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Abstract

:

Radish is a root vegetable crop, and many F1 cultivars have been developed by exploiting heterosis. Considerable time and resources are required to test the performance and combining ability of F1 cultivars and parental lines; therefore, economical methods to identify them are needed before field tests. This study was conducted to determine the minimum number of markers needed to identify cultivars and elite lines. PCR-based markers were applied to radish cultivars and elite lines and selected based on chromosomal location, polymorphic information content, and allele frequency. The power of selected marker sets to detect genetically similar cultivars or elite lines was confirmed using cultivars with high genetic similarity and elite lines with the same parents. Eleven markers successfully identified not only all 105 radish cultivars tested but also cultivars with high genetic similarity reported in previous studies. Fourteen markers, including the nine among 11 markers for cultivar identification, also successfully distinguished all 115 elite lines tested, including ones with the same parents and separated at F2–F6 generations. The markers developed for the identification of radish cultivars and elite lines require only 11 and 14 markers, respectively, and simple PCR and gel electrophoresis instruments. This method is very simple and can be easily applied to other crops.
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1. Introduction


The radish (Raphanus sativus L., 2n = 18) plant is a biennial herbaceous vegetable crop in the Brassicaceae family and believed to be domesticated in the Eastern Mediterranean and Western Asia [1]. Radish is grown throughout the world, and many cultivars have been developed for better adaptability in different climates and growing seasons [2] as well as for the purpose of use. For example, there are many cultivars in Korea adapted to different growing seasons and regions [3], and developed for early harvesting (Yeolmu), dried leaves (Siraegi) and long roots for pickling (Danmuji) [4].



Cultivar identification is one of the important aspects of plant variety protection (PVP) systems. One hundred sixty-eight and 1839 radish cultivars are under PVP and registered in Korea, respectively [5]. The large number of cultivars made it challenging to identify cultivars solely based on their morphological characteristics. In addition, many parental lines have been used for developing cultivars, whose performance and combining ability have to be tested in the field, requiring considerable time and resources. Therefore, efficient and economic methods are necessary to identify cultivars and eliminate genetically similar or identical lines before morphological observation in the field.



Molecular markers to identify cultivars and elite lines should be inexpensive and easy to use, with high reproducibility [6]. Especially, the cost for genotyping can be the most important consideration for small seed companies and independent breeders. In radish, various marker systems were developed such as amplified fragment length polymorphism (AFLP) [6,7,8], random amplified polymorphic DNA (RAPD) [9,10], inter-simple sequence repeat (ISSR) [10], and simple sequence repeats (SSR) [11,12,13]. However, AFLP requires a time-consuming process [14], RAPD suffers from low reproducibility between laboratories [15,16], and ISSR reveals relatively low polymorphism [17]. SNPs and SSRs can be the methods of choice, but they require expensive equipment for genotyping. Besides, recently developed SSR systems could not distinguish cultivars perfectly [11] and often required a large number of markers [12,13].



For developing economic and efficient methods to identify cultivars and elite lines, it is necessary to develop the minimum number of markers, requiring no expensive genotyping methods. PCR-based markers with conventional gel electrophoresis may be the economic method of choice for small companies or independent breeders due to its simple process and no requirement of expensive equipment. In addition, most marker systems for radish cultivar identification were not developed using the information on genomic locations of markers, with few exceptions [13,18]. It is necessary to develop markers that (1) are evenly distributed in the genome using the genomic information to accurately identify radish cultivars and elite lines, and (2) require the minimum number of markers and no expensive equipment for efficient genotyping.



Here, we report an economic and efficient marker system to identify radish cultivars and elite lines with the minimum number of markers and simple processes. The marker sets require only 11 and 14 primer pairs (nine pairs in common) for identifying cultivars and elite lines, respectively, and no expensive equipment for genotyping, making them appropriate for small seed companies and independent breeders who have limited facilities for genotyping.




