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Abstract

Interspecific hybridization is a powerful tool for improvement of crop species, it has the
potential to broaden the genetic base and create new plant forms for breeding programs.
Synthetic allopolyploid is a widely-used model for the study of genetic recombination and
fixed heterosis in Brassica. In Brassica napus breeding, identification and introgression of
new sources of clubroot resistance trait from wild or related species into it by hybridization is
a long-term crop management strategy for clubroot disease. Radish (Raphanus sativus L.)
is a close relative of the Brassica and most radish accessions are immune to the clubroot
disease. A synthesized allotetraploid Brassicoraphanus (RRCC, 2n = 36) between R. sati-
vus cv. HQ-04 (2n = 18, RR) and Brassica oleracea var. alboglabra (L.H Bailey) (2n = 18,
CC) proved resistant of multiple clubroot disease pathogen P. brassicae. To predict the pos-
sibility to transfer the clubroot resistance trait from the RR subgenome of allotetraploid Bras-
sicoraphanus (RRCC, 2n = 36) into Brassica napus (AACC, 2n = 38), we analyzed the
frequency of chromosome pairings in the F4 hybrids produced from a cross between B.
napus cv. HS5 and the allotetraploid, characterize the genomic composition of some back-
crossed progeny (BC,) using GISH, BAC-FISH and AFLP techniques. The level of interge-
nomic pairing between A and R genomes in the F4 hybrid was high, allosyndetic bivalents
formed in 73.53% PMCs indicative of significant level of homeologous recombination
between two genomes and high probability of incorporating chromosomal segments/genes
from R-genome into A/C-genomes. The BC; plants inherited variant extra R chromosomes
or fragments from allotetraploid as revealed by GISH and AFLP analysis. 13.51% BC, indi-
viduals were resistant to clubroot disease, and several resistance lines had high pollen fertil-
ity, Overall, the genetic material presented in this work represents a potential new genetic
resource for practical use in breeding B. napus clubroot resistant cultivars.
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Introduction

Interspecific hybridization is a powerful tool for improvement of crop species, it has the poten-
tial to broaden genetic base and create new plant forms for breeding programs [1]. The effi-
ciency of interspecific hybridization and gene transfer depends on the level of genetic and
structural relatedness between the genomes of cultivated species and its wild relative [2]. Now-
adays, synthetic allopolyploids are widely used to exploit related species for valuable agro-
nomic trait through interspecific hybridization [3, 4]. They are mainly utilized as genetic
bridge materials for introgression of target genes/regions that are absent in natural genetic
background of cultivated crop species [5, 6], e.g. the Ogu-INRA cytoplasmic male sterility
(CMS) system [6, 7] and clubroot disease resistance of Raphanobrassica [8].

In Rapeseed (Brassica napus) breeding, identification and introgression of new, stable and
durable clubroot resistant traits from wild or closely related species into it, either through
interspecific or intraspecific hybridization has been an important research objective for the
improvement of this oilseed crop [9]. Because clubroot disease, pose a significant threat to
rapeseed producing countries like Canada, Europe and China. For example, in China, since it
emergence, production losses have increased by 30% [10]. The causal agent for clubroot dis-
ease is a soil-borne plant pathogen Plasmodiophora brassicae Woronin (P. brassicae) and previ-
ous studies have shown it can survived in soil as resting spores for many years making it
difficult to be managed successfully by cultural, chemical and biological practices [11]. Inter-
estingly some members of Brassica species maintain a range of locus diversity for clubroot
resistance trait [12-16]. Nevertheless, evidence of partial or complete breakdown of several
clubroot resistance genes identified in these Brassica species have emerged [16], perhaps due
to wide variation for pathogenicity [17,18]. Overall, host plant genetic resistance remains the
most sustainable and feasible alternative to combat the clubroot disease pathogen P. brassicae.
Which underscores the need to identify, evaluate and introgress additional sources of clubroot
resistance into B. napus. Indeed, interspecific and introgressive hybridization hold such poten-
tial [19], and pyramiding of different sources of clubroot resistance genes into a single line
might provide alternative durable resistance to a broad spectrum of P. brassicae.

Analysis of clubroot resistance in a radish (Raphanus sativus) mapping population, identi-
fied a CrsI locus accounting for the resistance variation and cultivars carrying this locus were
immune to P. brassicae [20]. In addition, characterization of a synthetic amphidiploid Brassi-
coraphanus (RRCC, 2n = 36) between R. sativus cv. HQ-04 (2n = 18, RR) and Brassica albogla-
bra Bailey (2n = 18, CC) showed that after numerous selfing generations and selection for seed
set, plants with high fertility rate were obtained [3]. These authors concluded that the advan-
tages of amphidiploid Brassicoraphanus (RRCC) includes resistance to clubroot disease [8],
beet cyst nematode, and higher crossability with Brassica species.

