. napus, B. rapa, yCTOMUMBOCTb.

Introduction

Rapeseed (Brassica napus L.) is one of the most
important oilseed crops worldwide, ranking second
after soybean in global vegetable oil production
(Kalaida, 2021). Its economic value is determined
not only by seed yield but also by oil quality, fatty
acid composition, and adaptability to diverse agro-
climatic environments. Modern breeding programs
aim to improve both agronomic performance and oil
quality parameters while maintaining environmental
stability and resistance to abiotic and biotic stresses
(Raboanatahiry et al., 2021).

Interspecific hybridization has long been rec-
ognized as a powerful strategy for broadening the
genetic base of cultivated crops. In the genus Brassi-
ca, interspecific crosses between B. napus (AACC,
2n=38) and B. rapa (AA, 2n=20) allow the transfer
of desirable alleles controlling yield components,
flowering time, stress tolerance, and seed quality
traits. However, genomic instability, segregation
distortion, and complex recombination patterns
often complicate the stabilization of such hybrids
(Swarup et al., 2021).

Doubled haploid (DH) technology provides an
effective approach for rapid fixation of recombinant
genotypes and generation of completely homozy-
gous lines within a single generation. The use of DH

lines significantly accelerates breeding cycles and
facilitates precise genetic and phenotypic evalua-
tion. In interspecific Brassica breeding, DH technol-
ogy has been successfully applied to stabilize novel
genomic combinations and capture heterotic effects
resulting from intergenomic recombination (Dau-
rova et al., 2020).

Yield formation in rapeseed is a complex quan-
titative process involving multiple morphologi-
cal and reproductive components, including plant
height, branching pattern, number of siliques, seeds
per silique, and thousand seed weight (Zhang et
al., 2023). These traits are typically controlled by
numerous quantitative trait loci (QTLs) distributed
across A and C genomes. Understanding the pheno-
typic variation and genetic architecture underlying
these traits is essential for effective marker-assisted
selection and genomic improvement (Fujimoto et
al., 2018).

Flowering time represents another key adaptive
trait influencing yield stability and regional suit-
ability (Xu et al., 2016). It is regulated by a com-
plex network of genes associated with photoperiod,
vernalization, and temperature response pathways.
In interspecific hybrids, altered flowering dynam-
ics may arise due to epistatic interactions between
divergent parental genomes. Therefore, evaluating
flowering behavior in DH interspecific lines pro-
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vides insights into genomic stabilization and adap-
tive potential (Kim et al., 2015; Dezfouli et al.,
2019).

At the chromosomal level, interspecific hy-
bridization may lead to homoeologous exchanges,
introgression of chromosomal segments, and struc-
tural rearrangements. Cytogenetic tools such as
fluorescence in situ hybridization (FISH) and ge-
nomic in situ hybridization (GISH) allow precise
identification of genome composition and detection
of introgressed chromosomal regions (Amosova &
Shirokovae, 2016). Such analyses are critical for
confirming genomic constitution and understanding
the cytological basis of phenotypic variation (Ma et
al., 2006).

Molecular markers, particularly simple sequence
repeats (SSRs), remain valuable tools for assessing
genetic diversity, phylogenetic relationships, and al-
lelic variation associated with agronomic traits (Guo
et al., 2025). SSR markers provide high reproduc-
ibility and genome coverage, enabling detection of
polymorphism among closely related genotypes. In-
tegration of molecular marker analysis with pheno-
typic and cytogenetic data enhances the resolution
of genetic structure and breeding potential assess-
ment (Wolko et al., 2022).

The present study aimed to comprehensively
evaluate doubled haploid interspecific hybrid lines
between B. napus and B. rapa using an integrated
approach combining phenotypic assessment, cyto-
genetic analysis, and molecular marker profiling.
Specifically, we sought to (i) characterize variation
in key quantitative traits, (ii) assess phenotypic
diversity through multivariate statistical analysis,
(iii) determine chromosomal composition using
FISH/GISH, and (iv) evaluate genetic diversity us-
ing SSR markers. The obtained results contribute
to understanding the breeding value and genomic
stability of interspecific DH lines and provide a
foundation for their utilization in rapeseed im-
provement programs.