2. Materials and Methods


2.1. Pre-Selection of Molecular Markers Showing Polymorphism among Radish Cultivars


2.1.1. Plant Materials and DNA Preparation


Twelve radish cultivars, comprised of three spring, summer, autumn, and winter cultivars, respectively, were used for initial polymorphism detection: ‘Sincheongilpum’,‘Sambakja’ (Farm Hannong, Seoul, Republic of Korea), and ‘Cheongilchun’ (Asia Seed, Seoul, Republic of Korea) for spring, ‘Kwandongyeorum’ (Farm Hannong, Seoul, Republic of Korea), ‘Mansahyeongtong’ (Nongwoo Bio, Suwon, Republic of Korea), and ‘Manchudaepung’ (Kwonnong Seed, Cheongju, Republic of Korea) for summer, ‘Cheongun’ (Farm Hannong, Seoul, Republic of Korea), ‘Seohogold’ (Nongwoo Bio, Suwon, Republic of Korea), and ‘Chamjoeun’ (Syngenta Korea, Seoul, Republic of Korea) for autumn, and ‘Cheongjeonggowon’, ‘Nongwoo Osari’ (Nongwoo Bio, Suwon, Republic of Korea), and ‘Gyeouldaechan’ (Farm Hannong, Seoul, Republic of Korea) for winter cultivars. To extract DNA, the seeds were sown in plug cell trays in a greenhouse, and after three weeks, leaves about 4 cm in length were used for DNA extraction by the modified CTAB DNA extraction method [19]. DNA quantity and quality were determined using a UV spectrometer (DS-11, DeNOVIX, Wilmington, DE, USA).




2.1.2. Amplification of Genome-Anchored Markers


The 36 markers from Kang et al. [18] were applied to 12 radish cultivars. PCR was performed with a 20 μL reaction volume containing 20 ng of genomic DNA, 0.5 μM of forward and reverse primers, and 5.0 μL of AccuPower® Taq PCR PreMix (K–2601, Bioneer, Daejeon, Republic of Korea). PCR conditions were an initial denaturation at 95 °C for 5 min, 35 cycles at 95 °C, 53–56 °C, and 72 °C for 30 s, and a final extension at 72 °C for 5 min. The amplicons were separated on 1.5% agarose gels in 0.5× TBE buffer and visualized using Loading Star (Dyne Bio, Seong-Nam, Republic of Korea).




2.1.3. Cluster Analysis


Markers showing polymorphisms among cultivars were subjected to cluster and principal coordinate analyses (PCoA) to evaluate the genetic relationships among 12 radish cultivars. A binary matrix from coding 1 or 0 for the presence or absence of amplicons, respectively, was used to generate a distance matrix using Jaccard’s similarity coefficient [20]. The dendrogram was generated by the unweighted pair-group method using the arithmetic average (UPGMA) protocol from the software package NTSYS-pc version 2.21p [21]. PCoA using DCENTER and EIGEN procedures in NTSYS-pc was applied to visualize the genetic similarity among the radish cultivars [21].





2.2. The Development of a Minimum Number of Markers for Identifying Cultivars and Elite Lines


2.2.1. Plant Material, DNA Preparation and Genotyping


A total of 105 radish cultivars (Table S1) and 115 elite lines (Table S2) were used for selecting the minimum number of markers to identify cultivars and elite lines, respectively. The methods for genotyping and cluster analysis were previously described in Section 2.1.2 and Section 2.1.3, respectively.




2.2.2. Phenotype Observation of Elite Lines


The phenotypic variations of elite lines were investigated according to the definition of the radish test guideline prescribed by the Korea Seed & Variety Service (http://www.seed.go.kr (accessed on 1 May 2020) in the experimental plot of Farm Hannong Breeding Research Institute, Anseong, Korea (37°04′75″ N, 127°19′95″ E) for two years. Root shapes were investigated and classified based on 12 categories: narrow triangular, medium triangular, ovate, acicular, oblong, narrow elliptic, medium elliptic, circular, medium oblate, narrow oblate, obovate, and bell shaped.