Interestingly, both radish and rapeseed belong to the Brassicaceae family [21]; consequently,
transferring the R genome from the synthetic amphidiploid Brassicoraphanus into A/C ge-
nomes of B. napus by hybridization could provide a new source of clubroot resistance trait. So
far, there are no reports of how hybridization between the R genome of R. sativus and A/C
genome of B. napus or the subsequent backcrossing to an A/C genome as a recurrent parent
may impact the frequency of homologous and homeologous pairing during meiosis especially
in their progeny. The number of homologous regions shared between radish (RR) and rape-
seed (AACC) genomes is unknown. Moreover, how these shared regions associate to influence
intergenomic exchanges remain elusive. This information will be indispensable in predicting
the probability of intergenic exchanges between R and A/C genomes and the potential stability
of an R genome fragments in the newly created hybrid.
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In this study, we exploited the availability of a synthetic amphidiploid Brassicoraphanus,
previously described by Chen (2008) [3]. This amphidiploid has a clubroot disease resistance
phenotype [8]. With the purpose of using interspecific hybridization and recurrent backcross-
ing approach, to transfer clubroot resistance from Brassicoraphanus, into B. napus, (1) we ana-
lyzed the frequency of inheritance of different original chromosomes in their resulting F;
hybrid. (2) We demonstrate the production of hybrid lines carrying R-genome fragments and
track these chromosome fragments using molecular markers and cytogenetic techniques at the
BC, stage of backcrossing.

Materials and methods
Plant materials

Artificially synthesized amphidiploid Brassicoraphanus (RRCC, 2n = 36) from the intergenic
hybridizations between Brassica oleracea L. (2n = 18, CC) and Raphanus sativus L. (2n = 18,
RR) [3] was used as pollen parent in a cross with B. napus (2n = 38, AACC) cv. Huashuang 5
(HS5) to produce interspecific F; hybrids (2n = 37, ARCC). The HS5 was the recurrent female
parent in a subsequent backcross with F; hybrids as male parent. The BC, were from the resis-
tant BC; individual crossed with HS5. To obtain enough hybrid plantlets for this study, we
produced four additional F; hybrid plants from the initial cross through embryo rescue
method [3]. All the plant materials generated from this work are described in (Fig 1).

Test for clubroot resistance

Inoculation tests were carried out in the glasshouse according to the method described by
Johnston (1968) [22]. Briefly, the frozen clubs were thawed at room temperature, ground and
then mixed with dry peat soil in a ratio of 1:20. Inoculated soil was stored in dark condition for
48 h at 25°C. The seeds were sown in pots placed in a growth chamber at 25/20°C (day/night)
with a photoperiod of 14 h at a light intensity of 200 mmol-m-2-s-1. The root symptoms evalu-
ation of each plant was done 6 weeks after inoculation. The roots were washed carefully with

HS 5 ® RRCC

embryo rescue

HS 5 ® Fl ] Fl Kept in the MS medium

l - Cytological investigation and

screen resistant lines
HS 5 ® BC,
}

B C 3 Resistant test and pollen fertility detected

Fig 1. Flow chart of materials constructed.
https://doi.org/10.1371/journal.pone.0177470.9001
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tap water, visually examined for galls, and rated on a 0 to 3 scale [12], L.e. 0 = no visible gall for-
mation or disease symptoms; 1 = a few small clubs, separate globular clubs on lateral roots;

2 = intermediate symptoms; 3 = severe clubs on main roots. Qualitative classification method
was used to estimate clubroot resistance. Le., a plant with no visible gall (zero score) was classi-
fied as resistant, while all other were recorded as susceptible. A total of 183 Brassicoraphanus
plants and 171 HS5 individuals were used as resistant and susceptible controls to test four dif-
ferent pathogenic races of P. brassicae, i.e. race 2, 4, 7 and 10. Subsequently, 5 F;, 138 BCy, 84
BC, and 98 HS5 lines were tested for resistance against P. brassicae race 4.

