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Abstract

:

Genetic diversity analysis is a fundamental work for effective management and utilization of plant germplasm. Brassica juncea is an economically important crop, including both oilseed and vegetable types. In the present study, a total of 99 accessions of Brassicaceae family, including 84 mustard (50 oilseed and 34 vegetable types) in China and 15 other Brassicaceae accessions were evaluated for their genetic diversity using nuclear and mitochondrial molecular markers. All accessions were evaluated using 18 simple sequence repeats, 20 sequence related amplified polymorphisms, and 7 intron-exon splice junction primers, and in total, 232 polymorphic fragments were obtained. The unweighted pair-group method with arithmetic mean cluster analysis indicated that all accessions could be divided into three major clusters, with cluster I including all 50 oilseed mustard, cluster II including 34 vegetable mustard, and cluster III containing 15 other Brassicaceae accessions. The results of principal component analysis and population structure analysis were in accordance with the cluster result. Molecular variance analysis revealed that the genetic variation was 34.07% among populations and 65.93% within Brassica species, which indicates existence of considerable genetic variation among oilseed and vegetable B. juncea species. Based on an InDel and a SNP locus reported in B. juncea mitochondrial genome, all the 84 B. juncea mitochondrial genomes were divided into three mitotypes (MTs1-3), 22 accessions of MT1, 20 accessions of MT2, and 42 accessions of MT3. In addition, the results of the modified multiplex PCR, Indel and SNP could identify pol-, cam-, nap- (or MT4), Bol-, Bni-, Esa-, and In-cytoplasmic types in 15 other Brassicaceae accessions. Together, oilseed and vegetable B. juncea can be used for broadening the genetic background for each other.
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1. Introduction


Allopolyploid mustard (Brassica juncea L., 2n = 36, AABB genome) is an economically important crop in the U triangle model, which describes the relationship among three diploid species B. rapa (2n = 20, AA), B. nigra (2n = 16, BB), and B. oleracea (2n = 18, CC), and three allopolyploid species B. napus (2n = 38, AACC), B. juncea (2n = 36, AABB), and B. carinata (2n = 34, BBCC) [1]. B. juncea group contains both oilseed and vegetable types [2,3,4]. Oilseed B. juncea is mainly distributed in the Indian subcontinent, China, Canada, and Australia [4]. India has around six million hectares of land under oilseed mustard, and Canada is currently the second mustard producer after India. Vegetable B. juncea is widely distributed in China, and the degree of its variation and differentiation exceeds the B. rapa and B. oleracea of the Brassica genus [5]. Based on crop usage and morphology, B. juncea is mainly classified into four subspecies, namely, juncea (seed mustard), integrifolia (leaf mustard), napiformis (root mustard), and tumida (stem mustard) [6], and these four subspecies are further divided into 16 varieties [5,7].



The genome size of B. juncea is approximately 1068 Mbp [3,8,9], B. rapa is 529 Mbp [10], and B. nigra is 632 Mbp [11]. The complement of genome sequencing of B. juncea and its diploid progenitor species B. rapa and B. nigra provides a good platform for basic research in these crops. Analysis of chloroplast and mitochondria DNA has shown B. rapa to be the donor of cytoplasm to B. juncea [8,12,13,14]. Two hypotheses have been proposed on the issues of origin center of B. juncea, monophyletic and polyphyletic origin. A polyphyletic origin was proposed by various investigations implementing chemotaxonomy [15], nuclear DNA markers [16,17], and chloroplast genomic markers [18]. In contrast, Vavilov [19] proposed Central Asia (Afghanistan and its contiguous regions) as the primary center of the origin of B. juncea, and Asia Minor, central/western China, and eastern India as secondary centers of diversity. Recently, the hypothesis of single origin was strongly supported and updated on the basis of whole genome re-sequencing of B. juncea accessions in the world [3,4,8]. In addition, Kang et al. [8] proposed that B. juncea most likely has a single origin in West Asia (the Middle East), 8000–14,000 years ago, via interspecific hybridization via nuclear and organelle phylogenies of 480 accessions worldwide.



