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Abstract

:

Radish flower color, bolting time, and flowering time are important traits for attracting certain pollinators and affect fleshy root quality. In this study, an analysis of the anthocyanidins in radish flowers by high-performance liquid chromatography revealed that differences in the cyanidin content are likely to be associated with the variability in radish flower colors (i.e., purple and white petals). A quantitative trait loci (QTL) analysis identified nine QTLs on three Raphanus sativus linkage groups. Three QTLs—qRFC1, qRBT1, and qRFT1—which were consistently detected and explained a high proportion of the observed variation (10.30% to 34.57%), were considered as the major QTLs responsible for flower color, bolting time, and flowering time, respectively. A total of 16 and 11 candidate genes within the major QTL regions for flower color and bolting/flowering times, respectively, were preliminarily annotated. Six genes (Rs018140, Rs018950, Rs019220, Rs020080, Rs020590, and Rs021450) related to flower color were differentially expressed in the parental lines. On the basis of nucleotide and amino acid sequence diversity between the parental lines, Rs314940, Rs315000, Rs315310, and Rs315960 were identified as candidate genes mediating the radish bolting and flowering times. This study revealed the genetic complexity of the radish flower color, bolting time, and flowering time traits. The identified candidate genes in the QTL regions may be useful for radish breeding programs and also for functional characterization in radish.
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1. Introduction


Radish (Raphanus sativus, 2n = 18), which belongs to the family Brassicaceae, is one of the most popular vegetable crops worldwide, but especially in eastern Asia. Flower-related traits—such as color, bolting time, and flowering time—are important radish characteristics. More specifically, certain flower colors can attract suitable pollinators, while also repelling herbivorous insects and animals [1,2,3,4]. Bolting and flowering occur in a critical period in which plants transition from the vegetative phase to the reproductive phase of the life cycle [5]. There are relatively few reports describing research on the mechanism underlying the inheritance of flower-related traits, especially flower color, in radish. Thus, clarifying the genetic basis of flower coloration, bolting time, and flowering time will provide plant breeding programs with useful information.



Flower color is an important trait for attracting pollinators. In Brassica, flower color is influenced by two independently inherited pigment systems. Carotenoid pigments produce yellow petals, whereas the absence of carotenoids results in white petals. Anthocyanin pigments produce pink and purple petals, with the intensity of the colors and the distribution of the pigments varying substantially in the petals [6,7,8]. To date, there are many reports describing the mechanism mediating the inheritance of flower coloration in Brassica species. In Brassica rapa, a single dominant gene controls the development of white flowers, with no apparent cytoplasmic effects [9,10]. Interestingly, a genetic analysis conducted by Zhang et al. (2020) revealed two recessive genes that control the white flower trait [11]. In Brassica carinata, one gene mediating the yellow flower trait exhibits incomplete dominance [12]. The development of white flowers is controlled by a single nuclear gene in Brassica napus [13,14,15], but it is the result of two independent recessive genes in Brassica juncea [16,17]. Regarding Brassica oleracea, a single recessive gene (cpc-1) is associated with yellow flower coloration and BoCCD4 is responsible for the production of white or yellow petals according to map-based clones [18,19]. Similarly, Xu et al. (2019) and Yan et al. (2020) identified the recessive genes responsible for yellow flowers in Chinese kale and cauliflower [20,21]. However, the molecular mechanism and genetic characteristics regulating flower coloration in radish remain uncharacterized.