2.2.3. Selection of the Minimum Number of Markers


First, 21 markers (Table S3) showing polymorphism among 12 cultivars were applied to 105 cultivars and 115 elite lines. Second, the informativeness of markers was calculated by the polymorphic information content (PIC) using the following equation:


    PIC  i  = 1 −   ∑   n = 1  n  P  i 2   








where n is the sum of the number of different alleles at a locus and Pi is the frequency of the ith allele [22]. Third, nine markers showing the highest PIC values or having the highest number of alleles (in the case of chromosome 1) in each chromosome were initially chosen, and an UPGMA dendrogram was generated separately using 105 cultivars and 115 elite lines with two kimchi cabbage cultivars as outgroups. Fourth, the remaining markers with the highest PIC values were added one by one until all 105 cultivars and 115 elite lines were distinguished in the UPGMA dendrogram. If the markers had PIC values less than zero but high allele frequencies, they were included. The population structure of the cultivars was investigated using the STRUCTURE program (Pritchard Lab, Stanford University, Stanford, CA, USA), and the best K value was calculated using STRUCTURE HARVESTER [23].




2.2.4. Testing the Identification Capability of Markers for Cultivars and Elite Lines


For testing the identification capability of the cultivar identification markers, they were applied to radish cultivar pairs having high genetic similarity in previous studies [6,11,13]. The names of cultivars, genetic similarity, and references are presented in Table S4). For testing the identification capability of the markers for elite lines, genetic relationships were investigated among elite lines that had the same parental lines and diverged after the F2 (S2), F4, F5, and F6 generations (Table S5). In addition, their root morphologies were also compared in the field.






3. Results


3.1. Pre-Selection of Markers Showing Polymorphism among Radish Cultivars


Of the 36 markers developed by Kang et al. [18], 21 markers showed polymorphism among 12 radish cultivars, which were distributed in all nine chromosomes and consisted of 12 InDel, 6 IBPs, and 3 SSRs (Table S3). They produced a total of 42 amplicons, ranging from one to four per marker (two amplicons per marker, on average) (Table S3). Cluster analysis of 12 cultivars using the 21 markers clearly identified the autumn cultivars as a separate cluster (cluster I) from the other cultivars (Figure 1a). In cluster II, three spring cultivars were clearly distinguished from other summer and winter cultivars, and the latter two cultivar types were not separated from each other (Figure 1a). The PCoA plot showed a similar result to cluster analysis, showing two separate groups of autumn and spring cultivars and a group with both summer and winter cultivars, which was located between the autumn and spring cultivar groups (Figure 1b). The three axes accounted for 87.65% (eigen values) of the genetic similarities observed (Figure 1b).




3.2. The Development of the Minimum Number of Markers for Cultivar Identification


Eleven markers were selected for radish cultivar identification (Table 1), and the polymorphisms of their amplicons were detected visually by agarose gel electrophoresis (Supplementary Figure S1). All markers produced two amplicons, except for RSIBP 15, which produced three amplicons, and at least one marker was located on a chromosome (Table 1). Allele frequencies of the markers were relatively higher; at least one allele per locus had more than 0.648 allele frequency, except for RsInD79 (Table 1). PIC values for markers ranged from 0.05 to 0.75, and two markers showed PIC values less than zero (Table 1).



All 105 radish cultivars were clearly distinguished by the 11 markers (Figure 2). The genetic similarity between the genetically closest cultivars was about 0.914. The two outgroups were clearly separated, and radish cultivars were divided into many clusters and sub-clusters (Figure 2). However, there were only two groups (K = 2) based on population structure, showing a significantly different pattern compared to the UPGMA dendrogram (Figure 2).