Genetic diversity analysis is of prime importance for plant breeding [20,21]. Various molecular techniques, including isozyme markers, restriction fragment length polymorphism (RFLP), random amplified polymorphic DNA (RAPD), amplified fragment length polymorphisms (AFLPs), simple sequence repeat polymorphism (SSRs), sequence related amplified polymorphism (SRAP), and whole genome sequencing technology have been used to assess genetic variation and diversity in B. juncea [4,16,17,22,23,24,25,26,27,28,29]. Extensive phenotypic and molecular marker-based studies on oilseed type of B. juncea have identified two major divergent gene pools, the gene pool of central and western India and eastern China, and the gene pool of central and western China, northern and eastern India, Europe, and Australia [17,18,22,24,30]. Studies on oilseed B. juncea accessions in southwestern, western, and Tibet of China showed high levels of molecular genetic diversity, these results were related to agro-ecological adaptations, geological and biological conditions [31,32,33,34,35]. Chinese vegetable mustard accessions were also shown to possess considerable genetic diversity assessed by RAPDs, AFLPs, SSR, SRAP, and inter-simple sequence repeat (ISSR) markers. However, cluster results based on molecular marker data were not fully in accordance with the traditional classification that was based on different edible organs of vegetable mustards and geographical origin of the tested accessions [25,28,36,37,38,39,40]. Sharma et al. [41] revealed a significant variation among 59 accessions of Indian leafy mustard in both qualitative and quantitative agro-morphological traits and molecular level. However, a few studies on the genetic relationships between oilseed and vegetable mustards have been conducted. Rabbani et al. [23] analyzed the genetic diversity and the relationships among a pane of mustard germplasm, including forty-one accessions collected from Pakistan, six oilseed cultivars/lines, and five Japanese vegetable cultivars and indicated that the clusters formed by the oilseed accessions were distinct from those by the vegetable accessions. Wu et al. [26] analyzed the genetic diversity of a collection of 95 accessions of B. juncea, which represented oil and vegetable mustards from China, France, India, Pakistan, and Japan by SRAP markers. They indicated that the level of genetic diversity within vegetable mustard was considerably higher than the level within oil mustard, and winter oil mustards were genetically more diverse than spring oil mustards. There are abundant mustard genetic resources in China, which are necessary to be characterized by more molecular markers.



In the present study, a collection of 99 accessions of Brassicaceae family, which included 84 mustard (50 oilseed and 34 vegetable types) from 14 provinces in China, and 15 other Brassicaceae accessions as references, were genetically characterized by nuclear and mitochondrial molecular markers. Our results indicated that there existed considerable genetic variation within and among oilseed and vegetable B. juncea species in China. Genetic exchange between oilseed type and vegetable type mustard promotes a high reward for the breeding of both oil and vegetable mustards. The findings will provide important scientific value for B. juncea genetic analysis and breeding.




2. Materials and Methods


2.1. Plant Samples


A total of 99 accessions from Brassicaceae family, including 84 mustard and 15 reference accessions (Table S1), were used for evaluation of their nuclear and cytoplasmic genetic diversity in the present study. These 84 mustard accessions were from 14 provinces in China and included 50 oilseed and 34 vegetable types. The 50 oilseed accessions contained 18 yellow- and 32 dark-seeded accessions. The 34 vegetable accessions included the most eight popular varieties of three subspecies (Table S1). For analysis of cytoplasmic diversity, six other accessions with known cytoplasm types were also included as references, hau CMS (B. juncea), nap cytoplasm (B. napus), pol cytoplasm (B. napus), ogu CMS (B. napus), ogu-NWSUAF CMS (B. napus), and cam cytoplasm (B. napus) [42,43]. All plant materials were provided by Rapeseed Research Center of Northwest A&F University, except for hau CMS, which was kindly provided by Prof. Jinxiong Shen, Huazhong Agricultural University. All the accessions were planted in the experimental field station of Northwest A&F University at Yangling, Shaanxi, China, on September 2019. Leaf samples were harvested from 15 seedlings and stored at –80 °C for later use.




2.2. Genomic DNA Extraction


Genomic DNA was isolated from young leaves by the cetyltrimethylammonium bromide (CTAB) method as described previously [44], the DNA pellet was dissolved in 50 μL TE buffer. To estimate the integrity and quality of the DNA samples, 2 μL DNA of each sample was loaded on 0.8% agarose gel for electrophoresis and observed under ultra violet (UV) light. The concentration of the DNA samples was measured using Epoch Microplate Spectrophotometer (Epoch, VT, USA) and diluted to 100 ng µL−1 before use.