Bolting and flowering are important changes in the life cycle of Brassica species. The associated transition from vegetative growth to reproductive growth involves a series of complex processes. In the model plant species, Arabidopsis thaliana, six major pathways (i.e., photoperiod, vernalization, ambient temperature, aging, autonomous, and gibberellin pathways) regulate the bolting and flowering times [22,23]. Genes controlling flowering traits have been extensively explored in A. thaliana, resulting in the identification of almost 300 genes that modulate the flowering process either directly or indirectly (http://www.phytosystems.ulg.ac.be/florid/, accessed on 10 February 2020). The inheritance of the bolting and flowering traits in some Brassica species has been investigated. The cloning and subsequent analysis of Brassica FLC genes resulted in the identification of four, nine, and three FLC homologs in B. rapa [24], B. napus [25,26], and B. oleracea [27], and R. sativus [28], respectively. Some quantitative trait loci (QTLs) and genetic variations related to bolting and flowering times have been reported for Brassica species. Many QTLs for these two traits were identified in B. rapa, with several QTLs co-localized with BrFLC1, BrFLC2, and BrFLC5. In B. oleracea, six [27] and five [29] QTLs related to bolting and flowering were detected by different researchers. In B. napus, more than 30 relevant QTLs were identified, and the key flowering time-related genes PSEUDO-RESPONSE REGULATOR 7 (PRR7) and FY are reportedly located in a major QTL region on C02 [30,31,32]. Regarding R. sativus, several analyses of QTLs and genetic variations for bolting and flowering times have been reported. For example, Kitashiba (2017) and Wang (2018) detected RsFLC2 in a QTL region [33,34]. Moreover, by combining RNA sequencing and quantitative real-time polymerase chain reaction (qRT-PCR) analyses, many research groups have isolated genes related to bolting and flowering times and the associated regulatory network (e.g., FLC, FT, SOC1, CO, and LFC) [35,36,37,38].



In this study, using the F2:3 population derived from ‘YR4’ (white flowers, late bolting and flowering) and ‘YR18’ (purple flowers, early bolting and flowering) inbred lines, we investigated the inheritance of flower coloration, bolting time, and flowering time in radish. To detect flowering regulators related to vernalization and ambient conditions, phenotypic data were collected and a QTL analysis was performed to identify genomic regions associated with R. sativus floral traits. The results of this study will help breeders develop new germplasm with desirable flower colors and bolting and flowering times on the basis of marker-assisted selection and the fine-mapping of flowering-related loci in the radish genome.




2. Materials and Methods


2.1. Plant Materials


Radish inbred line ‘YR4’ (white flowers, late bolting and flowering) was crossed with ‘YR18’ (purple flowers, early bolting and flowering). The F1 generation was self-pollinated to produce 180 F2 progeny, which was then self-pollinated to generate the 180 F2:3 lines used for investigating traits.




2.2. Anthocyanidin Extraction and Analysis


As described in the color grade, we select the flower samples from the lines which were recorded as “0” in flower index following the description of Figure 1 legends, and those were regarded as ‘white type’. Likewise, the flowers of lines which has flower index “4” were selected and those were regarded as ‘purple type’. In each type, 15 plant lines were selected based on the flower index, respectively. Five individual plants per each line were selected as a replication for the anthocyanidin compositions and contents analysis. Anthocyanidins were extracted from freeze-dried petals, which were collected at the flowering stage, 14 DAF (days after flowering), and detected as previously described [39]. Briefly, anthocyanidins were analyzed using the Agilent 1200 series high-performance liquid chromatography (HPLC) system. Anthocyanidins were identified on the basis of the typical retention times for the standard compounds, including cyanidin, delphinidin, malvidin, pelargonidin, and peonidin. Samples were prepared and the HPLC system was operated according to established methods [40]. For each sample, the mean and standard deviation were calculated for three biological replicates.




2.3. Evaluation of Flower-Related Traits


The two parental lines (‘YR4’ and ‘YR18’), their F1 lines, 180 F2 lines, and 180 F2:3 lines were evaluated in 2017 and 2018. Ten seeds of ‘YR4’, ‘YR18’, and F1 plants and five individuals from each F2:3 line were sown in a greenhouse on 19 February 2018 (average 0 to 11 °C, 11.1 to 12.4 h light within 6 weeks after sawing) and 21 June 2018 (average 24 to 28 °C, 14.3 to 13.5 h light within 6 weeks after sawing). The plants in the spring underwent a natural vernalization and the plants in the summer were subjected to a six-week artificial vernalization treatment (20 July to 31 August) at 4–5 °C.



We examined each plant in all generations regarding flower color (first mature flower), bolting time (number of days from the sowing date to when the main stalk grew to 2 cm in height), and flowering time (number of days from the sowing date to when the first flower bloomed). The flower index was calculated as described below (Figure 1). The data for the distribution of phenotypic traits were analyzed and the correlations among the flower color, bolting time, and flowering time were determined using the SPSS 24.0 program.