Materials and methods

Plant Material

The study utilized doubled haploid (DH) lines
of interspecific hybrids between rapeseed (Brassica
napus) and turnip rape (Brassica rapa), designated
as DHKZ and DHGY. These lines were previously
developed using haploid technology followed by
chromosome doubling, as described in our earlier
work (Daurova et al., 2020).

Parental genotypes were used as controls and
included two B. napus cultivars, ‘Kris” and ‘Galant’
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(All-Russia Research Institute of Agricultural Bio-
technology), and two B. rapa cultivars, ‘Zolotista-
ya’ and ‘Yantarnaya’ (V.S. Pustovoit All-Russian
Research Institute of Oil Crops).

Methods

Phenotypic Evaluation and Statistical Analysis

At physiological maturity, ten representative
plants were randomly selected from each plot. The
following morphological traits were recorded: plant
height (cm), number of branches per plant, number
of siliques per plant, silique length (cm), number of
seeds per silique, thousand seed weight (g), and seed
weight of the main inflorescence (g).

Chromosome Preparation and FISH/GISH
Analysis

Mitotically active meristematic cells from root
tips were used for cytogenetic analysis. Germinated
seedlings were fixed and washed in SSC buffer (pH
4.6-4.8) for 20 minutes prior to enzymatic diges-
tion. Root tips were treated with a digestion mixture
containing 20% pectinase (Sigma-Aldrich) and 1%
cellulase for 1.5-2.5 h at 37°C.

Following enzymatic maceration, root tips were
rinsed in 45% acetic acid and squashed on glass
slides. Preparations were dehydrated in absolute
ethanol and air-dried according to standard cytoge-
netic protocols (Hasterok et al., 2005).

Chromosomal analysis was performed on 5-10
well-spread metaphase plates per sample. Each
chromosome preparation originated from indepen-
dent root tips, ensuring that each analyzed meta-
phase corresponded to an individual plant. Fluores-
cence in situ hybridization (FISH) and genomic in
situ hybridization (GISH) were applied to detect ge-
nomic constitution and chromosomal introgression
patterns.

DNA Isolation

Genomic DNA was extracted from young leaf
tissue using the QIAGEN DNeasy Blood & Tissue
Kit (Cat. No. 69504) following the manufacturer’s
protocol. DNA integrity was assessed by agarose
gel electrophoresis. DNA concentration and purity
were measured using a NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific, USA). Samples
were diluted to a working concentration of 35 ng/pL
for downstream molecular analyses.

SSR Marker Analysis and PCR Amplification

DNA concentration was additionally verified
spectrophotometrically using a NanoDrop ND-1000
(Thermo Scientific, USA). PCR amplification was
carried out in a total reaction volume of 20 pL con-
taining: 1.5 pL 10x PCR buffer (10 mM Tris-HCI,
pH 7.4; 50 mM KCI; 1.5 mM MgCl;), 1 U Taq
DNA polymerase (New England BioLabs), 10 mM
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of each dNTP (Sigma), 10 mM of each primer, and
100-200 ng template DNA.

Amplification was performed in a T100 thermal
cycler (Bio-Rad, USA) under the following condi-
tions: initial denaturation at 95°C for 10 min; 35
cycles of denaturation at 95°C for 30 s, annealing at
locus-specific temperatures (Table 3), extension at
72°C for 45 s; and a final extension at 72°C for 10
min (Zhu et al., 2021).

PCR products were separated using 2.7% aga-
rose gels and 0.8% polyacrylamide gels (PAGE).
Gels were stained with ethidium bromide (EtBr) and
visualized under UV illumination.

Statistical analysis

Analysis of variance (ANOVA) was performed
to determine statistical significance among geno-
types. Duncan’s multiple range test (DMRT) ap-
plied for post-hoc comparison at p < 0.05. All statis-
tical analyses were cross validated using IBM SPSS
Statistics v.23.

Results and discussion

Phenotypic variation

In interspecific hybrids B. napus x B. rapa (tur-
nip rape), both fertile and sterile plants were ob-
served among the DH progeny and subsequent gen-
erations. This segregation is typical for such crosses
and is associated with genetic instability, including
cytoplasmic male sterility (CMS) and/or nuclear ste-
rility factors introduced from the parental species.