Various pairs of radish cultivars with high genetic similarity in previous research (Table S4) were tested with 11 markers to confirm their cultivar identification capability. All pairs of genetically similar cultivars were successfully distinguished by at least one marker (Figure 2 and Figure 3). For example, ‘Pyungganggimjang’ vs. ‘Chongjinju’ and ‘Baekja’ vs. ‘Ocbong’ were distinguished by RsIBP13 (Figure 3a,b). ‘Baekja’ vs. ‘Chongil’ were identified by RsSSR100 (Figure 3c), and ‘Togwanggold’ (AU26) vs. ‘Supertogwang’ (AU24) were identified by RsInD25 (Figure 2 and Figure 3d). ‘YR Sinchyongjanggun’ (SP18) vs. ‘Junmuhumu’ (SP09) and ‘Cheongun’ (AU01) vs. ‘Seoho’ (AU21) were distinguished by RsInD22 (Figure 2 and Figure 3e) and RsSSR100 (Figure 2 and Figure 3f), respectively.




3.3. The Development of the Minimum Number of Markers for Cultivar Identification


Fourteen markers were selected for identifying elite lines (Table 2), and the amplicons can also be detected by simple PCR followed by agarose gel electrophoresis (Figure S2). All markers produced two amplicons with the exception of RsIBP15; allele frequencies and PIC values ranged from 0.104 to 0.861 and from 0.00 to 0.89, respectively (Table 2). Three markers were located on chromosome nine, two on chromosomes 2, 7, and 8, and a marker on the rest of the chromosomes (Table 2). The 14 markers included nine markers among the 11 markers for cultivar identification, except for RsIBP13 and RsSSR100.



The markers can identify all 115 elite lines tested (Figure 4), which have diverse genetic backgrounds (Table S2). They also clearly identified genetically similar elite lines that diverged from the same parental lines after the F2 (S2), F4, and F5–6 generations (Table S5 and Figure 4 in blue, green, and red letters, respectively). Elite lines diverged after the F2 (S2) and F4 generations, which tended to show a more distant genetic relationship compared to those after the F5–6 generations (Figure 4). The elite lines were clearly divided into six sub-clusters, which corresponded to six groups (K = 6) from the population structure (Figure 4). The proportions of elite lines in six matching groups ranged from 46.7% to 83.3% between the UPGMA dendrogram and population structure (Figure 4). Five root shapes among 12 categories were observed in the field investigation, such as acicular, oblong, narrow elliptic, medium elliptic, and obovate (Figure 4 and Figure 5).





4. Discussion


To date, many marker systems have been used for the identification of germplasm, cultivars, and breeding lines in radish, but none of these marker systems have been developed considering their efficiency and economic aspect for genotyping. The 36 markers from Kang et al. [18], which were selected from a high-density genetic map [24] and evenly distributed in all radish chromosomes, successfully classified worldwide radish accessions. In addition, their polymorphism can be easily detected by simple PCR and gel electrophoresis [18]. Therefore, the markers could be a good foundation for developing an economic and efficient marker system for the identification of radish cultivars and breeding lines. We provided in this study how to select markers for radish cultivar and elite line identification, which is very simple and can be easily applied to other crops.



The 21 markers (Table S3) selected based on polymorphism among 12 cultivars can be used to infer genetic relationships among radish cultivars and breeding lines. Cluster analysis using 21 markers clearly separated autumn cultivars from other cultivars (Figure 1), the former of which do not require late-bolting characteristics. Spring cultivars were separated from summer and winter cultivars; the latter two were not clearly separated from each other (Figure 1). These are consistent with the development history of Korean radish cultivars. Autumn and spring cultivars had different origins, and summer cultivars were derived from spring cultivars [25]. Later, some of the summer cultivars were used for winter cultivation, and summer and winter cultivars still often share parental lines [25].



Eleven markers were selected and successfully identified all 105 cultivars tested (Figure 2). Besides, they also successfully distinguished nearly identical cultivars (Figure 3), as reported by studies using AFLP [6] and SSR [11,13]. Interestingly, ‘Togwanggold’ and ‘Supertogwang’, which were not distinguished in a previous study using 27 SSRs [11], were successfully identified in this study (Figure 3d). This confirms the capability of the 11 markers for cultivar identification in radish.