2.3. Sequence Related Amplified Polymorphism (SRAP) Analysis


Twenty pairs of SRAP primers (Table S2) were chosen to analyze the tested accessions based on our laboratory’s previous work [45], and these primers were synthesized by Tsingke (Xi’an, China). PCR was performed in a 10 μL volume, including 1.5 μL DNA (100 ng µL−1) template, 1 μL (10 μM) of each primer, 5 μL 2× Taq PCR Master (Vazyme, Nanjing, China), and 1.5 μL ddH2O. The amplification program was performed in C1000 thermal cycler (Bio-Rad Co. Ltd., USA) following these steps: 5 min at 94 °C; 30 s at 94 °C, 60 s at 56 °C, 45 s at 72 °C, 40 cycles; and a final extension at 72 °C for 5 min. PCR products were run on 8% polyacrylamide (w/v) denaturing gel in 1× Tris-borate-ethylene diaminetetraacetic acid (EDTA) (TBE) and visualized by silver staining.




2.4. Simple Sequence Repeats (SSR) Analysis


SSR analysis was performed by PCR with 18 pairs of SSR primers (Table S3) [45]. The primers were selected based on high polymorphism and easy scoring. The SSR reaction system and its PCR product detection were the same as described for SRAP experiment. The PCR reaction was performed as follows: 1 min at 95 °C; 1 min at 94 °C, 1 min at 35 °C, 1 min at 72 °C, 5 cycles; 1 min at 94 °C, 1 min at 50 °C, 1 min at 72 °C, 34 cycles; and a final incubation at 72 °C for 7 min.




2.5. Intron-Exon Splice Junction (ISJ) Analysis


ISJ analysis was performed by PCR with seven pairs of ISJ primers (Table S4) [46]. The ISJ reaction system and detection were the same as in the previous study [46]. The PCR products were analyzed on 3% agarose gels and visualized under UV light.




2.6. Analysis of Differentiation of Mitochondrial Genomes


Mitochondrial genomes of the tested accessions were analyzed on the basis of mitochondrial molecular markers, which included cytoplasmic male sterility (CMS) genes-associated markers, Indel and SNP markers reported previously. First, an improved multiplex PCR detection method was used to detect CMS-related genes orf138 [47,48], orf222 [49], orf224 [50,51], and orf288 [52]. This method was modified from the original one [42], and included four pairs of primers, three of them from Zhao et al. [42], and one from Heng et al. [43]. These primers (Table S5) were synthesized by Tsingke (Xi’an, China). The PCR amplifications were carried out in a 20 μL volume, including 3 μL (100 ng µL−1) genomic DNA, 10 μL 2× Taq PCR Master (Vazyme, China), 0.8 μL (10 μM) of each primer, 0.6 μL ddH2O. The cycling condition for PCR was as follows: 94 °C for 5 min; 25 cycles of 94 °C for 30 s, 54 °C for 50 s, 72 °C for 45 s; and 72 °C for 10 min. The PCR products were analyzed on 1.5% agarose gels and visualized under UV light.



Previously, based on an InDel and a SNP locus in B. juncea mitochondrial genome, the B. juncea mitochondrial genomes were divided into three types (MTs1-3) [8,53]. All the accessions were detected for the 31 bp InDel by the PCR with the primer pair (Indel-F and Indel-R; Tsingke, Xi’an, China) (Table S6) according to the method described by Kang et al. [8]. The DNA containing the SNP site [53] was amplified by the PCR with the primer pair (SNP-F and SNP-R) (Table S6), and the SNP site (C-79573-A, according to JF920288) was detected by sequencing the target PCR fragment.




2.7. Data Collection and Analysis


All the experiments were carried out in two technical replications, and the strong, reproducible, and clearly distinguished bands for each sample were recorded in both replications.



For SRAP, SSR, and ISJ molecular marker analysis, in the case of the same position, presence is “1”, absence is “0”, and miss information is “9”. These data were used to construct a 0–1 matrix, and simple matching coefficients (SMC) were calculated from the matrix, SMC = a/(n − d), where a is the number of bands in common between two accessions, n is the number of bands in the matrix, and d is the number of bands absent in both accessions [54]. SMC was used to construct a dendrogram by the unweighted pair-group method with arithmetic mean (UPGMA) using DPS 7.5 [55] and MEGA-X [56]. For MEGA-X analysis, we set the parameters for tree construction by selecting Construct phylogeny program under Phylogeny in the menu of the main program interface, clicking the UPGMA method, and achieving the evolution tree diagram after confirmation [56,57]. The obtained cluster analysis map was further modified by the online iTOL software (https://itol.embl.de/ (accessed on 14 August 2021)). Principal component analysis (PCA) was performed with Dcenter and Eigen program in NTSYS-pc2.10 software (Exeter Software, Setauket, NY, USA) [58]. Population structure analysis was performed using software STRUCTURE version 2.3.4, and the application of recessive allelic model and hybrid model was used. The Markov chain Montecarlo after a length of burn-in period was set to 10,000 times, the number of population groups K was 1 to 10, and the number of iterations was 1 [59]. Analysis of molecular variance (AMOVA) was conducted using ARLEQUIN version 3.5 [60] to partition the total variation and test significance among and within populations. POPGENE version 1.32 software [61] was used to calculate the genetic parameters of each locus, including the observed number of alleles (NA), effective number of alleles (NE), Nei’s gene diversity (H), and Shannon’s information index (I).