Phenotypically, fertile hybrids exhibited normal
flowering with fully developed bright yellow flow-
ers, well-formed stamens and anthers containing
viable pollen, as well as the formation of normal
siliques with seeds (Figure 1 A1-A3). In contrast,
sterile plants were characterized by reduced floral
organs (smaller petals, shortened stamens, degener-
ated anthers lacking pollen), diminished inflores-
cences, and often empty or poorly filled siliques,
resulting in a significantly lower total number of
siliques per plant seeds (Figure 1 B1-B3).

Cytological analysis confirmed these differ-
ences at the meiotic level. In fertile plants, meiosis
proceeded normally: pollen mother cells (PMCs)
completed all stages of meiosis [ and II, forming
regular tetrads, followed by the dissolution of the
callose wall and the development of round, uniform-
ly stained viable microspores/pollen grains with dis-
tinct exine (Figure A4). In sterile hybrids, meiosis
was severely disrupted. Instead of normal meiotic
division, sterile PMCs formed so-called “micro-
spore analogues” (Figure B4) directly from the
mother cells without completing meiosis (Fengqun

& Tingdon, 1990). Subsequently, the cytoplasm of
these analogues underwent nearly complete degra-
dation, leaving only empty shells or collapsed cell
walls . Notably, no dyads or tetrads were observed
in sterile plants across all examined bud sizes (Zhou,
2003).

These meiotic abnormalities indicate a type of
male sterility associated with disruption of early
meiotic stages (meiosis abnormality-type male ste-
rility), frequently linked to cytoplasmic factors (e.g.,
Ogura CMS or similar systems transferred during
interspecific hybridization B. napus x B. rapa) and/
or nuclear male sterility genes (Liu et al., 2020). The
presence of both fertile and sterile individuals in the
hybrid population reflects segregation of fertility re-
storer genes (Rf genes) and provides opportunities
for selection of stable fertile lines for further breed-
ing, as well as utilization of sterile forms in hybrid
seed production systems, provided effective fertility
restoration is achieved (Gaborieau & Brown, 2016).

Figure 1
Morphological characteristics of hybrid plants and assessment
of pollen fertility

AI-A3 — Plants are well developed, with normally formed
inflorescences and flowers, indicating preserved reproductive
capacity; A4 — Pollen grains (acetocarmine staining) are
predominantly spherical and uniformly stained, demonstrating
high pollen viability; BI-B3 — Morphology of plants and

flowers of the second line, showing normal floral structure

and development; B4 — Pollen grains are largely deformed,
irregular in shape, and weakly or unevenly stained, indicating
pollen sterility. Scale bars: 40 ym.
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Structural analysis and Fatty acid composition

Interspecific hybrid lines previously obtained
using doubled haploid (DH) technology (Daurova et
al., 2020) were selected and evaluated for key quan-
titative traits (Figure A-E). Structural and pheno-
typic analyses of the doubled haploid interspecific
hybrids of B. napus x B. rapa (DHih) are presented
in Figure 2.

The interspecific hybrid lines demonstrated su-
perior performance in several yield-related traits
compared with the parental controls. In particular,
significant increases were observed in seed weight
per plant and thousand seed weight (TSW). The
highest TSW values were recorded in the hybrid
combinations DHGY, where all analyzed DH lines
exceeded the parental forms. Additionally, several
lines derived from the DHKZ combination showed
increased number of siliques per plant and higher
seed weight per plant relative to the respective par-
ents.

These results suggest the presence of heterotic
effects in the interspecific hybrid lines. Heterosis for
yield components such as silique number and seed
weight has been widely reported in Brassica spe-
cies, particularly in interspecific and inter-subspecif-
ic crosses (Pradhan et al., 1993; Snowdon&Iniguez,
2012). Increased thousand seed weight in DH-de-
rived lines may reflect favorable allelic recombina-
tion and fixation of advantageous loci during dou-
bled haploid production, as previously described
for oilseed rape breeding programs (Friedt & Snow-
don,2009).