Cytological investigation and pollen fertility analysis

Opvaries from young flower buds were harvested and treated with 2mM 8-hydroxyquinoline
for 3 h. at room temperature, before fixing in Carnoy’s solution I (3:1 ethanol:glacial acetic
acid, v/v). The fixed ovaries were stored at -20°C until use. For meiosis study, additional flower
buds were fixed directly in Carnoy’s solution and stored at -20°C. Cytological observation was
according to the procedure of [23]. Over 200 pollen grains from three flowers per plant of
Brassicoraphanus, B. napus, F hybrid, BC; and BC, were stained with acetocarmine (1%), and
the percentage of stained pollen grains analyzed in replicates to measure pollen fertility.

DNA extraction, probe labeling and chromosome preparation

For total genomic DNA extraction, young leaves from Radish (Raphanus sativus) were gath-
ered. Total genomic DNA extraction was according to the CTAB method. For genomic in situ
hybridization (GISH) study, the Radish genomic DNA sample was labeled with digoxigenin-
11-dUTP (Roche, Basel, Switzerland) using the BioPrime Array CGH Genomic Labeling
System kit according to the manufacturer’s protocol (Invitrogen, Life Technologies). Next, a
plasmid DNA of BAC BoB014006 specific for C genome (provided by Z Li, Huazhong Agri-
culture University, Wuhan, China) was labeled with biotin-11-dCTP by the BioPrime DNA
Labeling System kit (Invitrogen, Life Technologies). Total DNA of B. rapa (AA, 2n = 20) geno-
type extracted from B. napus [24] was prepared as blocking DNA by following the method of
described by Cui (2012) [4]. Additionally, resynthesized plasmid DNA of BAC CL1 harboring
177bp satellite repeat sequences of R. sativus [25], was labeled with digoxigenin-11-dUTP and
used as probe. Chromosome preparation protocol for FISH/GISH studies was as described by
Cui (2012) [4].

GISH and BAC-FISH analysis

GISH and FISH experiments was according to Cui (2012) [4] with minor modification. Briefly
hybridization mixture for meiotic chromosomes consisted of 50% deionized formamide, 2x
SSC, 10% dextran sulfate, 0.5% SDS, 100 ng radish probe, C-genome BAC-FISH probe, and
1000 ng block DNA per slide. For the analysis of somatic cells, hybridization mixture only con-
tained C- and R- genome specific BAC-FISH probes. The mixture was denatured at 85°C for
10 min and cooled on ice for 5 min. Next, probes and chromosomes on slides were co-dena-
tured for 7 min at 74°C in thermal cycler and hybridized at 37°C overnight. The slides were
washed stringently for 8 min in 0.1x SSC with 20% deionized formamide pretreated at 40°C.
The immunodetection of biotinylated and digoxigenated probes were implemented with
Cy3-labeled streptacidin (KPL, St.Louis) and anti-digoxigenin conjugate- Fluorescein isothio-
cyanate (FIFC) (Roch, Basel, Switzerland). Finally, the chromosomes on slides were counter-
stained with 4’-6-diamidino-2phenylindole (DAPI) solution followed by antifade solution
(Vector Laboratories, Peterborough, UK). All images were captured with a CCD camera
attached to a fluorescence microscope (Axio Scope Al, Zeiss, Germany). The chi-square
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contingency tests function of R software was used to determine the significant difference in
pairing configuration.

Sequence-related amplified polymorphism (SRAP) analysis

Genomic DNA of F; hybrid was isolated using the CTAB technique. SRAP procedure was per-
formed according to Li (2001) [26]. PCR Primer sequence were the same with those in the
original protocol [26]. The amplification protocol was as follows: 5 cycles of Imin at 94°C, 1
min at 35°C, 1 min at 72°C, Annealing temperature was raised to 50°C for another 35 cycles
[26]. The PCR products were visualized by silver staining and gel electrophoresis.

Amplified fragment length polymorphism (AFLP) and clustering analysis

Genomic DNA was isolated from young leaves of Brassicoraphanus, B. napus, F; hybrid and
BC, plants using the method of Doyle (1990) [27]. The DNA samples were prepared from each
of the lines studied and were subjected to AFLP analysis. AFLP analysis was carried out using
a modified protocol described by Vos (1995) [28]. In brief, the genomic DNA (250ng) was
digested with EcoRI and Msel for 1h at 37°C and then denatured for 20 min at 65°C. The
adapters were ligated to the digested DNA with sticky end at 16°C overnight. The ligated
products were used for PCR amplification; the reaction mixtures were diluted by 30-fold for
selected amplification with 20 pairs of random selected primers. The PCR products were visu-
alized by silver stain after 6% polyacrylamide gel electrophoresis. The DNA bands of BC; gen-
eration and parents were analyzed with NTSYS Clustering software according to UPGMA
[29].