3. Results


3.1. Level of Polymorphism


The selected twenty pairs of SRAP primers, eighteen pairs of SSR primers, and seven ISJ primers were used to genotype the ninety-nine Brassicaceae accessions in the present study. In total, 232 polymorphic bands were obtained by the three kinds of molecular markers. The 20 pairs of SRAP primers amplified 87 polymorphic bands. The mean of NA for SRAP was 1.702, with NA of the primer Em15Me8 being the highest (2.000), and the primer Em5Me24 being the lowest (1.303). The mean of NE was 1.476, with the highest of the primer Em10Me9 (1.777), and the lowest of the primer Em5Me24 (1.246). The means of PIC, H, and I were 0.667, 0.266, and 0.389, respectively (Table S2, Figure S1). The 18 pairs of SSR primers produced 101 polymorphic bands. The mean of NA for SSR was 1.673, with the primers BrgMS217 and BrgMS318 being the highest (1.980), the primer BrgMS343 being the lowest (1.131). The mean of NE was 1.673, with the highest of the primer BrgMS13 (1.850) and the lowest of the primer BrgMS343 (1.099). The means of PIC, H, and I were 0.747, 0.333, and 0.496, respectively (Table S3, Figure S2). The seven ISJ primers yielded 44 polymorphic bands. The mean of NA for ISJ was 1.689, with NA of the primer R2 being the highest (2.000), and the primer E2 being the lowest (0.197). The mean of NE was 1.669, with the highest for the primer R5 (1.796) and the lowest for the primer R4 (1.554). The means of PIC, H, and I were 0.768, 0.379, and 0.553, respectively (Table S4, Figure S3). The three types of molecular markers could effectively detect the genetic differences among the tested accessions, with the ISJ markers being the most powerful ones in terms of PIC, NE, H, and I parameters (Tables S2–S4).




3.2. Cluster Analysis


Based on the molecular marker data of 232 polymorphic bands produced by the SRAP, SSR, and ISJ primers, a dendrogram was generated using UPGMA method (Figure 1). As a result, the tested accessions in the present study were divided into three major clusters. Cluster I included 50 oilseed mustards, 18 of them were yellow seeded accessions. Cluster II included 34 vegetable-used mustards, all of them were dark seeded accessions. Cluster III included the 15 reference accessions (four B. napus, three B. oleracea, two each of B. rapa, B. carinata, and B. nigra, and one each of E. sativa and I. indigotica accession), one B. carinata accession (No. 94) was yellow seed (Figure 1, Table S1). The cluster I could be further divided into three subclusters. Subcluster I-1 included 22 oilseed mustard accessions, 11 of them were yellow seed; I-2 included 18 accessions, three of them were yellow seed; and I-3 contained 10 accessions, four of them were yellow seed (Table S1). Oilseed mustard accessions were basically classified according to their resource, but selection had a certain effect, and the same material was differentiated. For example, nine accessions (Nos. 4, 38, 39, 40, 41, 43, 44, 45, and 46), which were derived from the same original material, were clustered into two subclusters, with subcluster I-1 including three accessions (Nos. 38, 39, and 40) and subcluster I-2 possessing six other accessions (Nos. 4, 41, 43, 44, 45, and 46). Similarly, seven accessions (Nos. 25, 26, 27, 28, 29, 42, and 49) from the same original material were clustered into three subclusters, with subcluster I-1 including two accessions (Nos. 25 and 27), subcluster I-2 including two accessions (Nos. 26 and 28), and subcluster I-3 possessing three accessions (Nos. 29, 42, and 49). The cluster II could be further divided into six subclusters. Subcluster II-1 included ten accessions, eight of leaf type (B. juncea var. involuta and B. juncea var. strumata) and two of stem type (B. juncea var. tumida) accessions. Subcluster II-2 included nine accessions, seven of leaf type (B. juncea var. rugose and B. juncea var. multiceps) and two of stem type (B. juncea var. tumida) accessions. Subcluster II-3 contained eight accessions of leaf type (B. juncea var. rugose) accessions. Subcluster II-4 contained two accessions of stem mustards (B. juncea var. tumida). Subcluster II-5 included four accessions of root mustard (B. juncea var. megarrhiza). Subcluster II-6 included one accession of stem mustard (B. juncea var. gemmifera). Vegetable type mustards were roughly classified according to their edible organs, with some exceptions. For example, four accessions (Nos. 69–72) of B. juncea var. tumida were clustered into two subclusters, with two accessions (Nos. 69 and 70) in subcluster II-2, and two accessions (Nos. 71 and 72) in subcluster II-4. Similarly, two accessions of B. juncea var. gemmifera were clustered into two subclusters, with one accession (No. 83) in subcluster II-1, and one accession (No. 82) in subcluster II-6.