The hybrid lines also exhibited variation in
flowering time after planting. Flowering in hybrids
ranged from 35 to 39 days, whereas the parental
genotypes flowered later: Brassica napus cultivars
Kris and Galant at 40 and 41 days, respectively, and
B. rapa cultivars Zolotistaya and Yantarnaya at 37
and 39 days. Most hybrid lines initiated flowering
around day 36 of the vegetative period. Earlier flow-
ering in hybrids may indicate genomic interactions
affecting developmental pathways, possibly involv-
ing vernalization and photoperiod-responsive loci.
Similar shifts in flowering time have been observed
in interspecific Brassica hybrids and are often as-
sociated with introgression of regulatory genes con-
trolling floral transition (Xu et al., 2016; Xu et al.,
2023).
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Cytological analysis (described below) revealed
the presence of C-genome chromosomes derived
from B. napus in the hybrid lines, suggesting partial
genome stabilization following interspecific hybrid-
ization. Chromosomal introgression between A and
C genomes is a well-documented phenomenon in
Brassica hybrids and may contribute to both pheno-
typic variation and heterosis (Xiong & Pires, 2011;
Mason & Batley, 2015). The retention of C-genome
chromosomal segments in DH lines indicates suc-
cessful genomic recombination and stabilization
during haploid induction and chromosome doubling.

Overall, the interspecific DH lines combined
early flowering with improved yield components,
particularly thousand seed weight and seed mass per
plant. The observed phenotypic superiority likely
reflects both heterotic effects and genomic intro-
gression, supporting the effectiveness of doubled
haploid technology for fixation of favorable allele
combinations in Brassica breeding programs.

One of the key indicators of breeding value in
rapeseed is the fatty acid composition of seed oil.
For food-grade rapeseed, the most important quality
criterion is the absence or extremely low content of
erucic acid (C22:1), which determines its suitability
for human consumption and compliance with inter-
national canola standards.

Figure 3 presents the results of fatty acid compo-
sition analysis of all fertile mutant doubled haploid
interspecific lines of B. napus * B. rapa (DHih).
Gas chromatographic analysis revealed a significant
increase in oleic acid (C18:1) content in several hy-
brid lines compared with parental genotypes. In the
DHGY combination, oleic acid concentration in-
creased by 6.7%, rising from 71.6% in the parental
form to 74.5% in the hybrid lines. Similarly, lines
derived from DHKZ exhibited an increase of 5.6%,
from 71.4% to 73.5%.

In addition to elevated oleic acid levels, most
interspecific hybrid lines demonstrated a favor-
able fatty acid profile characterized by low con-
centrations of saturated fatty acids (palmitic acid,
C16:0, and stearic acid, C18:0) and a high pro-
portion of unsaturated fatty acids, including ole-
ic, linoleic (C18:2), and linolenic acids (C18:3).
Such a composition corresponds to modern nutri-
tional requirements and improves oxidative sta-
bility of the oil.
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Figure 2
Structural and phenotypic analyses of the doubled haploid interspecific hybrids and parental cultivars
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Figure 3
Seed oil fatty acid profiles (%) in parental rapeseed cultivars and interspecific DH hybrid lines with turnip rape
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Recent genomic and metabolic studies have
confirmed that oleic acid content in B. napus is pri-
marily controlled by allelic variation in the FAD2
gene family, which regulates the conversion of oleic
acid to linoleic acid (Shaheen et al., 2023). Muta-
tions or downregulation of FAD2 increase oleic acid
accumulation, which has become a major target in
rapeseed quality breeding programs. Furthermore,
integrated genomic analyses have demonstrated that
oil quality traits, including fatty acid composition,
are influenced by multiple QTLs distributed across
A and C genomes (Yusuf et al., 2022).

The absence of elevated erucic acid levels in the
analyzed lines confirms the maintenance of canola-
quality standards. Modern breeding strategies em-
phasize the development of low-erucic, high-oleic
cultivars with improved oxidative stability and nu-
tritional value (Zhao et al., 2022). The observed in-
crease in oleic acid content in the DH lines therefore
represents not only a quantitative improvement but
also a significant enhancement of oil quality.

Overall, the fatty acid composition analysis in-
dicates that the mutant doubled haploid interspecific
lines combine agronomically valuable traits with
improved oil quality parameters. The increase in
oleic acid content, together with reduced saturated
fatty acid levels, suggests successful fixation of fa-
vorable allelic combinations and highlights the po-
tential of interspecific hybridization combined with
DH technology for the development of high-quality
rapeseed cultivars.

Chromosomal and Molecular marker analysis

The number of somatic chromosomes in the
examined lines was determined using conventional
cytological analysis (Figure 4A), while the genomic
origin of chromosomes and segments was assessed
by combined FISH&GISH (Figure 4B, C).

