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Crop brassicas include three diploid [Brassica rapa (AA; 2n = 2x = 16), B. nigra (BB; 2n = 2x = 18), and B. oleracea (CC; 2n = 2x = 20)] and three derived allotetraploid species. It is difficult to distinguish Brassica chromosomes as they are small and morphologically similar. We aimed to develop a genome-sequence based cytogenetic toolkit for reproducible identification of Brassica chromosomes and their structural variations. A bioinformatic pipeline was used to extract repeat-free sequences from the whole genome assembly of B. rapa. Identified sequences were subsequently used to develop four c. 47-mer oligonucleotide libraries comprising 27,100, 11,084, 9,291, and 16,312 oligonucleotides. We selected these oligonucleotides after removing repeats from 18 identified sites (500–1,000 kb) with 1,997–5,420 oligonucleotides localized at each site in B. rapa. For one set of probes, a new method for amplification or immortalization of the library is described. oligonucleotide probes produced specific and reproducible in situ hybridization patterns for all chromosomes belonging to A, B, C, and R (Raphanus sativus) genomes. The probes were able to identify structural changes between the genomes, including translocations, fusions, and deletions. Furthermore, the probes were able to identify a structural translocation between a pak choi and turnip cultivar of B. rapa. Overall, the comparative chromosomal mapping helps understand the role of chromosome structural changes during genome evolution and speciation in the family Brassicaceae. The probes can also be used to identify chromosomes in aneuploids such as addition lines used for gene mapping, and to track transfer of chromosomes in hybridization and breeding programs.
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INTRODUCTION

The genus Brassica (family Brassicaceae, with some 37 species) includes six major vegetable or oil crops: three diploid [B. rapa (AA genome composition, 2n = 20), B. nigra (BB, 2n = 16), and B. oleracea (CC, 2n = 18)] and three allotetraploid species [B. juncea (AABB, 2n = 36), B. napus (AACC, 2n = 38), and B. carinata (BBCC, 2n = 34)]. The allotetraploid brassicas evolved from pair-wise natural hybridizations between the three basic diploids. Although monophyletic, evolution of diploid Brassica genomes (A, B, and C) is complex (Lagercrantz and Lydiate, 1996; Lagercrantz, 1998). Inferences from comparative genome biology and phylogenetic reconstructions from whole genome sequences of brassica diploids are consistent with their common origin from an ancient paleohexaploid (γ event), followed by two whole-genome duplications (Wang et al., 2011; Zhang et al., 2018; Sun et al., 2019) and an additional whole-genome triplication (WGT), leaving extant brassica genomes as massively rearranged versions of an ancestral paleo-hexaploid genome. The chromosome structural changes resulted from chromosome breakages, fusions, inversions, and deletions after each cycle of polyploidy and diploidization (Schranz et al., 2006; Mandakova and Lysak, 2008; Schubert and Lysak, 2011). Despite the erosion of collinearity, high synteny and DNA sequence homologies continue to exist among Brassicaceae genomes (Tang et al., 2008; Cheng et al., 2012), representing regions with more conserved gene order or synteny blocks. There are 24 (A–X) conserved genome blocks (GBs) or ancestral karyotypes (AK) in the family Brassicaceae (Schranz et al., 2006). Each Brassica genome has three or six regions that are orthologous to Arabidopsis thaliana (Lysak et al., 2005, 2007; Cheng et al., 2014). These also harbor highly repeated sequences and complicated centromeric regions relative to A. thaliana (Lagercrantz and Lydiate, 1996; Lagercrantz, 1998; Lan et al., 2000; Chalhoub et al., 2014; Liu et al., 2014; Yang et al., 2016; Zhang et al., 2018). Though gene content evolution mirrored genome changes (Cheng et al., 2012; Tang et al., 2012), orthologs in the syntenic regions retained their functionality. Knowledge of syntenic genes and genomic regions among closely related species is important to explain genome diversification (Lyons et al., 2008). Furthermore, genetic exchanges in the regions of shared synteny are vital for mobilizing genes of interest across species domains, without precipitating non-compensating translocations. In silico analysis of DNA sequence data has been vital for the understanding of evolutionary mechanisms that framed structure of existing plant genomes (Salse and Feuillet, 2011).