2.4. Genetic Map and QTL Analysis


To identify the QTLs associated with phenotypic traits data above-mentioned, we used the R. sativus genetic map which was constructed by Ma et al., previously (2021, under revision). This genetic map was analyzed by JoinMap software version 4.0 using 180 F2 population. Finally, the genetic map consist of 403 markers, and total distance is 1074.23 cM with an average distance of 2.67 cM. It covered about 83% of the radish genome. The inclusive composite interval mapping (ICIM) method of IciMapping 4.1 (http://www.isbreeding.net/software/, accessed on 4 February 2019) was used for mapping the QTLs of flower-related traits. Genome-wide threshold values (α = 0.05) were used to detect putative QTLs on the basis of 1000 permutations [41]. To eliminate false-positive QTLs, we also used Windows QTL Cartographer 2.5 [42] to detect putative QTLs.




2.5. Candidate Gene Prediction and Gene Sequence Variation Analysis


High-throughput paired-end whole-genome sequencing of two parents (‘YR4’ and ‘YR18’) were performed using an Illumina Hiseq2500 sequencer with 350 bp insertions. After bioinformatics analysis descripted as Ma et al. (2021), the resequencing genome coverage parental lines (YR4 and YR18) was 25X and 28X, then the whole-genome scaffolds were assembled base on the radish genome database [43]. The alignment to the reference genome indicated the read mapping rate for ‘YR4’ and ‘YR18’ was respectively 77.74% and 77.30%. Furthermore, for the identified candidate genes, we identified the orthologous gene pairs between R. sativus and A. thaliana using the MCScanX program. Specifically, the following parameters were used: e = 1e − 20, u = 1, and s = 5 [44]. The TAIR database was used to predict gene annotations (http://www.arabidopsis.org/, accessed on 10 February 2020). For the identified potential candidate genes, CLC genomic workbench 12.0 was used to investigate gene sequence and amino acid variation between parental lines.




2.6. Quantitative Real-Time PCR Analysis


To compare the expression level of candidate genes between two genotypes, quantitative real-time (qRT)-PCR analyses were performed. We collected the leaf and petal tissues from ‘YR4’ and ‘YR18’ plants at 14 DAF (days after flowering). Total RNA was isolated from ‘YR4’ and ‘YR18’ leaves and petals using the RNeasy® Mini kit (QIAGEN, Hilden, Germany). The RNA (2 µg) extracted from individual plants was used as the template in a 20-µL reverse transcription reaction, which was completed using the TOPscript™ RT DryMix kit (Enzynomic Co., Daejeon, Korea). The resulting cDNA was diluted 10-fold and then a 2-µL aliquot was used for a qRT-PCR analysis (20-µL reaction volume). The qRT-PCR primers were designed according to the available radish sequence information. Details regarding the primers are provided in Table S2. The qRT-PCR analysis was performed using the CFV96™ Real-Time System (Bio-Rad, Berkeley, CA, USA) and the SYBR Green Supermix (PhilKorea, Seoul, Korea). The PCR program was as follows: 95 °C for 3 min; 39 cycles of 95 °C for 15 s and 58 °C for 20 s. Data were acquired during the annealing/extension step and were analyzed using the CFX Manager software (version 2.1) (Bio-Rad). Three replicates of each sample were analyzed, and mean gene expression levels were normalized against 18S rRNA levels.





3. Results


3.1. Investigation of Flower Color and Anthocyanidin Accumulation in Purple and White Petals


There were considerable differences in flower color as shown in Figure 1. Based on the flower color index, the ‘YR4’ flowers having white petals was recorded as a ‘0’, and whereas the ‘YR18’ flowers representing purple petals was regarded as a ‘4’. The flowers of the F1 plants had pink petals, implying the gene(s) responsible for purple coloration exhibit incomplete dominance. Additionally, the color index of the F2 and F2:3 lines segregated continuously and exhibited a normal distribution in all environments, suggesting that both major and minor QTLs are involved in R. sativus flower coloration (Figure 2).