In metaphase spreads of the hybrids, the paren-
tal genomes were clearly distinguishable (Figure
4B). The maternal B. napus genome (AACC, 2n =
38) produced intense red, fluorescent signals, pre-
dominantly in centromeric and pericentromeric re-
gions, with weaker extension into telomeric areas on
some chromosomes. This pattern is characteristic of
allotetraploid B. napus, where both A (B. rapa) and
C (B. oleracea) subgenomes contribute to signal in-
tensity when using total genomic DNA as a probe
with appropriate blocking. In contrast, the paternal
B. rapa genome (AA, 2n = 20) was labeled with
distinct green signals covering entire chromosomes
or large segments. On average, 10-15 green-labeled
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chromosomes or chromosome segments were ob-
served per cell, consistent with an approximate
AAC genomic composition (2n = 29), typical of F[J
triploid hybrids between B. napus and B. rapa.

Considerable inter-cellular variability was not-
ed: some metaphases displayed only 7-9 green chro-
mosomes (approaching the full A-genome contribu-
tion from B. rapa), while others showed fragmented
or recombined signals (mixed red-green regions),
indicative of homoeologous recombination between
the A subgenomes of the two parents. In approxi-
mately 20% of metaphases analyzed, weak green
signals appeared on predominantly red-labeled
chromosomes, likely resulting from translocation
events or incomplete blocking during hybridization.

GISH preparations confirmed the presence of
genomic material from both parental species in the
analyzed plants (Figure 4C). Red and green hybrid-
ization signals were detected within the same cells,
indicating the coexistence of both genomes and re-
flecting the genomic interactions typical of early-
generation interspecific Brassica hybrids. Overall,
the GISH results confirmed the hybrid origin of the
plants and successful introgression of B. rapa ge-
nomic material into the B. napus background.

To further characterize chromosomal architec-
ture and detect potential polymorphisms in ribosom-
al DNA (rDNA) loci, fluorescence in situ hybrid-
ization (FISH) was performed using specific probes
for 25S rDNA and 5S rDNA (green); chromosomal
context was provided by DAPI counterstaining
(Figure 4C).

The 5S rDNA signals (green) were more numer-
ous and dispersed, averaging 10.4 + 1.6 sites per
cell (range 9—14), often clustered in pericentromeric
regions. This distribution reflects the additive con-
tribution of the A subgenome from both parents and
aligns with the known high multiplicity of 5S loci
in the Brassica A genome. Co-localization of 5S
and 258 signals (yellow overlays) was observed on
certain chromosomes, a feature commonly reported
for A-genome chromosomes (e.g., Al and A3) in
Brassica.

The 25S rDNA signals (red), were fewer, aver-
aging 5.3 £ 1.1 per cell (range 5-9), and predomi-
nantly telomeric or sub-telomeric. Compared to sta-
ble B. napus lines (typically 6-8 sites), this number
is reduced, likely due to partial elimination of the C-
genome chromosomes and/or nucleolar dominance.
Polymorphism was evident: in approximately 30%
of cells, the intensity of one or more 258 sites was
markedly reduced or absent.
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Figure 4

Cytogenetic characterization of rapeseed parental lines and interspecific DH

A

A — Conventional chromosome spreads showing somatic chromosome number.
B, C— Combined FISH/GISH revealing genomic origins and chromosome segments (DAPI counterstain
in blue; hybridization signals in red, green, and other colors)

A comparison of rDNA locus numbers in the pa-
rental species, stable B. napus lines, and the inves-
tigated DH hybrids is presented in Table 1. Table 1
demonstrates that the hybrids exhibit higher mean
numbers of 5S rDNA loci compared to the parental

forms, whereas variation in 25S rDNA loci suggests
genomic restructuring following hybridization. Nota-
bly, the DHKZ genotype showed the highest average
values for both 5S and 258 loci, supporting evidence
of post-hybridization chromosomal reorganization.
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Table 1
Comparison of rDNA locus numbers in parental species and
hybrids (based on present data and literature)