Fluorescent in situ hybridization (FISH) is a powerful molecular cytogenetic technique to characterize karyotype variation at chromosome level by direct localization of repetitive DNA sequences on plant chromosomes (Jiang and Gill, 2006; Patokar et al., 2016; Song et al., 2020), enabling identification of chromosomes even in species with small and morphologically indistinguishable chromosomes, and comparison of chromosomal organization between species. However, such probes can be inconsistent in chromosome identification for multiplicity of repeat sequences and variations in their genomic locations (Mukai et al., 1993; Fransz et al., 1998; Kato et al., 2004; Danilova et al., 2012; Komuro et al., 2013; Koo et al., 2016; Amosova et al., 2017; Krivankova et al., 2017; Hou et al., 2018; Said et al., 2018), and repetitive DNA sequences with suitable genomic locations may not exist. BAC-based chromosome painting techniques have been used to construct high-resolution karyotypes (Kulikova et al., 2001; Pecinka et al., 2004; Zhang et al., 2006; Xiong and Pires, 2011; Wang et al., 2012) and identify chromosome structural variations (Lysak et al., 2005, 2006; Mandakova and Lysak, 2008; Idziak et al., 2011, 2014; Peters et al., 2012; Szinay et al., 2012; Mandakova et al., 2013). In a remarkable experiment, Lysak et al. (2006) explained the origin of each chromosome of A. thaliana relative to the ancestral n = 8 karyotype. These involved four chromosomal inversions, two translocations and three chromosome fusion events based on ordered BAC pools. Mandakova and Lysak (2008) also used multiple selected BACs as probes to explain monophyletic origin of the x = 7 tribes in Brassicaceae family through reduction of chromosome number from n = 8 in ancestral karyotype to n = 7, with different fusion and intrachromosomal inversion events. Mandakova et al. (2019) combined BAC-based chromosome painting, genomic in situ hybridization (GISH) and multi-gene phylogenetics to explain the role of post polyploidy chromosome structural variation in the origin and evolution of the Camelina sativa polyploid complex. However, identifying genetically mapped BACs with complete genome coverage is a challenge in most species; repetitive DNA sequences in the target DNA and BAC probes can cause non-specific hybridization. Development of repeat-free probes has proved difficult in some species (Bertioli et al., 2013), although in some cases repetitive DNA, particularly derived from repetitive DNA, may be valuable to identify different genomes in hybrids (Santos et al., 2015; Huang et al., 2020).

Use of massive pools of short synthetic oligonucleotides as probes for chromosomal in situ hybridization can allow design of probes to label any part of a chromosome as a band, or be designed to label (“paint”) a complete chromosome (Beliveau et al., 2015; Braz et al., 2018; Šimoníková et al., 2019). The oligonucleotide libraries use a defined set of unique sequences, selected in silico out of assembled genome sequences with chromosomal region specificity. These are highly sensitive and provide consistent chromosome labeling and signal intensity. Synthesis and labeling of massive oligonucleotide pools typically require thousands of oligonucleotides, 20–100 bp long. Their synthesis is now possible with a range of newly available commercial sources (Affymetrix, Combimatrix, Twist, inkjet printing/Agilent, and Mycroarray/Arbor Biosciences), using whole genome draft assemblies to anchor genome sequence information directly to chromosome topographies for getting a phylogenetic view of species. We expect this approach to provide a correct view of evolutionary relationships among species as single copy genomic regions are used to develop oligonucleotide pools. oligonucleotide libraries have been used as robust FISH probes in many plant species to construct molecular cytogenetic karyotypes (Braz et al., 2018; Meng et al., 2018), characterize chromosomal rearrangements and visualize homoeologous pairing among related species (Han et al., 2015; Qu et al., 2017; Xin et al., 2018) and integrate pseudomolecules of reference genome sequence of Musa acuminata spp. malaccensis “DH Pahang” to individual chromosomes in situ (Šimoníková et al., 2019).