Fourteen markers also successfully identified 115 radish elite lines (Figure 4) that have diverse genetic backgrounds (Table S2). The identification capability of the markers for radish elite lines was also successfully tested with elite lines having the same parental lines but diverging at F2 through F6 generations (Table 2 and Figure 4) and their root morphology (Figure 4 and Figure 5). These results suggest the possible application of these markers to identify and eliminate genetically similar breeding lines before sowing their seeds for field investigation. These markers also have the possibility of being used for inferring genetic relationships among breeding lines since two different clustering methods showed similar results (Figure 4).



The markers for identifying cultivars and elite lines require only 11 and 14 markers, respectively, and, therefore, it is possible to significantly reduce the time and cost for genotyping compared to recently adopted SSR markers for radish cultivar identification, which require 27 [11], 50 [12], and 60 SSRs [13]. In addition, these markers can be used in QTL studies such as root shapes [26] and cracking [27], seed production [28], and glucosinolates [29,30] since they are genome-anchored markers. The suggested method in this study requires simple PCR and gel electrophoresis to detect polymorphism and does not need expensive equipment for genotyping. Therefore, genotyping is simple and reliable, which is more efficient than AFLP [6,8,10,31] and RAPD [9,10] systems, which suffer from a time-consuming process [14] and low reproducibility [15,16], respectively.




5. Conclusions


The markers developed in this study can be efficiently and economically applied for identifying radish cultivars and breeding lines, since only 11 and 14 markers, respectively, as well as simple PCR and gel electrophoresis are required for genotyping. Therefore, these markers can be used not only in large seed companies but also in small seed companies and laboratories, with relatively shorter time frames and lower costs. The method to develop the markers is so simple that it can be applied to other crops. In addition, the 21 markers selected based on polymorphism among cultivars can be used for genetic relationship and diversity studies for radish cultivars and breeding lines.
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Figure 1. A UPGMA dendrogram (a) and principal coordinate analysis plot (b) based on 12 radish cultivars using 21 molecular markers. Red, green, purple, and blue dots represent spring, summer (highland), autumn and winter cultivars, respectively. SP01: Sincheongilpum; SP02: Sambakja; SP03: Cheongilchun; HL01: Kwandongyeorum, HL02: Manchudaepung; HL03: Mansahyeongtong; AU01: Cheongun; AU02: Seohogold; AU03: Chamjoeun; WI01: Cheongjeonggowon; WI02: Nongwoo Osari; WI03: Gyeouldaechan. 
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Figure 2. A dendrogram constructed with UPGMA clustering method (left) and population structure (right) of 105 radish cultivars using 11 molecular markers. Numbers correspond to the list of cultivars in Table S1. 






Figure 2. A dendrogram constructed with UPGMA clustering method (left) and population structure (right) of 105 radish cultivars using 11 molecular markers. Numbers correspond to the list of cultivars in Table S1.



[image: Horticulturae 09 00140 g002]







[image: Horticulturae 09 00140 g003 550] 





Figure 3. Examples of molecular markers that can successfully discriminate genetically similar cultivars reported in previous studies (Choe et al., 2002; Bae et al., 2015; Lee and Park, 2017). (a,b) RsIBP13; (c) RsSSR100; (d) RsInD25; (e) RsInD22; (f) RsSSR100; 1: Pyungganggimjang; 2: Chongjinju; 3: Baekja; 4: Ocbong; 5: Baekja; 6: Chongil; 7: Togwanggold; 8: Supertogwang; 9: YR Sinchyongjanggun; 10: Junmuhumu; 11: Cheongun; 12: Seoho. M: 100 bp ladder. 