Results
Morphology and cytology of hybrids (ARCC)

To obtain the tri-genomic intergenic hybrid ARCC, HS5 (AACC, 2n = 38) was pollinated with
pollens from Brassicoraphanus (RRCC, 2n = 36). All the progeny was confirmed hybrids by
SRAP analysis and cytological observation (Fig 2A). Also, all the F; hybrids had the expected
chromosome number and complement (2n = 37, 10A+9R+18C) (Fig 2C). We observed obvi-
ous heterosis in vegetative growth among the F, hybrids compared to their parents (Fig 2E).
They exhibited intermediate flower morphology (Fig 2F). We noticed the hybrids had dark
green leaves with similar serrated margins to HS5, but without long petioles observed in Bras-
sicoraphanus (Fig 2]). Generally, they showed very low pollen fertility (4.86% viability).

Variable chromosome pairing in F; hybrid (ARCC)

Multi-color FISH readily distinguished the chromosomes of three genomes of the hybrids
(ARCC) in pollen mother cells (PMCs) with two probes for C- and R genomes (Fig 3), which
revealed the various intra-/intergenomic pairing. Our result showed the A and R-genomes
were in a haploid state and C-genome was in diploid state, therefore unpaired chromosomes
in PMCs at diakinesis and metaphase I (MI) were those from A and R genomes. The absence
of univalents from C genome in PMC is because of the diploid state of the C-genome in the
hybrid (Table 1) [29]. Furthermore, chromosome association at MI showed the A-genome and
R-genome univalents appeared in 88.24% and (82.35%) PMC respectively. Similarly, the aver-
age univalent (2.70) for the A-genome was higher than that of R-genome (2.03), but not signif-
icantly different (2 = 1.52, p>0.05).

Besides the unpaired chromosomes, we observed both A and R genomes formed autosyn-
detic bivalents in 47.06% and 29.41% of PMCs respectively, although the autosyndetic
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Fig 2. Morphology, cytological and SRAP profiles of hybrid and its parental lines. (A) Representative SRAP profiles generated from one primer pair
in hybrids ARCC, parental lines and random selected radish variety, (line 1 = RRCC, line 2 = HS5, line 3—6 = the hybrids, line 7 = radish, red arrows:
representative bands). (B-D) Somatic cell from HS5, F4 hybrid and RRCC. DAPI (blue) and merged images are given for each cell (left to right). Red
signals are from C genome and green signals are from R genome in all the cells (bar: 10um). (E) Parental lines and hybrid plant at full bloom (bar: 5cm). (F)
Flowers (bar: 1cm), (G) Basal leaves (bar: 5¢cm).

https://doi.org/10.1371/journal.pone.0177470.9002

bivalents from R genome was much higher than for A-genome. The maximum number of
autosyndetic bivalents was 2 for both R-genome and A-genome respectively, but the average
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Fig 3. GISH-FISH analyses of meiotic chromosome pairings in PMCs of F,. (A1) DAPI (blue) and (A2) merged images of the
representative cells at diakinesis. Red signals are from C genome; green signals are from R genome. (Solid arrow: C/A chromosomes
pairing, solid arrow with ball tail: A/R chromosomes pairing, solid arrow with square tail: C/R chromosomes pairing, bar: 10um).

https://doi.org/10.1371/journal.pone.0177470.g003

autosyndetic bivalents for R-genome (0.68) was significantly higher than that of A-genome
(0.35), (32 = 4.248, p<0.05). The maximum number of autosyndetic trivalents of the R-
genome was 2 and appeared in 11.76% PMCs, with an average of 0.15 (Table 1), while no such
pairing was observed for A-genome. We detected autosyndesis within A and R genomes in the
formation of allosyndetic trivalents A-R-R and A-A-R. The average of A-R-R (0.32) was much
higher than A-A-R (0.09), the higher rate of autosyndesis within R-genome suggested the
higher degree of homeology among the R-genome chromosomes.