Here, we aimed to develop an easy, robust and efficient oligonucleotide based cytogenetic toolkit for consistent and reproducible characterization of chromosomes or their structural variants in Brassica. Karyotype construction in Brassicaceae family has been challenging because of small chromosome size and the absence of cytological landmarks. The probes are useful for determining chromosome evolution or homology in the family Brassicaceae and applicable in genomic studies and in plant breeding aiming to exploit the germplasm pool. These probes allow comparative studies using oligonucleotides from conserved DNA sequences from one species in other genetic related species. We constructed four oligonucleotide libraries from 18 identified regions of B. rapa assembled genome sequence and tested them to identify all chromosomes of A, B, C, and R (Raphanus sativus) genomes. Our probes could also differentiate chromosome arms and pre-existing translocations in a commercial genotype of B. rapa. We also report an improved method for immortalization of oligonucleotide libraries to optimize the cost of oligonucleotide paints, which can otherwise be expensive or require demanding optimization.



MATERIALS AND METHODS


Plant Materials

Brassica rapa, B. nigra, B. oleracea, and Raphanus sativus were used for comparative FISH analysis. Seeds of B. rapa ssp. chinensis cv. Chiifu-401 (pak choi or Chinese cabbage) were obtained from the University of Warwick, United Kingdom and B. rapa ssp. rapa cv. Turnip Purple Top Milan was sourced from Mr. Fothergill’s Seeds, United Kingdom. Other seeds of B. nigra, B. oleracea, and R. sativus were from the germplasm collections maintained at Punjab Agricultural University, Ludhiana, India.



Design of Oligonucleotide Pools

Four different sets of oligonucleotide pools were designed, each one labeled with a different fluorophore to create a multi-color barcode for identification of individual B. rapa chromosomes (Supplementary Table 1). One to three ranges of 0.5–1 MB in size were selected from different regions (sub-telomeric, intercalary, or sub-centromeric) of the DNA sequences of all of the 10 chromosomes of B. rapa (2n = 2x = 20) to create unique chromosome specific hybridization patterns upon simultaneous hybridization with four oligonucleotide sets. We downloaded chromosome assemblies of B. rapa cv. Chiifu-401 (synonyms Chiffu and Chifu) V_2.5, B. oleracea V_1, Raphanus sativus V_1 from the public Brassica database (BRAD1). The B. nigra chromosome assembly was kindly provided by Isobel Parkin (Saskatoon; Perumal et al., 2020). Linux command lines were used to split the target regions for probe design into 47 bp fragments with a 3 bp gap to prevent potential steric interference by adjacent oligonucleotide probes during in situ hybridization. We retained fragments with 30–66% GC content. oligonucleotides were further screened in sequential steps against all known repetitive sequences, including rDNA, chloroplast, published repeats (pBo, pBc families; Harrison and Heslop-Harrison, 1995) and a new repetitive motif library developed from unassembled, raw Illumina reads. Frequencies of all 32-mers (k-mer) were calculated, and the most abundant 5,000 were concatenated. Any 47-mer oligonucleotides mapping to approximately 28 of more bases of the concatenated sequence were discarded. We also tested against highly repetitive motifs from graph-based clustering of the raw reads using RepeatExplorer (Novak et al., 2013) to remove further repeats. The depleted libraries were then mapped back to published whole genome sequences (Bowtie2). Firstly, in B. rapa, any oligonucleotides mapping outside the target region were discarded (Figure 1) and primers added for PCR amplification for some pools (Figure 2). Reads from the target region were then mapped to reference with B. nigra chromosome to select sequence(s) common between the species occurring only in homoeologous and syntenic genome regions (Figure 3). Final oligonucleotides sets were also mapped to B. oleracea and R. sativus and in some cases screened against inclusion of repetitive sequences from these species that were less abundant in the source B. rapa genome. In silico hybridization simulations showed characteristic binding patterns of four oligonucleotide libraries to the genomes A, B, C, and R. Dot-plots were constructed among various chromosomes belonging to different genomes around the regions where probes were hybridizing to estimate degree of similarity and identify any rearrangements or major sequence insertions between the species (Figure 3).
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FIGURE 1. Pipeline for designing of synthetic oligonucleotide libraries (Table 1) to chromosome loci. After generating 47 bp oligonucleotides (“oligos”) from the target regions, those with ambiguities or extreme GC-content, or that hybridize (assessed by mapping in silico) to repetitive sequences and non-target chromosomes, are discarded. The final pool has oligonucleotides hybridizing specifically to the target chromosomal regions.
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FIGURE 2. Flowchart depicting procedure for amplification of oligonucleotide libraries (immortalization). The oligonucleotides (Figure 1) are synthesized with 5′ and 3′ primers and amplified by PCR using one labeled and one unlabeled primer. After restriction enzyme digestion to remove the unlabeled end complementary to the reverse primer, the labeled product is hybridized to chromosome preparations.
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FIGURE 3. Dot plots depicting similarity between (a,b) oligonucleotide pool of 47-mers labeled with Atto550 and B. rapa chromosome A03 (1.0 gramene.org, y-axis): gaps show regions where nucleotides have been deleted by the selection procedure; and comparing A03 with (c) B. oleracea C03 and (d) Raphanus sativus R06. Diagonal lines show regions of high similarity where oligonucleotide probes would hybridize to both genomes, while gaps indicate insertions in one of the genomes or regions of lower homology.