The anthocyanidin compositions and contents in the purple and white petals at the flowering stage were analyzed using an HPLC system. The results indicated that the purple petals (‘YR18’) contained more anthocyanidins than the white petals (‘YR4’). Additionally, the anthocyanidins in the purple petals (‘YR18’) included cyanidin, peonidin, malvidin, and pelargonidin, whereas only cyanidin was detected in the white petals (‘YR4’). We made two types of samples by pooling, which were used flowers recorded as “0” and “4” in the F2:3 population as described in the color grade of Figure 1, and those were regarded as ‘white type’ and purple type’. Moreover, the pink petals of the flowers in the F1 plants, and the purple types of the F2:3 population also contained cyanidin, peonidin, malvidin, and pelargonidin. In particular, the anthocyanidin contents of purple petals (‘YR18’) and white petals (‘YR4’) showed the greatest difference with cyanidin contents of 7558.92 ± 212.44 and 24.52 ± 4.43 μg/g, respectively (Figure 3). This may suggest that the difference in cyanidin content could associated the difference in flower color between ‘YR18’ and ‘YR4’.




3.2. Differences in the Bolting and Flowering Times between the Parental Lines


The two parental lines (‘YR4’ and ‘YR18’) showed significant differences for bolting and flowering times. The results of these two traits were similar in the two times spring cultivations over two years. However, there was a tendency for the timing to be slightly delayed in the autumn (Table 1). In the two spring cultivations, the time was similar, but there was a tendency for the timing to be slightly delayed in the autumn. The range of bolting time and flowering time in the population represented a broader range than that of the parental lines, indicating transgressive segregation (Figure 2). The F2:3 plants varied considerably regarding bolting time (46–104 days) and flowering time (58–111 days) in spring 2018. In autumn 2018, the bolting time was 79–101 days and the flowering time was 91–116 days. These results suggest that bolting and flowering times are quantitative traits controlled by multiple genes. A Pearson correlation analysis of the three replicates for the analyzed populations revealed that the bolting and flowering times were highly positively correlated (r = 0.935, 0.910, and 0.870, p < 0.01) (Table S1), implying that different tightly linked QTLs govern the bolting and flowering time traits.




3.3. Genetic Linkage Map and QTL Analysis


On the basis of the genetic linkage map [43] and the flower traits, we detected nine QTLs related to flower traits on three linkage groups of the R. sativus genome. These QTLs had a logarithm of odds (LOD) value of 4.86–17.72 and explained 7.32%–34.57% of the phenotypic variation (i.e., R2). The QTLs for each trait and their predicted locations are presented in Table 2 and Figure 4.




3.4. Flower Color Trait


We detected five QTLs related to flower color on three chromosomes (R01, R06, and R09) (Figure S1). The LOD values for these QTLs ranged from 4.78 to 17.72 and the R2 was 6.78–34.57%. Additionally, qRFC1 located between markers R1_Rs020080 and R1_Rs021280 on chromosome R01 had a relatively high LOD value (8.83–17.72) and R2 (18.85–34.57%), suggesting that this locus is important for flower coloration. The QTLs detected in only one phenotypic test were considered to be minor QTLs related to the radish flower color.




3.5. Bolting and Flowering Time Traits


We detected two QTLs each for bolting and flowering times on chromosome R06 (Figure S2). The major QTLs (qRBT1 and qRFT1) were mapped together between markers R6_Rs332940 and R6_Rs318570 on chromosome R06. These QTLs had high LOD and R2 values. The remaining QTLs (qRBT1 for bolting time and qRFT1 for flowering time) were detected only in spring 2018. Interestingly, all QTLs for bolting and flowering times were localized at the same position on chromosome R06.




3.6. Identification of Potential Candidate Genes in the Major QTL Regions


We detected one QTL, qRFC1, in all three experiments, with an R2 of 18.85%, 32.45%, and 34.57%. Therefore, this QTL might be responsible for radish flower coloration. Additionally, we revealed 269 genes in the QTL region (1.83 Mb) of chromosome R01 using the R. sativus database (http://radish-genome.org/About_us/, accessed on 12 March 2020). By annotating these genes according to the radish and A. thaliana (TAIR) databases, we determined that 16 of the genes are involved in anthocyanin synthesis (Table S3). Furthermore, we aligned these gene sequences with the sequences of the parental lines and identified nine genes with sequence variations, and amino acid variation. A qRT-PCR analysis was performed to compare the expression patterns of these nine candidate genes between the parental lines. Although we observed sequence variation but the differential expression of three genes (Rs019190, Rs019780, and Rs020110) between parental lines were not detected. Finally, six genes represented the significantly different gene expression between the parental lines (Figure 5). The data indicated Rs018140 (sucrose transport protein; SUC2), Rs018950 (glutathione s-transferase 12; AT1G27130), Rs019220 (Acyl-CoA N-acyltransferases, NAT, superfamily protein; AT1G24040), Rs020080 (uncharacterized PKHD-type hydroxylase; At1g22950-like), Rs020590 (ethylene-responsive transcription factor; ERF118), and Rs021450 (WD-40 repeat family protein; AT1G27470) were relatively highly expressed in ‘YR18’ flower petals. Our results suggest that these potentially testable six genes are likely to be associated with radish flower coloration.