Genotype 5S rDNA (mean) | 25S rDNA (mean)
Galant (B. napus) 8+1.0 43+1.2
Kris (B. napus) 94+13 50+1.1
Zolotistaya (B. rapa) 84+14 43+1.1
Yantarnaya (B. rapa) 94+1.6 55+13
DHGY 104+1.6 53+1.1
DHKZ 114+13 63+1.3

Intergenomic variation was apparent, with stron-
ger green signals (5S) likely originating from the
paternal B. rapa A genome, and red signals (25S)
distributed across both A and C genomes. Some
cells showed asymmetric distribution, with extra 5S
sites on presumed C-genome chromosomes, hint-
ing at translocation events. Overall, FISH confirmed
the presence of rDNA loci from both parents and
revealed intraspecific polymorphism, which could
influence hybrid fertility and stability.

Figure 5

Molecular marker analysis

A total of 55 SSR markers (primarily from
BrGMS, BnGMS, and BnEMS series) were used
to assess genetic diversity, polymorphism, and
potential functional variation across six Bras-
sica genotypes: two rapeseed (B. napus) cultivars
(Galant and Kris), two turnip rape (B. rapa) cul-
tivars (Zolotistaya and Yantarnaya), and two in-
terspecific doubled-haploid hybrid lines (DHGY
and DHKZ) derived from rapeseed x turnip rape
Crosses.

All markers were scored as binary (presence/ab-
sence) data due to the dominant-like amplification
patterns observed on agarose gels. The marker panel
exhibited high discriminatory power, detecting sub-
stantial genetic variability among the genotypes.
Polymorphism information content (PIC) values
ranged from 0.00 to 0.50, with several loci achiev-
ing the theoretical maximum of 0.50 for dominant
markers (indicating near-equal allele frequencies
and optimal informativeness). Only a small propor-
tion of loci remained monomorphic, confirming the
overall effectiveness and broad coverage of the se-
lected SSR set.

Molecular analysis of parental cultivars and DH hybrids

M M K M2M3M4M5M6 M7 M8 M M1 M2 M3 M4 M5 M6 M7 M
;——--—---'- .-..
= ‘ et 5;, ] el 5
; -w-e e =
- e .
- L] P
DHKZ (rapeseed x turnip rape)
032
- DHGY (rapeseed x turnip rape)
074 Kris (rapeseed)
Yantarnaya (turnip rape)
0.85 Galant (rapeseed)
Zolotistaya (turnip rape)
08 06 04 02 00
Genetic distance

A — Representative SSR amplification profiles of rapeseed, turnip rape,
and hybrid lines. M — DNA ladder; B — UPGMA dendrogram based on
genetic distance coefficients showing relationships among genotypes
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A notable fraction of the markers has been previ-
ously associated with key agronomic traits in Bras-
sica species, particularly those influencing yield and
its components. These associations enhance the bio-
logical relevance of the detected polymorphisms for
breeding applications. The following table summa-
rizes the reported trait associations for the polymor-
phic loci identified in this study (Table 2):

Table 2
SSR markers and their reported associations with agronomic
traits in Brassica

Marker Associated traits

BrGMS3837 | Plant height

BnEMSI119  |Yield

BrGMS1490 | Heterosis effects; yield-related traits
BrGMS0086 | Number of branches; seeds per silique
BoGMS1897 iztgsrc;s;: Sflolf ;)ulznt height; heterosis for
BrGMS4057 | Heterosis for seeds per silique
BnGMS0662 | Plant height

BrGMS2252 ieetgsr(;seirs Sfloli qslilleique length; heterosis for
BrGMS4252 | Heterosis for seeds per silique
BrGMS3688 | Heterosis for seeds per silique
BoGMS1740 | Thousand seed weight

BrGMS2901 Plant height; heterosis for seeds per silique
BoGMS0454 | Plant height; seeds per silique
BnGMS0749 | Heterosis for seeds per silique
BnGMS0386 | Plant height