Immortalization of Oligonucleotide Libraries

Oligonucleotides were designed with addition of a 20 bp 5′ primer annealing site (complementary to T7 primer), 47 bp of the unique oligo, and a 20 nt 3′ primer annealing site containing Sau3AI restriction site (GATCTCTGCATCTAGTAATG) (Figure 2). Unlabeled oligo libraries were ordered from Arbor Biosciences (Ann Arbor, MI). Each synthesized library contained 100 ng of DNA. These libraries were amplified and labeled simultaneously using PCR. Briefly, the PCR mixture of 50 μl reaction included 1 pmol DNA from the oligo library pool, 25 μM each of F (T7 primer 5′end labeled with the fluorochrome Cy5) and R (CTAGAAGTTACTGAGAGATC) primers, (underlined sequence depicts Sau3AI restriction site), 40 mM dNTPs, 1 unit of Platinum SuperFi DNA Polymerase in 5X high fidelity (HF) buffer and enhancer. The reactions were cycled as: 98°C for 30 s, 2x (98°C for 30 s, 59°C for 10 s, and 72°C for 10 s), continuing with a 2°C reduction each cycle till 53°C, 15–20x (98°C for 10 s, 53°C for 10 s, and 72°C for 10 s), 72°C for 1 min then held at 15°C. After amplification, the PCR product was digested with Sau3AI (Figure 2) to remove 3′ primers. Digested product was then purified using commercially available cycle purification kit of DNA from Omega and used as a probe for in situ hybridization.



Chromosome Preparations and in situ Hybridization Protocol

Metaphase chromosome preparations and in situ hybridization was performed according to Schwarzacher and Heslop-Harrison (2000) with minor modifications. The most stringent post-hybridization washes were carried out in 0.1X SSC at 42°C. The custom synthesized and labeled oligonucleotide library pools were directly used as FISH probes. Preparations were counterstained with DAPI in VectaShield antifade solution. The slides were examined and FISH images were captured using a Nikon Eclipse N80i fluorescent microscope equipped with a DS-QiMc monochromatic camera (Nikon, Japan). Raw images were processed with Adobe Photoshop using only functions that affect the whole image equally.



RESULTS


Development of Oligonucleotide-Based Probes for Chromosome Identification in Brassica