The QTLs qRBT1 (related to bolting time) and qRFT1 (related to flowering time) were mapped to the same region of chromosome R06 and had relatively high LOD and R2 values. Moreover, this locus included 330 genes, of which 11 genes are related to bolting and flowering times according to the Flowering Interactive Database (www.phytosystems.ulg.ac.be/florid/, accessed on 10 February 2020) (Table S4). Among 11 genes, 4 genes represented sequence variation between the parental lines (Figure S3); Rs314940 (C2H2-like zinc finger protein), Rs315000 (flowering promoting factor 1), Rs315310 (AGAMOUS-like 79), and Rs315960 (brassinosteroid-6-oxidase 2). Consistent with this finding, the predicted amino acid sequences of these genes also varied between the parents. Accordingly, we speculate that Rs314940, Rs315000, Rs315310, and Rs315960 are potentially important for the radish bolting and flowering times.





4. Discussion


Flower color, bolting time, and flowering time are important agronomic traits for radish because they are related to seed yield and quality as well as antioxidant activities and herbivore resistance [3,4,45,46]. In the present study, an HPLC analysis revealed cyanidin as the main pigment may be associated with the production of purple radish flowers. A genetic linkage map comprising 403 markers (SSRs and SNPs) was used to analyze the differences between parental traits [43]. Genetic and QTL analyses of the F2 and F2:3 populations derived from a cross between two inbred lines (‘YR4’ and ‘YR18’) detected nine QTLs for three flower-related traits. The region corresponding to the QTL position was found in the Reference Genome, and candidate genes related to flower-related characteristics could be easily selected using the reference genome information.



4.1. Trait Variations in the Parental Lines and Generated Populations


To improve the accuracy of QTL analyses, biparental populations consisting of more than 100 individuals should be used [47,48]. Therefore, we determined the segregation ratios for flower-related traits using a large biparental population (180 individuals from each segregating population) with two replications. The two parental lines—as well as the F1, F2,, and F2:3 lines—were grown in different seasons for phenotypic examinations. The flower color index segregated continuously in the F2 and F2:3 populations, with a similar distribution in different environment plots. This implies that both major and minor QTLs influence R. sativus flower coloration. In this study we have conducted QTL analysis with three seasonal replications data using F2 and F3 populations. In the results, a single robust QTL region was identified in R1 that has shown higher LOD value in all of the replications. However, we also identified a minor QTL in R6. Even though the minor QTL on R6 was detected without replication, we have scavenged this region and identified 316 genes out of which few genes CHS, MYB78, MYB110, 2 F3′5′H5 genes were related to anthocyanin biosynthesis [49,50,51,52]. However, the distribution of the color index varied among seasons, possibly because of the effects of temperature and light on the anthocyanin content, which resulted in small changes to flower color [49]. Additionally, the flowers on F1 plants had purple petals that differed from the parental petals in terms of color, which may reflect the incomplete or partial dominance of the gene responsible for flower coloration. A lack of clear segregation ratios for the flower color phenotypes of the F2 and F2:3 lines suggests many genes might influence the radish flower color trait. The mechanism mediating the inheritance of the flower color trait differs between radish and other Brassicaceae crops. Flower color is a qualitative trait in B. rapa, B. carinata, B. napus, and B. juncea [13,15,16,21,50,51]. This implies that the molecular mechanism underlying trait inheritance is more complex in radish than in other Brassicaceae species.