As for allosyndesis or intergenomic pairing between A and R genomes, the allosyndetic
bivalents formed in 73.53% PMCs, having the maximum and average of 4 and 1.29. The fre-
quency of allosyndesis (1.29) was significantly higher than that of autosyndesis (0.35 for A-
genome; 0.68 for R-genome, %2 = 18.70, p<0.05; 2 = 6.70, p<0.05), showing the higher level
of homeology between two genomes than within each genome. Intergenomic pairings between
A/C and R genomes also appeared by producing the allosyndetic trivalents, A-A-R,A-R-R, and

Table 1. Chromosome associations in PMCs of hybrids at diakinesis revealed by GISH.

| 1] n others Pollen
fertility (%)
1A (L LA | e 1IRR IIAR e | mACC | MR | RRR | ARR | |AAR Total mean
PMCs tdev.st
average 2.7 203 | 0| 0.35% | 0.68° | 1.29° | 471 | 2.15%8 | 0.29° | 0.15 0.32 | 0.09 | 1.94 34 4.86+2.06
range 0-7 0-5 - 0-2 0-2 0-4 2-8 0-4 0-2 0-2 0-2 0-1 0-4
percentage | 88.24% | 82.35% | 0 | 29.41% | 47.06% | 73.53% | 100% | 91.18% | 20.59% | 11.76% | 26.47% | 8.82% -

I, univalent, Il bivalent, IIl, trivalent. I, IF, I€ indicate univalent belonging to the A, R, C genomes, respectively. I1**, 11FR indicate autosyndetic bivalent

formed between chromosomes of A, R genomes. II*% indicates allosyndetic bivalents formed between A and R chromosomes (Cui et al., 2012),
a.b. ¢ group significantly different by x2 —test, p<0.05.

https://doi.org/10.1371/journal.pone.0177470.t001
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C-C-R, in 8.82%, 26.47%, and 20.59% PMCs, respectively. The averages of the trivalents A-R-R
(0.32) and C-C-R (0.29) were comparable but significantly higher than that for A-A-R (0.09).
For C genome in diploidy state, the homologous pairings prevailed by forming bivalents in all
PMCs, but the number of bivalents varied in wide ranges (2-8) and averaged only 4.71, much
fewer than the theoretical value 9. Besides the allosyndetic trivalent C-C-R, the A-C-C type
appeared in 91.18% PMCs, with the maximum 4 and the mean 2.15. Moreover, it was the high-
est frequency (2.15) of allosyndesis resulting from the close relationship between A and C
genome. Notably, only two forms of allosyndesis (A-C-C, C-C-R) including two C-genome
chromosomes and one other were observed, and no A-C or C-R bivalents or C-R-R trivalent
were produced, possibly showing the priority of homologous pairing. Interestingly, the average
of the trivalents A-R-R (0.32) was significantly higher than A-A-R (0.09) which likely resulted
from the higher rate of R-R bivalents than A-A bivalents, or the A-genome chromosomes were
involved in the formation of the C-C-A trivalents; the higher rate of C-C-R (0.29) than A-A-R
were attributable to the more C-C bivalents than A-A ones.

Morphological, cytological characterization and AFLP analysis in the
BC;

In total 138 BC, plants were analyzed for morphological traits. Fewer hybrids showed strong
vigorous vegetative growth (Fig 4A). Majority of hybrids showed intermediate flower and leaf
morphology (Fig 4B); nevertheless, few of the hybrids had leaves with similar long petiole to
Brassicoraphanus (Fig 4C). Stamen development and pollen fertility varied among the hybrids,
majority were relatively fertile although a few of the hybrids were male sterile and had stunted
stamens (Fig 4D and S1 Table).

The cytological results indicated that the R chromosome was introgressed from F, to BC,
generation (Fig 4E and 4F). The chromosome composition of randomly selected two individu-
als (No. 43-22 and 44-13) of BC, showed a relatively regular and irregular pairing, i.e., chro-
mosome constitution of No. 43-22 was 2n = 38, 15A+5R+18C, while that of No. 44-13 was
2n =51, 18A+8R+25C. We observed that the number of chromosomes in No. 43-22 was less
than that of No. 44-13. Similarly, comparison of pollen germination and viability test indicate
No. 43-22 had significantly high pollen fertility (p<0.05) than No. 43-13, possibly due to
irregular chromosome complement of 44-13.

To determine the contribution of parental genomes in the backcross progeny, we randomly
selected 19 BC, individuals for AFLP analysis. By using 18 AFLP primer combinations, we
obtained 231 bands, of which 134 bands were polymorphic S2 Table. Similarity coefficient
among BC; generation ranged from 0.85 to 0.96, suggesting they have identical genetic com-
position (Fig 4G). Most BC; individuals (No. 42-2, 43-22 and 42-15) resembled HS5 than
Brassicoraphanus, and had relatively high pollen fertility. On the other hand, a few BC, indi-
viduals (43-15, 43-39 and 43-17) that resemble F; hybrid showed low (0-9%) pollen fertility.