We designed oligonucleotides from 18 different regions of B. rapa genome (BRAD B. rapa Version 2.5) using the strategy outlined in Figure 1. Genome coordinates for 18 identified regions are available in table 1. Each chromosomal region comprised 1,997–5,420 oligonucleotides, spanning over 500–1,000 kb (Table 1). Three libraries were custom synthesized and labeled with dyes Atto488-Green, Atto550-Red and Atto594-Yellow for use as robust probes. We also amplified an unlabeled library and labeled it with Cy5-Far Red, using standard PCR techniques (without an RNA intermediate) to develop an immortal probe. We retained 63,787 oligonucleotides (47 bp long) in four libraries (27,100, 11,084, 9,291, and 16,312 oligonucleotides, chromosomal locations and sequences shown in Supplementary Table 1). Simulated hybridization of oligonucleotides with whole genome sequence of B. rapa produced results in form of 18 intense peaks on ten chromosomes of B. rapa. The designed oligonucleotide-pools generated 18 distinct FISH signals on 10 chromosomes of B. rapa (chromosomes A01–A10) and the characteristic hybridization patterns identified all individual B. rapa chromosomes. Importantly, all the regions used for probe design gave signals. We also tested transferability of A genome probes to other brassica and radish genomes (Figures 3a–d). Simulations had earlier shown that the same oligonucleotide sets could depict 16, 18, and 18 sites in B (B. nigra), C (B. oleracea), and R (R. sativus) genomes respectively. The position (along the chromosome between centromere and telomere), intensity (number of probes with high homology) and width (region showing many probes hybridizing) of the respective peaks differed from those observed for A-genome. As an example, chromosome C01 showed the same two peaks as recorded in A01, in the same order between telomere and centromere (Figures 4A,B). The first peak, observed by hybridization of probes, complemented a region 4 Mbp from the start of chromosome A01 and 4.8 Mbp from start of C01. Hybridization of the probes produced the second peak on A01, with a region initializing at 29.5 Mbp from the start; C01 produced this peak at 34.5 Mbp. The number of probes predicted to hybridize


TABLE 1. Details of design of synthetic massive oligonucleotide pools at each chromosomal locus (A, B, and C genomes and chromosomes number), with start and end position along the sequence and this span, the number of oligonucleotides (oligos) designed, density of oligonucleotides over the region, and fluorochrome label used.
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FIGURE 4. Coverage graphs (stacked bars below chromosomes) depicting hybridization simulations of oligonucleotide libraries made from the B. rapa A genome on chromosomes (A) A01, (B) C01, (C) C04, (D) A04, and (E) A05. Sites are only within target regions on the A genome chromosomes as expected from the design strategy, but a few hybridization sites are seen elsewhere on C genome chromosomes (B,C).


at the peaks in C01 was lower than those observed in A01 by around a factor of two, presumably because of divergence of the low-copy sequences in the region. Chromosome C01 is slightly longer than A01 (by about 5 Mbp). The first C01 signal peak was wider than the A01 equivalent, suggesting multiple insertions in C01 regarding A01. However, the second C01 peak was narrower, indicating sequence expansion of A01 relative to C01. C04 peaks shared some similarities with peaks of both A04 and A05, although the relationship between these chromosomes was not as strong as observed between A01 and C01 (Figures 4C–E). In both A04 and C04 the first peak hybridized with the same oligonucleotides, although the hybridization occurred in C04 further into the chromosome by approximately 7.4 Mbp. The sequences on the A05 peak were also present in C04, in a different location and in reverse orientation. Both C04 peaks had low signal intensity, showing divergence. The homoeologous chromosomes have evolved through insertions, deletions and translocations (and also through repetitive sequence homogenization, although this evolutionary mechanism would not be detected by the low-copy oligonucleotides). A dot-plot shows the locations of the 47 bp oligonucleotides on the chromosome-of-origin for a section of B. rapa chromosome A03 (Figures 3a,b) with gaps showing oligonucleotides that were deleted by the selection procedure in Figure 1. Additional dot-plot analyses show the comparison of the A03 chromosomes, with insertions (gaps) and regions of weaker and strong homology with (diagonal lines) (Figures 3c,d) with B. oleracea C03 and Raphanus sativus R06. Differences in the location, size and intensities of the peak signals allowed identification of all chromosomes of A, B, C, and R genomes (Figures 5A–D). In silico developed ideotypes also revealed chromosomal rearrangements such as translocations and fusion events for genome coordinates used for probe synthesis (Figures 6A–Q). As allotetraploid Brassica species evolved from the direct pairwise hybridizations between three diploid species, so the synthesized probes can be efficiently used to identify all chromosomes of B. juncea, B. carinata, and B. napus.
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FIGURE 5. Predicted ideotypes of (A) B. rapa (A genome, 2n = 2x = 20) (B) B. nigra (B genome, 2n = 2x = 16), (C) B. oleracea (C genome, 2n = 2x = 18), and (D) R. sativus (R genome, 2n = 2x = 18) showing sites of hybridization of the four oligonucleotide libraries (red, yellow, green, and cyan) on diagrammatic chromosomes.
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FIGURE 6. (A–Q) Predicted structural chromosomal rearrangements among cultivated genomes of Brassica based on sequence data and locations of hybridization of the four oligonucleotide libraries.