Transgressive segregation (i.e., the phenotypes of individuals in a segregating hybrid population differ from the phenotypes of the parental lines) was observed for the bolting and flowering time traits in spring and autumn 2018. The trait frequency was normally distributed in the F2 and F2:3 populations. Our results suggest that bolting and flowering time traits are generally influenced by multiple genes, leading to a continuous variation in the phenotypes. Most radishes required 20 days at 5 °C for complete vernalization of seeds at the seeding stage [52,53]. The artificial vernalization at 4 °C from 20 July to 31 August in 2018 resulted in bolting and flowering times that differed from the corresponding times in the spring. Additionally, we observed that bolting time is positively correlated with flowering time in all three environments. Similarly, our genetic analysis indicated the QTLs related to bolting and flowering times are co-localized, which is consistent with the findings of an earlier study by Wang et al. (2018) [34]. Moreover, bolting and flowering times are controlled by QTLs on the same linkage group (R06 and R07). The co-localization of QTLs that govern different traits within the same genetic interval may be due to polygenic inheritance or a pleiotropic effect. A single gene or genetic loci that are closely linked might control multiple traits. They may also be inherited similarly, as suggested by a high positive correlation between the traits. Some of the QTLs (qRFC2, qRFC3, qRFC4, qRFC5, qRBT2, and qRFT2) were inconsistently detected in three experiments (Table 2), likely because of environmental effects. For example, the plants grown in autumn 2018 were vernalized in the cold room (4 °C). The genotype × environment interaction is expected to lead to inconsistencies if the environmental conditions change. However, we were able to identify the genomic regions responsible for specific traits under different environmental conditions because we conducted experiments in different years and seasons.




4.2. Functional Genes Were Detected in the Major QTL Block of the Radish Genome


The qRFC1 was identified as a main locus associated with flower color. Although the current study was unable to identify the structural candidate genes of anthocyanin biosynthesis pathway responsible for flower coloration in the QTL region. However, several regulatory genes of the biosynthetic pathway were detected, on the basis of primer information and the reference genome sequence. In total we detected 269 genes in the major QTLs, 16 of which are related to anthocyanin biosynthesis. Furthermore, the sequences of 9 of these 16 genes varied between the parental lines (Table S3). Six of the genes (Rs018140, Rs018950, Rs019220, Rs020080, Rs020590, and Rs021450) were differentially expressed in the petals of the parental lines. The Rs018950 gene is homologous to the A. thaliana gene AT1G27130, which was annotated with glutathione s-transferase 12. A glutathione S-transferase gene, GhGSTF12, has been reported to be involved for anthocyanin accumulation in cotton, and the expression of this gene represented complement of the defective phenotype of Arabidopsis tt19 mutant [54]. The Rs021450 gene is a homolog of the A. thaliana gene AT1G27470 which is annotated as WD-40 repeat family protein. In Camellia sinensis, a WD40 repeat protein functions as part of the MYB-bHLH-WD40 ternary complexes to control anthocyanin and proanthocyanidin accumulation [55]. The Rs019220 gene is a homolog of the A. thaliana gene, Acyl-CoA N-acyltransferases (NAT) superfamily protein (AT1G24040), which has a role in anthocyanin modifications [56].



The major QTLs for bolting and flowering times were co-localized on chromosome R06 of the radish genome (Table 2 and Figure 4). Our data analysis revealed a positive correlation between bolting and flowering times. Using the radish genome database, we narrowed down the candidate gene region in the QTLs according to gene functions. On the basis of the R. sativus reference genome, we detected 11 genes possibly related to bolting and flowering times (Table S4) [57,58,59,60,61,62,63,64,65,66,67]. An alignment of the genes with the sequences in the parental lines revealed variations in Rs314940, Rs315000, Rs315310, and Rs315960 as well as in the encoded amino acid sequences. The Rs314940 gene is a homolog of the A. thaliana gene AT5G48890 (C2H2-like zinc finger protein), which is involved in molecular mechanisms regulating leaf vascular bundles and the shoot apical meristem under long-day conditions (i.e., it functions as a floral repressor) [57]. The Rs315000 gene is a homolog of the A. thaliana gene AT5G24860 (flowering promoting factor 1), which regulates flowering and modulates gibberellin signal transduction [58]. The Rs315310 gene is homologous to AT3G30260, which encodes a protein (AGAMOUS-like 79) that delays flowering in A. thaliana [59]. The Rs315960 gene is homologous to AT3G30180, which encodes a cytochrome P450 involved in the production of a brassinolide that inhibits flowering by activating the floral repressor FLOWERING LOCUS C [60]. Accordingly, we propose that these four radish genes likely affect bolting and flowering times (Figure S1). Combining the QTL analysis in this study with transcriptome sequencing and fine-mapping approaches will be useful for precisely identifying the radish genes associated with flower color, bolting time, and flowering time as well as for developing tightly linked molecular markers.