Clubroot resistant test of the parental lines F; and BC;

We evaluated the parental lines ‘Brassicoraphanus (RRCC)’ and ‘HS5 (AACC)’, the F; hybrids
(ARCC) and BC; generation for clubroot resistance. The parental lines were inoculated with
four (4) pathogenic races of P. brassicae that are wide spread in China. Namely, P. brassicae
race No. 2, 4, 7 and 10. The root symptom evaluation of parent lines revealed that all Brassicor-
aphanus lines, had no symptoms of infection or gall development when tested with the 4 path-
ogenic races, consequently they were categorized as resistant (See methods and Table 2).
Conversely, the HS5 lines showed obvious signs of very high susceptibility to these pathogens
(Table 2). Due to difficulty in obtaining seeds after performing numerous crossing between
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AACC

RACC(4.86%)
42-12(16.67%)
43-9(8.00%)
43-15(0)
43-17(4.44%)
43-18(35.64%)
42-11(18.42%)
43-11(32.54%)
43-1(25.89%)
43-12(5.56%)
42-5(13.56%)
43-2(19.39%)
43-26(34.62%)
42-1(12.90%)
43-23(31.58%)
42-7(17.07%)
= 42-13(16.67%)
42-15(55.17%)

43-22(30.77%)
42-2(24.24%)

RRCC

T T T T T
0.64 0.72

080 T oss 0.96
Coefficient

Fig 4. Morphology, cytological and AFLP analysis of some BC, individuals and their parental lines. (A) BC, plants at full
bloom (bar: 15cm), (B) Flowers from HS5, seven different BC, individuals and F (left to right), (C) Basal leaves, (D) Longer
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stamen from the flower of B (bar 0.5cm), (E-F) Somatic cell from two randomly selected BC; individuals (bar: 10um). DAPI (blue)
and merged images are given for each cell (left to right). Red signals are from C genome green signals are from R genome in all
the cells (bar: 10um). (G) AFLP clustering analysis of two parental line, F4 hybrid and randomly selected BC, plants.

https://doi.org/10.1371/journal.pone.0177470.9004

the parental lines, F; and BC; resistance test was performed with only pathotype race No. 4 of
P. brassicae isolates since it is the most virulent pathogenic form of P. brassicae dominant in
China [30]. All the F; plants challenged with P. brassicae race No. 4, showed the same resistant
phenotype as the parental line “Brassicoraphanus (RRCC)” (Table 3). However, root symptom
evaluation revealed that BC; plants showed segregation phenotype to P. brassicae resistance
i.e., majority (106 out of 138 plants) of the BC, individuals showed no sign of infection or gall
development like the F; generation and were classified resistant (Table 3). On the contrary,
twenty-six (26) BC, plants had some disease symptoms i.e., small but visible galls on lateral
roots, while the remaining six (6) BC, plants showed high disease symptoms severity with
severe clubs on main roots (Table 3 and Fig 5B), consequently we classified both lines suscepti-
ble (Table 3). Taken together our result demonstrate that some of the BC; individuals are car-
rying R-genome fragments or region containing the clubroot resistant allele.

Clubroot resistant test of the BC, and pollen fertility of the resistant lines

We crossed the resistant BC; lines with HS5, and obtained 74 BC, population. To select the
resistant lines from BC, generation, all BC, lines and control line HS5 were planted in the field
severely infested with clubroot disease pathgentype of No. 4. The infection profile of the club-
root disease pathgentype of No. 4 indicate that 13.51% of 74 BC, individuals were immune to
the disease affection, which was significantly higher than that of control materials (3.06% of 98
plants, Fig 6), Also pollen fertility improved greatly in these progenies compared with BC;
ranging from 37.07%- 98.64%. Obviously, most fertile BC, individuals were like control line
HS5 (S3 Table and S1 Fig). However very few resistant BC, individuals (lines 17-2, 17-3, 17-
7,17-9) had low pollen fertility, while the rest had excellent pollen fertility which was still sig-
nificantly higher than that of control (S3 Table).