Principal component analysis (PCA) was carried out from the similarity matrix calculated from 232 SSR, SRAP, and ISJ molecular markers data. As a result, the first two principal components explained 16.95% and 10.31% of the total variations, respectively. The PCA result was generally similar to the cluster analysis (Figure 2). The PCA results divided the 99 accessions into three groups. Group I included 50 oilseed mustard accessions, group II 34 the vegetable-type mustards, and group III the 15 other Brassicaceae accessions.




3.3. Population Structure Analysis


Population genetic structure can represent the subgroup of a population. In the present study, the break point of the estimated Ln probability of data [Ln P (D)] was obtained when the K = 5 (Figure S4), thus, the 99 accessions were classified into five groups (G I–G V) with the highest reliability (Figure 3). G I included three accessions, one of B. carinata (No. 95) and two of B. nigra (Nos. 96 and 97). G II included 34 accessions of vegetable mustards. G III included 50 accessions of oilseed mustards. G IV included four accessions of B. napus. G V included eight accessions, three of B. oleracea, two of B. rapa, one each of B. carinata, E. sativa, and I. indigotica. In general, the structure diagrams of G II and G III were consistent with clustering and PCA results.




3.4. Analysis of Molecular Variance


On the basis of Brassicaceae accessions type, all the 99 accessions examined were classified into three groups, oilseed mustard (50), vegetable mustard (34), and other Brassicaceae accessions (15), for AMOVA. The results showed that 34.07% of the total variation was due to differences among populations and 65.93% variation was due to differences within populations, indicating that the major genetic variation of the species originated from the individuals within the population (Table S7). Analysis on the pairwise differences indicated that difference values within populations were greater than those between populations, that pairwise difference values within oilseed mustard (59.62041) were larger than within vegetable mustard (52.81462), and that the other Brassicaceae accession group (105.84762) was larger than the former two, for the 15 accessions in this group, including six different species of Brassicaceae family. Pairwise differences between three groups were similar, with a slightly larger difference (35.97280) between the vegetable mustard and other Brassicaceae groups (Table 1).




3.5. Analysis of the Cytoplasm Types by Mitochondrial Markers


Cytoplasm types of the tested accessions were analyzed on the basis of CMS-associated genes, Indel, and SNP located in the mitochondrial genome reported previously. In the first step, the improved multiplex PCR detection method, which included four pairs of primers (Table S5), was used to detect the cytoplasm type based on CMS-associated genes. As a result, the given cytoplasm type was associated with a specific combination of the respective PCR products (Figure 4) as previously reported [42,43]. Therefore, the modified multiplex PCR method could detect six cytoplasmic types (nap with orf222, pol A/Shaan 2A with orf224, ogu with orf138, ogu-NWSUAF with both orf222 and orf224, hau with orf288, and cam with a combination of 800- and 500-bp band) in one PCR reaction (Figure 4). The results showed that all the 84 B. juncea accessions had cam cytoplasm type. Among four accessions of B. napus, one (No. 86) had pol, one (No. 86) had cam, and two (Nos. 87 and 88) had nap type. Two accessions of B. rapa (Nos. 90 and 91) had cam type. Furthermore, the modified multiplex PCR method could detect unique band patterns in the tested B. oleracea, B. carinata, B. nigra, E. sativa, and I. indigotica accessions (Table S1, Figure S5).



In the second step, the mitotypes of the tested accessions were detected based on the InDel and SNP locus in B. juncea mitochondrial genome as reported previously [8,53]. First, the primer pair Indel-F/Indel-R (Table S6) amplified three different target bands of 251 bp (MT1/MT3), 282 bp (MT2), and 344 bp (MT4) in the tested materials (Figure 5). PCR products of some typical materials were sequenced and their sequences were aligned (Appendix S1, Figure 6).