Figure 3. Examples of molecular markers that can successfully discriminate genetically similar cultivars reported in previous studies (Choe et al., 2002; Bae et al., 2015; Lee and Park, 2017). (a,b) RsIBP13; (c) RsSSR100; (d) RsInD25; (e) RsInD22; (f) RsSSR100; 1: Pyungganggimjang; 2: Chongjinju; 3: Baekja; 4: Ocbong; 5: Baekja; 6: Chongil; 7: Togwanggold; 8: Supertogwang; 9: YR Sinchyongjanggun; 10: Junmuhumu; 11: Cheongun; 12: Seoho. M: 100 bp ladder.
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Figure 4. A dendrogram constructed with UPGMA clustering method (left) and population structure (right) among 115 radish elite lines using 14 molecular markers. AC: acicular, NE: narrow elliptic, ME: medium elliptic, OB: obovate, and OL: oblong. Elite lines without root shape information were not provided by Farm Hannong. 
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Figure 5. Examples of the root shapes of elite lines. (a) acicular; (b) oblong; (c) narrow elliptic; (d) medium elliptic; (e) obovate. The rulers on the left or right in the figures were 50 cm long. 
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Table 1. Information on 11 markers used for cultivar identification using 105 cultivars in radish.
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Markers

	
Chromosomes

	
Allele Frequency (%)

	
PIC 1




	
Allele 1

	
Allele 2

	
Allele 3






	
RsIBP15

	
1

	
0.848

	
0.648

	
0.124

	
–




	
RsIBP13

	
1

	
0.838

	
0.495

	
–

	
0.05




	
RsInD70

	
2

	
0.171

	
0.810

	
–

	
0.31




	
RsInD61

	
3

	
0.667

	
0.800

	
–

	
–




	
RsInD22

	
4

	
0.648

	
0.200

	
–

	
0.54




	
RsIBP17

	
5

	
0.314

	
0.667

	
–

	
0.46




	
RsSSR100

	
6

	
0.781

	
0.095

	
–

	
0.38




	
RsSSR108

	
7

	
0.724

	
0.524

	
–

	
0.20




	
RsSSR104

	
8

	
0.448

	
0.790

	
–

	
0.18




	
RsInD79

	
9

	
0.362

	
0.352

	
–

	
0.75




	
RsInD25

	
9

	
0.162

	
0.676

	
–

	
0.52








1 Polymorphism information content.
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Table 2. Information on 14 molecular markers for elite line identification using 115 radish elite lines with diverse genetic background.






Table 2. Information on 14 molecular markers for elite line identification using 115 radish elite lines with diverse genetic background.





	
Primer

	
Chromosome

	
Allele Frequency (%)

	
PIC 1




	
Allele 1

	
Allele 2

	
Allele 3






	
RsIBP15

	
1

	
0.574

	
0.391

	
0.139

	
0.50




	
RsInD70

	
2

	
0.843

	
0.539

	
–

	
0.00




	
RsInD38

	
2

	
0.104

	
0.322

	
–

	
0.89




	
RsInD61

	
3

	
0.287

	
0.522

	
–

	
0.65




	
RsInD22

	
4

	
0.278

	
0.548

	
–

	
0.62




	
RsIBP17

	
5

	
0.174

	
0.809

	
–

	
0.32




	
RsInD37

	
6

	
0.791

	
0.104

	
–

	
0.36




	
RsSSR108

	
7

	
0.583

	
0.409

	
–

	
0.49




	
RsInD58

	
7

	
0.861

	
0.452

	
–

	
0.05




	
RsSSR104

	
8

	
0.238

	
0.713

	
–

	
0.43




	
RsInD60

	
8

	
0.217

	
0.748

	
–

	
0.39




	
BrEST03

	
9

	
0.113

	
0.757

	
–

	
0.41




	
RsInD79

	
9

	
0.522

	
0.565

	
–

	
0.41




	
RsInD25

	
9

	
0.600

	
0.357

	
–

	
0.51








1 Polymorphism information content.
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