Discussion

Synthesized allopolyploids are important hybridization tool for chromosome manipulation
targeted at crop improvement [31]. In this study, we try to transfer clubroot resistance trait in
the R-genome of synthesized Brassicoraphanus (RRCC, 2n = 36) [3], to B. napus cv. HS5
(AACC, 2n = 38). This resistance originally was derived from Raphanus sativus clubroot resis-
tant type, and previously used by Mcnaughton (1973) [8] to synthesize intergeneric amphidip-
loids Brassicoraphanus and recently by Chen (2008) [3] to produce F, plants with good
fertility after several backcrossing. Our data demonstrate that we have successfully produced
F; hybrids (ARCC. 2n = 37) and BC; progenies that contain R-genome segments at the same
time resistant to clubroot disease pathogene P. brassicae (Table 3). To facilitate genetic charac-
terization of F; hybrid and the new clubroot resistance trait, we analyzed the frequency of
chromosome pairings in the F; hybrids and genomic composition of some BC; progenies by

Table 2. Qualitative classification of clubroot resistance of parental lines tested with different pathogenic race.

Pathogenic race 2 4 7 10
Plant materials RRCC HS5 RRCC HS5 RRCC HS5 RRCC HS5
Resistant 46 0 48 0 52 0 37 0
Susceptible 0 52 0 42 0 45 0 32

https://doi.org/10.1371/journal.pone.0177470.t002
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Table 3. Qualitative resistance of hybrids and BC, generation tested with race No. 4 of P. brassicae.

High Susceptibility Low susceptibility Resistant
HS5 42 0 0
RRCC 0 0 48
ARCC 0 0 5
BC, 6 26 106

https://doi.org/10.1371/journal.pone.0177470.t003

GISH and BAC-FISH [32]. additionally, shed light on the impacts of chromosome recombina-
tion rates of auto- and allosyndesis on the hybrid genomic structure, stability of the genomes
at the ploidy levels and hybrid morphology. Equally, the combination of molecular marker
analysis and pollen fertility assays provided a rare opportunity to study the inheritance of the
R-genome/chromosomes and clubroot resistance trait in the BC; progenies, underscoring the
usefulness of synthetic allopolyploids Brassica [3].

Fig 5. Clubroot resistant test with race 4. (A1) Root symptoms evaluation of HS5, hybrid and RRCC resistant characters (left to right, bar: 5cm), (A2)
Enlarged image of A1 (bar: 2.5cm). (B1) Root symptoms evaluation of HS5, randomly selected BC, individuals and RRCC (left to right bar: 5cm). (B2)
Enlarged image of B1 (bar: 2.5cm).

https://doi.org/10.1371/journal.pone.0177470.9005
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Recombination frequency of the R-genome in the F4 hybrid

Homeologous exchanges have been shown to drive introgressive hybridization in Gossypium
[33], and increase genetic variation observed for important agronomic traits like Fusarium head
blight resistance in durum wheat [34], beet cyst nematode resistance [35], and cytoplasmic male
sterility in Brassica [36]. In the present study, we analyzed the extent of homeologous exchanges
between the R and A genomes, in an interspecific F; hybrid (ARCC) produced from a cross
between Brassicoraphanus (RRCC, 2n = 36) and B. napus (AACC, 2n = 38). Our result showed
high homeologous recombination rate (73.53% of PMCs) between the R and A genomes of the
F, hybrid at diakinesis (Table 1). Similarly, half the number of R chromosome was inherited in
the F; hybrid (ARCC, 2n = 37, 10A+9R+18C), which implied a high potential of transferring
clubroot resistant gene from R genome into A or C genome of rapeseed. Homeology between
the genomes of Radish (RR) and Brassica species has been widely reported, and used to transfer
useful traits from Radish to Brassica species through both conventional and somatic hybridiza-
tion techniques [37]. For instance, Singh and co-workers reported that high frequent homeolo-
gous pairing was responsible for the genome affinity observed between A/C and Rr genomes

in an intergeneric F; hybrid between B. napus (AC, n = 19) and Raphanus raphanistrum (Rr,

n =9) [38]. Also, researchers have reported the transfer of a nuclear-encoded fertility restorer
(Rf) gene from R. sativus (RR) to B. napus (AACC) by synthesis of RRAACC hybrid by sexual
crosses [7, 37]. Equally, Arumugam and co-workers fused protoplasts of RC hybrid obtained
through sexual crosses between R. sativus and B. oleracea (male) with the protoplast of B. nigra
(BB) to produce three genome-hybrids RCBB with the aim of introgressing heat tolerance in
Brassica species [39]. Taken together our results and other studies confirmed that the transfer of
clubroot resistant alleles/genes from R. sativus to B. napus through homeologous recombination
between A, C and R genomes is eminently possible. Several cytological studies have shown high
frequency of homologous chromosome pairing among C subgenomes of Brassica species [14,
30, 38]. Our results showed that the C subgenomes in Brassicoraphanus (RRCC, 2n = 36) and

B. napus (AACC, 2n = 38) were in a disomic stage therefore it is not surprising that regular
homologous pairing occurred almost 100% in the PMCs in their F; hybrid.