Second, the primer pair SNP-F/SNP-R (Table S6) was used to amplify the materials with 251 bp (MT1/MT3) products in the above experiment. As a result, all these materials could amplify a band of 335 bp in length. Then, all the PCR products were subjected to sequencing to confirm the C-79573-A SNP locus (Appendix S1), with MT1 having C-79573, and MT3 having A-79573 [8]. The results showed that the oilseed mustard contained all three mitotypes, with 14 accessions having MT1, 20 accessions having MT2, and 16 accessions having MT3. Among the thirty four vegetable-type mustard accessions, eight accessions carried MT1, and twenty six accessions carried MT3. Except for the four root type accessions that carried MT1, and four leaf type accessions (Nos. 51–54, var. rugosa) that carried MT1 (Table S1 and Table 2).



In addition, the primer pair (Indel-F/Indel-R) could detect a unique band with 344 bp (MT4) in two B. napus accessions (Nos. 87 and 88) of nap cytoplasm, a band with 282 bp (MT2) in three B. oleracea accessions (Nos. 81, 93, and 94), and a band with 251 bp (MT1) in the remaining 10 Brassicaceae accessions (Figure 5 and Figure 6). Based on the results of the modified multiplex PCR, Indel, and SNP, among the four B. napus accessions, two (Nos. 87 and 88) had nap type (or MT4), one (No. 86) had pol type, and one (No. 86) had cam type. The two accessions of B. rapa (Nos. 90 and 91) had cam type. The three B. oleracea accessions (Nos. 81, 93, and 94) had Bol type. The two B. carinata and two B. nigra accessions had Bni type, and the one E. sativa had Esa type, and the one I. indigotica accession had In type.





4. Discussion


Genetic diversity analysis is the basic work for the effective management and utilization of plant genetic resources. B. juncea is an important crop, which includes oilseed and vegetable types [2,3,4]. In the present investigation, a panel of 99 accessions of the Brassicaceae family, including 84 mustard from 14 provinces in China and 15 other Brassicaceae accessions, was analyzed for their genetic diversity via nuclear and mitochondrial molecular markers. These 84 mustard accessions included 50 oilseed and 34 vegetable types of four subspecies in B. juncea [6]. The vegetable type included the eight most popular varieties of 16 subspecies reported in China [5,7]. The UPGMA cluster analysis based on the 232 polymorphic fragments produced by the 18 SSR, 20 SRAP, and 7 ISJ primers divided all accessions into three major clusters. Cluster I included 50 oilseed mustard, cluster II included 34 vegetable mustard, and cluster III contained 15 other Brassicaceae accessions. Cluster I and cluster II could be further divided into several subclusters. Generally, oilseed mustard accessions were clustered according to their resource, but selection has a certain effect, and vegetable mustard accessions were clustered according to their variety type. The results of principal component analysis and population structure analysis were in accordance with the cluster analysis. All the 84 mustard accessions have cam cytoplasm according to the improved multiplex PCR analysis, and have three mitotypes (MTs1-3) detected by the InDel and SNP markers associated with variations in the mitochondrial genome [8,53]. Our results indicated that there are considerable variations in the tested mustard accessions both at nuclear and cytoplasmic levels, and oilseed- and vegetable-mustards can be used for broadening the genetic background for each other.



To date, a few studies on the genetic relationships between oilseed and vegetable mustards have been carried out. Rabbani et al. [23] evaluated the genetic diversity and the relationships among a collection of 52 mustard accessions, including oilseed and vegetable types from Pakistan and Japan using RAPD markers. They indicated that the clusters formed by the oilseed collections and cultivars were distinct from those formed by the vegetable cultivars. Wu et al. [26] analyzed a collection of 95 mustard accessions (78 oil- and 17 vegetable-use) from China and abroad using SRAP markers. They showed that vegetable, spring oil, and winter oil mustard were clearly divided into three distinct groups, and the level of genetic diversity within vegetable mustard was considerably higher than the level within oil mustard. In the present study, we characterized 84 mustard accessions (50 oilseed and 17 vegetable types) from 14 provinces in China using three kinds of nuclear (SRAP, SSR, and ISJ) and mitochondrial molecular markers. Our results revealed that the genetic variation was 34.07% among populations and 65.93% within populations, which indicated the existence of considerable genetic variations among oilseed and vegetable B. juncea species (Table S7). The level of genetic diversity within vegetable mustard based on different types of molecular markers was similar to the one within oil mustard, and the pairwise difference value within oilseed mustard (59.62041) was similar to the one within vegetable mustard (52.81462) (Table 1). Our results were not fully consistent with the previous study [26], which might be attributed to different accessions and different molecular markers used in both studies.