BnGMSO0509 | Thousand seed weight

Polymorphism at these loci (especially those
linked to plant height, such as BrGMS3837,
BnGMS0662, BnGMS0386, BrGMS2901,
BoGMS0454, and BoGMS1897) suggests the pres-
ence of allelic variation that may contribute to dif-
ferences in plant architecture, lodging resistance,
and biomass accumulation among rapeseed, turnip
rape, and hybrid genotypes. Similarly, markers as-
sociated with yield components — including over-
all yield (BnEMSI1119), heterosis for seeds per
silique (BrGMS4057, BrGMS4252, BrGMS3688,
BnGMS0749, BrGMS2901, BrGMS2252), seeds
per silique (BrGMS0086, BoGMS0454), and thou-
sand seed weight (BoGMS1740, BnGMS0509) — in-
dicate functional genomic differentiation with po-
tential economic importance. Numerous studies

have shown that SSR loci in Brassica frequently
co-localize with QTLs for yield-related traits, plant
height, and seed quality (Hasan et al., 2008; Rabo-
anatahiry et al., 2022). Thus, the polymorphic mark-
ers detected here can serve as indirect indicators
of valuable allelic variation for introgressive and
marker-assisted breeding programs.

Genetic relationships were analyzed using Jac-
card’s similarity coefficient converted to genetic
distance, followed by cluster analysis with the
Neighbor-Joining algorithm. Pairwise genetic dis-
tances ranged from 0.32 to 0.85, indicating moder-
ate to high divergence among the accessions.

The dendrogram (Figure 5) revealed the follow-
ing structure: The two interspecific hybrids, DHKZ
and DHGY, showed the smallest genetic distance
(0.32), reflecting their close similarity and likely
shared breeding background or parental contribu-
tions; At a distance of approximately 0.62, the hy-
brid cluster grouped with the rapeseed cultivar Kris,
indicating stronger genomic affinity of the hybrids
to B. napus than to B. rapa. The two turnip rape
cultivars (Yantarnaya and Zolotistaya) formed a
separate cluster at distances of 0.74—0.79 from the
rapeseed/hybrid group. The rapeseed cultivar Galant
was the most divergent, joining the overall cluster at
the highest distance (=0.85).

This topology aligns with the expected genom-
ic relationships: allotetraploid B. napus (AACC
genome) exhibits partial convergence with intro-
gressed B. rapa (AA) material in hybrids, but main-
tains clear species-level separation from diploid tur-
nip rape (Chalhoub et al., 2014; Mason & Snowdon,
2016). The rapeseed-biased intermediate position of
the doubled-haploid hybrids is consistent with sta-
bilization of the AACC constitution during DH pro-
duction and with patterns reported in other SSR- and
SNP-based diversity studies of interspecific Bras-
sica hybrids (Xu et al., 2018).

To confirm hybrid origin and quantify introgres-
sion from B. rapa into the B. napus background,
allele inheritance patterns were examined. The hy-
brids displayed a near-additive allelic profile, pos-
sessing 50-51 alleles across the marker set — mark-
edly more than the rapeseed cultivars (~26 alleles)
or turnip rape cultivars (17-18 alleles). This pattern
is characteristic of successful interspecific hybrid-
ization and retention of parental diversity (Raboana-
tahiry et al., 2022).

Particularly informative were 12-13 loci where
the allele was absent in both rapeseed parental cul-
tivars (scored as 0/0) but present in the hybrids
(scored as 1). These markers most likely tag chro-

55



Phenotypic, cytogenetic and molecular analysis of interspecific rapeseed hybrids

mosomal segments introgressed from turnip rape.
This molecular evidence corroborates cytogenetic
results from genomic in situ hybridization (GISH;
showing green-labeled alien segments) and fluo-
rescence in situ hybridization (FISH; revealing ad-
ditive/polymorphic tDNA loci), providing strong
support for stable integration of B. rapa genomic
material into the rapeseed genome. Comparable
introgression patterns have been documented in
Brassica introgression lines and are recognized
as promising sources of novel variation for yield,
stress tolerance, and other traits (Hasan et al., 2008;
Lietal., 2023).

In summary, the SSR marker panel demonstrat-
ed high discriminatory capacity, effectively quanti-
fied genetic diversity, resolved clear phylogenetic
relationships consistent with genomic constitutions,
and highlighted functional polymorphisms at loci
relevant to key breeding traits. These findings un-
derscore the utility of the marker system for diver-
sity assessment, hybrid verification, and marker-as-
sisted selection in introgressive Brassica breeding.

Conclusion
Thus, the analyses presented demonstrated that

the doubled haploid interspecific lines exhibit im-
proved yield performance, earlier flowering time,

Author Contributions

and high seed quality parameters compared with the
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