Fig 6. Clubroot resistant test in disease field. Root symptoms evaluation of representatively selected
resistant BC, individuals and control plants HS 5 (left to right, bar: 5¢cM).

https://doi.org/10.1371/journal.pone.0177470.9006
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Considering amount of trivalents formed in the F; hybrid PMCs, our results showed the
R chromosomes could relatively pair with a bivalent C-genome (C-C-R, 0.29) and simulta-
neously with A-genome in trivalent combinations (A-R-R, 0.32., and A-A-R, 0.09), suggesting
a possible suppression of the PrBn (Pairing regulator in B. napus) locus [40]. It might be wor-
thy of mention that these results further validate the INRA-ogura CMS systems were Rfo genes
have been successfully transferred from radish into the C-genome of rapeseed [41-43]. In
addition, we noticed the chromosomes of A-genome paired easily with chromosomes of dip-
loid C-genome (C-C-A, 2.15), which is consistent with previous studies [44]. Finally, we have
provided the chromosomal evidence that the R-genome could be transferred to the A/C ge-
nome of B. napus (Table 1) which could be useful in B. rapa, B. carinata and B. juncea breeding
as demonstrated in other crops [45,46].

Morphology and pollen fertility of the F1 and BC;

Homeologous recombination can generate hybrid plants with novel genomic compositions
and useful phenotypes [47]. In the present study, we confirmed all F; plants to be hybrids with
intermediate morphology. Similarly, most of the morphological attributes of BC; progenies
were intermediate of their parents. Although, a few of the BC; plants had leaves petiole like
Brassicoraphanus (Fig 4B). Several studies have shown that reproductive barriers exist in the
intergenic or interspecific F; hybrids of Amphidiploids, probably due to, limited chromosome
homology, low rates of recombination, pollen abnormality, sterility or low fertility and hybrid
incompatibility [3, 48, 49]. In the present study, we found pollen fertility of the F; hybrids
highly abnormal (Table 1), even with a balanced chromosome composition of ARCC. Perhaps
this could explain the very low number of seeds (F,) obtained after the initial crossing between
the parental lines. Although the pollen fertility levels slightly increased in the BC, especially as
progenies recover to HS5 (Fig 4G), it did not eliminate the fertility problem (fewer seeds)
because the highest fertility rate among the BC,; individuals was about 21% (S1 Table) which
was considered low. In the future, we hope to overcome this barrier by performing repeated
backcrossing to HS5.

Clubroot disease resistance

Based on the result of qualitative classification, all Brassicoraphanus lines and F; hybrids were
resistant to clubroot disease (Tables 2 and 3). It follows that, qualitative classification revealed
about 77% of the BC; and 13.51% of BC, progenies were resistant to clubroot disease patho-
types race 4 (Table 3), and the pollen fertility of resistant BC, plants improved greatly, some of
which were similar to the control plants. For the reason, firstly, as reported by Japanese group
that clubroot resistance character is controlled by single dominant gene localized in Csr1 locus
[20]; and secondly, in BC, generations, the plants still have variant extra R chromosomes from
radish as revealed by GISH and confirmed by AFLP. Thirdly the chromosomes in BC, progeny
were very unstable, which resulted in the disappearance of R chromosome in BC,. Therefore,
it is tempting to speculate that the high frequency of resistance observed in the BC; generation
may due to a single dominant locus Although these results might be considered preliminary,
however, we have obtained reliable resistant BC, lines with normal pollen fertility. Therefore,
future work will focus on BC, lines with high pollen fertility and stable chromosome composi-
tion, carrying clubroot disease resistant locus, which is more suitable for QTL mapping.

Conclusion

In summary, we have successfully produced F, hybrid (ARCC. 2n = 37), BC, and BC, proge-
nies that show higher resistance to clubroot disease pathogenic P. brassicae. The current
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material allowed us, for the first time to demonstrate the translocation and introgression of R
genome from radish into rapeseed A/C genome background at a higher frequency of chromo-
some recombination. The clubroot resistant material generated in this work represents a
potential new genetic resource not only for combating P. brassicae, also other useful characters
can be exploited for Brassica breeding.
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