Cytoplasm diversity analysis is also very important for plant breeding. DNA sequence variation located in the mitochondrial genome can be used to develop mitotype-specific molecular markers to exploit the cytoplasmic diversity in various crop plants. PCR markers based on different CMS causative genes had been developed for rapidly identifying cytoplasm in B. napus and B. rapa [42,62]. Heng et al. [43] identified 90 mitotype-specific sequences after comparative analysis of the six sequenced mitochondrial genomes (cam, nap, ole, pol CMS, ogu CMS, and hau CMS) in the Brassica genus. They developed 12 mitotype-specific markers and identified cytoplasm types of 570 different inbred lines across China. In the present study, we modified the original multiplex PCR assay by increasing one pair of primer specific to orf288 in hau CMS [42,43]. As a result, the modified multiplex PCR method could detect the six cytoplasmic types (nap, pol A/Shaan 2A, ogu, ogu-NWSUAF, hau, and cam) reported to date in one PCR reaction. However, all the 84 mustard accessions in China have cam cytoplasm. Fortunately, the modified multiplex PCR method could detect unique band patterns in the tested B. oleracea, B. carinata, B. nigra, E. sativa, and I. indigotica accessions, indicating that it could be exploited to identify the cytoplasm types of these Brassicaceae crops. Furthermore, based on the InDel and SNP loci in B. juncea mitochondrial genome [8,53], all the 84 B. juncea mitochondrial genomes were divided into three mitotypes (MTs1-3), with 22 accessions having MT1, 20 accessions having MT2, and 42 accessions having MT3. The 50 oilseed mustard accessions contained all three mitotypes. The 34 vegetable-type mustard accessions contained only two mitotypes (MT1 and MT3). Our results are generally consistent with those of Kang et al. [8] and You et al. [63]. Kang et al. [8] classified the MT genomes of 480 mustard accessions from 38 countries mainly into three types (MTs1-3) using the InDel and SNP loci [8,53]. In their study, 329 accessions of subspecies juncea contained three mitotypes [8]. All 14 accessions of subspecies tumida carried MT3. All 29 accessions of subspecies napiformis carried MT1. For subspecies integrifolia, one hundred and one of one hundred and eight accessions had MT3, one accession had MT1 (J301 from Anhui, China), and six accessions had Bra type. You et al. [63] further analyzed the mitotypes of a panel of 558 mustard accessions from 38 countries according to the InDel and SNP loci [8,53] and obtained similar results with those of Kang et al. [8]. In the present study, apart from the four root type accessions having MT1, four leaf type accessions also carried MT1 (Table 2 and Table S1). These four leaf type accessions (Nos. 51–54, var. rugosa) were collected from Ankang region in Shaanxi province, which is located in the Qinling-Bashan mountain, the border between the southern and northern China. The unique climate and geographical environment of this region have nurtured rich plant resources. Furthermore, in the present study, the primer pair (Indel-F/Indel-R) detected a unique band in two B. napus accessions (Nos. 87 and 88) of nap cytoplasm (Figure 5 and Figure 6), which is valuable for identification of cytoplasm type in B. napus accessions. In the future, an increasing number of uncharacterized mitochondrial genomes will be sequenced, and more mitotype-specific markers will be developed and used for identifying and differentiating different mitotypes in Brassica genus crops.



Intron-exon splice junction marker was first developed by Song et al. [46] and was found to be working well in cereals and other crops; however, to date, it has not been used in Brassica crops. In the present study, the three types of molecular markers (SRAP, SSR, and ISJ) could effectively detect the genetic differences among the tested accessions, with the ISJ markers being the most powerful one in terms of polymorphic information content, effective number of alleles, Nei’s gene diversity, and Shannon’s information index (Tables S2–S4).