Comparative in situ Studies Using Developed Oligonucleotide-Based FISH Probes

Chromosomal in situ hybridization of the oligonucleotide probe pools on four diploid species B. rapa (cultivars Chiffu-401 and Purple Top Milan), B. nigra, B. oleracea, and Raphanus sativus validated the predicted outcomes. FISH signals derived from the four probes matched exactly to the patterns predicted in B. rapa Chiffu-401, B. nigra, and R. sativus (Figures 7a–d, 8a–h). With B. oleracea, one library (Atto 550, red) produced a pair of extra signals (Figure 8e). This might result from a regional duplication in the genotype used for validation of oligonucleotide probes, based on publicly available genome sequence of B. oleracea, or possible a small duplication that was not assembled. Notably, one commercial cultivar of B. rapa (turnip Purple Top Milan) exhibited a translocation with the yellow-colored library for Chiffu-401 (Figure 8h). Thus, these oligonucleotide libraries detect chromosomal translocations and duplications in different cultivars belonging to the same species.
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FIGURE 7. In situ hybridization on mitotic chromosome spreads of B. rapa cv. Chiffu-401 using four oligonucleotide libraries. Chromosomes are stained blue with DAPI and oligonucleotide probe hybridization sites are seen in the other colors (a) green-Atto488, (b) red-Atto550 and green-Atto488 as dual color in situ, (c) yellow-Atto594, and (d) green-Cy5. Scale bars = 5 μm.
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FIGURE 8. In situ hybridization on mitotic chromosome spreads of B. nigra using four oligonucleotide libraries as Figure 7. (a) green-Atto488, (b) red-Atto550, (c) yellow-Atto594; B. oleracea (d) green-Atto488, (e) red-Atto550 (f) yellow-Atto594; R. sativus (g) red-Atto550; (h) B. rapa (cv. Turnip Purple Top Milan) yellow-Atto594 demonstrating presence of an intraspecific chromosomal translocation compared to B. rapa cv. Chiffu-401 (Figure 7c).




DISCUSSION

We were able to exploit the reference genome of B. rapa to develop massive oligonucleotide pools from 18 chromosomal regions containing only single-copy sequences (Figure 1 and Table 1). These probe pools can be used to identify unambiguously all chromosomes and chromosome arms of crop brassica (A, B, and C) and radish (R) genomes in a single in situ hybridization experiment (Figures 7a–d, 8a–h). Our probes recognized corresponding homoeologous chromosomes and regions across these species and thus are able to anchor sequence maps, check sequence assemblies, and identify chromosomal rearrangements including translocations, inversions and fusion/fission events occurring both within and between species. Our probes designed to specific regions are specific, robust, and identify all chromosomes, unlike repetitive DNA probes developed using repetitive DNA sequences (e.g., 5S, 45S, Cent Br1 and Cent Br2, PBrSTR, PBnSTR, PBoSTR, PBnBH35, and pBcKB4; Harrison and Heslop-Harrison, 1995; Snowdon et al., 1997; Fukui et al., 1998; Kulak et al., 2002; Lim et al., 2005, 2007; He et al., 2015; Xu et al., 2016; Wang et al., 2017; Sun et al., 2019). The in situ hybridization mapping results are largely in concordance with physical genome sequence maps of the four species, achieved by high-coverage (deep) sequencing including use of long-molecule and mate-pair approaches. In the future, the high-quality reference genome sequence will be used to identify genetic polymorphisms including SNPs (single nucleotide polymorphisms) by re-sequencing, Genotyping-by-Sequencing (GBS) or RNA-seq approaches with relatively low coverage. However, chromosomal rearrangements are unlikely to be detected by either shallow or selective sequencing approaches. Using the oligonucleotide pools, we were able to detect an intra-specific rearrangement between the reference sequence of B. rapa Chiffu-401 (pak choi) and turnip Purple Top Milan (Figure 8h). The presence of such a translocation would restrict the ability to exchange genetic materials between the B. rapa varieties by making hybrids to exploit the diversity present. Our probes also detect chromosome rearrangements that precipitated differentiation of Brassica species from the ancestral crucifer karyotype. Oligonucleotide based karyotypes facilitate aligning and numbering of chromosomes in integration with the linkage maps or physical maps, and will also help to improve the quality of genome sequence assembly via identification of gaps or duplications in assembled plant genomes.