5. Conclusions


In this study, we determined that the diversity in radish flower colors might be mainly the result of differences in cyanidin contents. Additionally, a QTL analysis detected nine QTLs associated with flower-related traits, including three important QTLs, qRFC1, qRBT2, and qRFT2, on R. sativus chromosomes 01 and 06 that respectively explained 34.42%, 18.54%, and 18.16% of the phenotypic variation. Thus, qRFC1, qRBT2, and qRFT2 are likely the major QTLs responsible for radish flower color, bolting time, and flowering time, respectively. A qRT-PCR analysis indicated Rs018140, Rs018950, Rs019220, Rs020080, Rs020590, and Rs021450 expression levels are closely related to radish flower coloration. Furthermore, on the basis of a sequence variation analysis, we speculate that Rs314940, Rs315000, Rs315310, and Rs315960 may have important functions related to radish bolting and flowering times. This study revealed the genomic regions and genetic complexity associated with the radish flower color, bolting time, and flowering time traits. The data presented herein provide the foundation for future molecular and functional analyses, as well as for the development of molecular markers for the marker-assisted selection of cultivars exhibiting bolting resistance in the spring.
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Figure 1. Flower color phenotypes of R. sativus. Flowers are arranged from left to right according to their petal color, which was characterized using the following 0–4 scale: 0, white petals; 1, little purple color from the edge covering <50% of total petals; 2, pink color on edge covering >50% of total petals; 3, pale purple color covering all of the petals; 4, dark purple petals. 
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Figure 2. Frequency distribution of the flower color, bolting time, and flowering time traits in radish populations over two years. (a,d,g): frequency distribution of the flower color, bolting time, and flowering time for the F2 population in spring 2017; (b,e,h): frequency distribution of the flower color, bolting time, and flowering time for the F2:3 population in spring 2018; (c,f,i): frequency distribution of the flower color, bolting time, and flowering time for the F2:3 population in autumn 2018. The trait frequencies were normally distributed. White and black arrows indicate P1 (‘YR4’) and P2 (‘YR18’), respectively. 
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Figure 3. Anthocyanidin compositions and contents of the flower petals in diverse genotypes. Inbred lines ‘YR18’ and ‘YR4’ were the parental lines used for constructing the mapping population. The F1 lines were derived from a cross between the parental lines. Both F2:3 (purple type) and F2:3 (white type) refer to bulk pools, which were collected according to the flower colors in the F2:3 population. The horizontal and vertical axes respectively present the main anthocyanidin compounds (e.g., cyanidin, peonidin, malvidin, pelargonidin, and delphinidin) and the anthocyanidin contents (µg/g). Three biological replicates were analyzed. 
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Figure 4. Genetic linkage map and distribution of QTLs for flower color, bolting time, and flowering time in the F2 and F2:3 populations. Markers are presented on the left side of the linkage group. Genetic distances are provided as centimorgans (cM) on the right side of the linkage group. The identified QTLs are indicated by abbreviated trait names on the right side of the linkage group. Red, blue, and green boxes represent QTLs for radish flower color, bolting time, and flowering time, respectively. Filled boxes represent the F2 population in spring 2017, whereas dotted and lined boxes represent the F2:3 population in spring and autumn 2018, respectively. 
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Figure 5. Expression levels of six candidate genes in ‘YR4’ and ‘YR18’ leaves and flowers. Error bars indicate the standard error of the mean of three biological replicates (n = 5), and asterisks indicate a significant difference between the ‘YR4’ and ‘YR18’ lines based on a t-test (independent). Double asterisks (**) indicates p < 0.01. 
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Table 1. Summary of bolting and flowering time traits in the parental lines, F1 and F2:3 population.
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Investigation Environments

	
Plants Materials

	
No. of Plants

	
Traits




	
Bolting Time (Days)