In summary, our results indicated that there are considerable variations in terms of nuclear and cytoplasmic genomic levels in the tested Chinese mustard accessions, and oilseed- and vegetable-mustards can be used for broadening the genetic background for each other in the B. juncea breeding program.
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Figure 1. Cluster dendrogram of the 99 tested accessions constructed by simple sequence repeat, sequence related amplified polymorphism, and intron-exon splice junction molecular markers. The accession numbers are shown in Table S1. Different colored diagrams represent different species or subspecies of the Brassicaceae family, the red background stands for oilseed mustard (Group I); the orange background stands for vegetable mustard (Group II); and the turquoise background stands for references (Group III); different colored branches represent different subgroups. 
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Figure 2. Biplot of the first two major principal components extracted from simple sequence repeat, sequence related amplified polymorphism, and intron-exon splice junction molecular markers data. The accession numbers are shown in Table S1. Different colored diagrams represent different species or subspecies of the Brassicaceae family. 
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Figure 3. Population structure of the 99 tested accessions suggested by structure analysis (K = 5). Five colors represent five inferred groups (G I~G V). Each bar represents each accession. The estimated genetic fraction of each accession of each inferred group is indicated in different colors. The numbers under each bar are the accession numbers in Table S1. 
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Figure 4. The electrophoresis patterns of PCR products amplified with four pairs of primers for genes orf288 (1401 bp), orf222 (1102 bp), orf224 (747 bp), orf138 (465 bp). M, marker; lane 1, hau cytoplasm with orf288; lane 2, nap cytoplasm with orf222; lane 3, pol cytoplasm with orf224; lane 4, ogu CMS cytoplasm with orf138; lane 5, ogu-NWSUAF CMS cytoplasm; lane 6, cam cytoplasm; lane 7, No. 81 (Brassica oleracea); lane 8, No. 92 (B. oleracea); lane 9, No. 93 (B. oleracea); lane 10, No. 94 (B. carinata); lane 11, No. 95 (B. carinata); lane 12, No. 96 (B. nigra); lane 13, No. 97 (B. nigra); lane 14, No. 98 (Eruca sativa Mill); lane 15, No. 99 (Isatis indigotica Fort), respectively. 
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Figure 5. PCR amplification of the tested accessions using the Indel marker. M, marker; the accession numbers are shown in Table S1. 
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Figure 6. Sequence alignment of PCR products yielded by the Indel marker. B. juncea (MT1), Nos. 4 and 9; B. juncea (MT2), Nos. 13, 14, 15, and 16; B. juncea (MT3), Nos. 3, 12, 57, and 58; B. oleracea (MT2), No. 81; B. napus (MT1), Nos. 86, 89, and 90; B. napus (MT4), Nos. 87 and 88; B. rapa (MT1), No. 91. Blue areas represent the same base sequence. 






Figure 6. Sequence alignment of PCR products yielded by the Indel marker. B. juncea (MT1), Nos. 4 and 9; B. juncea (MT2), Nos. 13, 14, 15, and 16; B. juncea (MT3), Nos. 3, 12, 57, and 58; B. oleracea (MT2), No. 81; B. napus (MT1), Nos. 86, 89, and 90; B. napus (MT4), Nos. 87 and 88; B. rapa (MT1), No. 91. Blue areas represent the same base sequence.



[image: Agronomy 13 00919 g006]







[image: Table] 





Table 1. Population average pairwise differences.
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	Oilseed Mustard
	Vegetable Mustard
	Other Brassicaceae





	Oilseed mustard
	59.62041
	
	



	Vegetable mustard
	32.13425
	52.81462
	



	Other Brassicaceae
	31.54465
	35.97280
	105.84762







Diagonal elements, average number of pairwise differences within population (PiX). Below diagonal, corrected average pairwise difference (PiXY − (PiX + PiY)/2).
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Table 2. Summary of mitochondrial type of Brassica juncea accessions in the present study.
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Subspecies a

	
Variety b

	
Mitochondrial Type c




	
MT1

	
MT2

	
MT3






	
juncea

	
gracilis

	
14

	
20

	
16




	
integrifolia

	
rugosa

	
4

	
0

	
9




	

	
crassicauli

	
0

	
0

	
1




	

	
gemmifera

	
0

	
0

	
2




	

	
involuta

	
0

	
0

	
5




	

	
strumata

	
0

	
0

	
3




	

	
multiceps

	
0

	
0

	
2




	
napiformis

	
megarrhiza

	
4

	
0

	
0




	
Tumida

	
tumida

	
0

	
0

	
4




	
Total

	

	
22

	
20

	
42








a, Brassica juncea are classified into four subspecies according to Gladis and Hammer [6]; b, B. juncea are classified into 16 varieties according to Yang et al. [5]; c, the mitochondrial genome types of B. juncea are classified into three mitotypes according to Kang et al. [8].
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