The strength and distribution of oligonucleotide signals varied between four species depending upon differences in genetic relationships and genomic sequences, and the results were robust between experiments. Short probes such as the oligonucleotides are valuable in combination with immunolabeling of chromosomal proteins in recombination or chromatin studies (Sepsi et al., 2018). As per phylogenetic reconstructions, A and C genomes of Brassica are more closely related to each other than to B and R genomes (Prakash et al., 2009). In our results, we also found that the C genome chromosomes generated the more similar signals to corresponding A genome chromosomes suggesting greater sequences or genetic similarity. More dispersed or dissimilar signals were obtained on the chromosomes of B and R genomes. The developed probes will also facilitate development of cytogenetic stocks, especially chromosome addition and substitution lines by identifying the chromosomes. Such chromosome stocks are eminently viable in brassicas as these crops can tolerate chromatin gain or loss because of the buffering provided by their palaeopolyploid nature (Cheng et al., 2014; Alix et al., 2017). Random chromosome addition (Prakash et al., 2009) or substitution lines developed in brassicas are stable (Banga, 1988; Gupta et al., 2016), and likely to be of increasing value for breeding as they allow characterization of genes of agronomic and quality relevance.

Oligonucleotide pools will be of significant value for identifying and tracing alien introgressions in brassicas, since the conservation of the low copy sequences, unlike many repetitive DNA elements, is relatively conserved between the sequenced crops and wild species. The genome sequences and gene diversity of many wild Brassicaceae genomes are being studied to expand the genepool available to breeders. The use of alien introgressions and the characterization of recombinant chromosomes is known to be of value in wheat, using probes that label whole alien chromosomes (Patokar et al., 2016), not available in brassicas. In some cases, BAC (Bacterial Artificial Chromosome) probes carrying the genes of interest for introgression in the Brassicaceae can be used (Niemela et al., 2012), but few new BAC libraries are being characterized or even maintained in the 21st century, and the hybridization is difficult to optimize. Because the oligonucleotides are designed in largely single-copy regions of the genome, there is a relatively high conservation with well-studied Brassica genomes. The computational pipelines as described in Figure 1 would be able to identify oligonucleotides with homology to regions assembled from low-coverage reads by mapping the wild genome reads to a phylogenetically distant reference genome, while excluding repetitive genome regions from the wild genomes, without having a high-quality assembly. Furthermore, the strategy would enable design of probes related to regions of interest, for example to track introgression of regions carrying genes of interest in a breeding program involving backcrossing.

Use of synthetic labeled oligonucleotides is convenient and efficient in ensuring all the probes are similarly labeled. However, it is relatively high-cost, requiring some 10 pmol of each probe, so for four labels costing more than United States $100 per slide. Amplification of the oligonucleotides via PCR makes the cost of probes, once synthesized, less prohibitive. Previous approaches have recommended oligonucleotide amplification via an RNA intermediate and extensive optimization of emulsion PCR steps which were not required with the two-step cycles and high denaturation temperature used here. We could show amplification of DNA probes via a robust PCR method to generate hundreds of ng of product from a few picomoles of oligonucleotide-pool. Theoretically, amplification can be selective and there may be self-priming products, but our results here showed no obvious differences using probes labeled during synthesis.