	
Flowering Time (Days)






	
2017 (spring)

	
YR4

	
10

	
77.30 ± 1.49

	
89.10 ± 2.02




	
YR18

	
10

	
60.60 ± 2.07

	
73.60 ± 1.96




	
F1 (YR4 × YR18)

	
20

	
63.40 ± 1.60

	
76.40 ± 1.60




	
Range in the F2 population

	
180

	
53.00–82.00

	
66.00–94.00




	
2018 (spring)

	
YR4

	
10

	
76.50 ± 1.51

	
94.20 ± 1.93




	
YR18

	
10

	
58.40 ± 1.71

	
72.50 ± 1.27




	
F1 (YR4 × YR18)

	
20

	
64.60 ± 1.85

	
75.30 ± 1.45




	
Range in the F2:3 population

	
180

	
46.00–104.00

	
58.00–110.00




	
2018 (autumn)

	
YR4

	
10

	
89.70 ± 1.25

	
104.70 ± 1.7




	
YR18

	
10

	
82.50 ± 1.58

	
93.40 ± 0.97




	
F1 (YR4 × YR18)

	
20

	
84.40 ± 1.23

	
96.20 ± 1.36




	
Range in the F2:3 population

	
180

	
79.00–101.00

	
91.00–116.00
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Table 2. Details regarding the QTLs identified for radish flower color, bolting, and flowering time traits.
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Traits

	
QTL

	
Linkage Group

	
Confidence Interval (cM)

	
Marker Interval

	
Spring, 2017 in Greenhouse

	

	
Spring, 2018 in Glasshouse

	

	
Autumn, 2018 in Glasshouse




	
LOD

	
Dom

	
Add

	
R2

	

	
LOD

	
Dom

	
Add

	
R2 (%)

	

	
LOD

	
Dom

	
Add

	
R2






	
Flower color

	
qRFC1

	
R01

	
44.52–50.36

	
R1_Rs020080 - R1_RS021280

	
8.83

	
−0.72

	
0.18

	
18.85

	

	
17.23

	
−0.75

	
0.03

	
32.45

	

	
17.72

	
−0.84

	
0.12

	
34.57




	
qRFC2

	
R06

	
43.63–48.03

	
R6_Rs314500 - R6_Rs316870

	

	

	

	

	

	

	
−0.37

	
−0.09

	
8.23

	

	

	

	

	




	
qRFC3

	
R09

	
31.69–39.73

	
R9_Rs456030 - R9_Rs458690

	

	

	

	

	

	

	

	

	

	

	
4.78

	
−0.39

	
0.06

	
6.78




	
qRFC4

	
R09

	
65.73–68.85

	
R9_Rs462030 - R9_Rs480860

	

	

	

	

	

	
4.86

	
−0.38

	
0.22

	
7.28

	

	

	

	

	




	
qRFC5

	
R09

	
111.01–117.28

	
R9_RSS3287 - R9_Rs498850

	

	

	

	

	

	

	

	

	

	

	
4.87

	
0.41

	
0.09

	
7.82




	
Bolting time

	
qRBT1

	
R06

	
40.08–47.07

	
R6_Rs332940 - R6_Rs318570

	
7.08

	
3.34

	
1.07

	
12.82

	

	
7.73

	
5.82

	
−1.47

	
14.40

	

	
4.80

	
2.02

	
−1.17

	
14.69




	
qRBT2

	
R06

	
108.44–120.10

	
R4_RS192560 - BRPGM1519

	

	

	

	

	

	
8.52

	
6.66

	
−2.51

	
19.13

	

	

	

	

	




	
Flowering time

	
qRFT1

	
R06

	
40.08–47.07

	
R6_Rs332940 - R6_Rs318570

	
12.13

	
3.67

	
2.01

	
21.00

	

	
8.76

	
5.79

	
−0.04

	
18.82

	

	
6.57

	
2.50

	
−0.66

	
10.30




	
qRFT2

	
R06

	
96.35–103.33

	
R4_RS192560 - BRPGM1519

	

	

	

	

	

	
5.05

	
4.18

	
−0.42

	
10.59

	

	

	

	

	








Note: LOD: Logarithm of odds; Dom: Dominance effect; Add: Additive effect; R2: Phenotypic variation (%).
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