In conclusion, we could identify all Brassica chromosomes in the major A, B, and C genomes, with the use of massive pools of designed synthetic oligonucleotide probes. Following the design strategy including screening against new genome-wide, unbiased repetitive DNA sequence motifs, libraries can be made to target any appropriate chromosomal region. Appropriate designing of probes is critical as even a few repetitive motifs in the oligonucleotides, if not filtered out by the bioinformatic analysis can make the whole library less efficient.
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FOOTNOTES
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6.1
6.2
155
34.4
35
38.1
17.3
5.8
45
30
25
125
45
40.5
4.45

34.2
3.3
109
45.25
5.2
35

17.6
22
27.3

12.1
46
19

47.5
5.1
35
26

329
M8
26
52
39.2
34.9
37.5
10.4
20.2
29.6
6
26
26
3
13
26
35
232
22
79
40.3
52
75
11
36.7
17
128
29.6

The full set of sequences is given in Supplementary Table 1.

Number of oligos

1,997
2,253
3,858
2,976
2,245
1,287
1,361
2,000
1,530
2,393
653
1,003
1,294
1,006
1,083
5,420
4,615
4,512
3,906
4,794
3,853
2,023
1,057
1,076
1,225
1,453
1,060
4,020
1,759
2,119
1,844
583
2,667
1,513
973
9654
1,167
1,646
940
1,030
2,201
2,495
2,225
2,280
2,271
2,281
2,478
1,219
1,233
1,827
1,840
1,232
1,210
1,320
4,897
3,489
2,494
2,473
2,959
2,486
1,172
1,334
1,183
3,295
2,214
1,218
1,781
656
986
1,250
909
1,319

Chromosome

A03
A0S
A0B
A09
BO1

BO4
BO8
Cco3
C05
Co9
RO3
RO05
R06
RO9
AO1-1
AO01-2
A4
A0S
A09-1
A09-2
BOS
B06-1
B06-2
BO7-1
BO7-2
B08
CO1-1
C01-2
C04-1
C04-2

€08
Co9
RO1
RO1
RO1
R02
RO4
RO9
A6
Ao7
A10-1
A10-2
B02-1
B02-2
BO3
C06-1
C06-2
co7
C09
R04
RO7
RO9
A02-1
A02-2
A07
Acs-1
A08-2
BO3
BO4

BO7
C02-1
C02-2
C06-1
C06-2

co8

RO1

RO8
R09

AOB

A03
A0B
A09

A0S
A0B

AO01-1
A01-2
A4
A0S
A09-1
A09-2
A01-1
A0S

A01-2
A09-1
A09-2
AO1-1
A01-1
A4

A4
A09-2
A09-1

A0S
A09-2
A01-2
A01-1

A04
A09-1

A6

A7
A10-1
A10-2
A10-2

A0B

A07
A10-1
AOB
A10-2
AOB
A10-2

A02-1
A02-2

A08-1
A08-2
A07
A02-2
A02-1
A08-2
A02-1
A02-2

A08-2
A08-1
A02-2
A02-1
A08-1
A7

Span (kb)

1000
1010
1000
1000
500
800
1000
1600
1500
1300
500
1400
1200
600
700
500
500
500
500
500
500
450
500
300
400
600
600
800
300
800
700
100
600
250
500
400

400
800
400
1000
1000
1000
1000
1100
700
1500
900
900
1400
1500
1400
1100
1300
1000
1000
1000
1000
1000
1700
500
1700
1100
1100
1600
900
1300
800
900
1300
900
1300

Oligo density/kb

20
22
39
3.0
4.5
1.6
1.4
13
1.0
18
1.3
0.7
1.1
1.7
15
10.8
9.2
9.0
7.8
9.6
77
45
21
36
3.1
24
1.8
50
59
2.6
26
5.8
4.4
6.1
19
2.4
17
41
12
26
23
25
22
2.3
241
3.3
1.7
1.4
1.4
1.3
1.2
0.9
1.1
1.0
4.9
35
25
25
3.0
15
23
08
11
3.0
1.4
1.4
1.4
08
1.1
1.0
1.0
1.0
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